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A b st r a ct  

I n a n eff ort t o a d dr ess s h ort c o mi n gs wit h c urr e nt dr u g tr e at m e nts f or ost e o p or osis ( O P) 

a n d i m pr o v e t h e effi c a c y of h u m a n p ar at h yr oi d h or m o n e ( h P T H( 1 - 3 4)), w e h a v e e m pl o y e d a 

bis p h os p h o n at e- c o nj u g ati o n str at e g y b y t et h eri n g h P T H( 1 - 3 4) t o a n o n- nitr o g e n at e d 

bis p h os p h o n at e ( B P) m oi et y ( B P- P T H) i n or d er t o e n h a n c e t ar g et e d dr u g d eli v er y t o b o n e. 

C o nj u g ati o n of h P T H  ( 1-3 4) t o a B P i m p arts mi n er al affi nit y t o t h e p e pti d e h or m o n e, all o wi n g it 

t o l o c ali z e t o p ositi v el y- c h ar g e d c al cifi e d tiss u es i n b o n e. I m pr o v e d dr u g t ar g eti n g will l e a d t o 

a d mi nistr ati o n of l o w er t h er a p e uti c d os es, r es ulti n g i n l o w s yst e mi c e x p os ur e a n d l o w er 

c o n c e ntr ati o ns b ei n g o bs er v e d i n pl as m a. T h er ef or e, it is ess e nti al t o d e v el o p a s e nsiti v e 

bi o a n al yti c al ass a y f or f ut ur e p h ar m a c o ki n eti c st u di es of t his c o nj u g at e.  

T his t h esis d es cri b es t h e d e v el o p m e nt a n d p arti al v ali d ati o n of a n L C- M S/ M S ass a y f or 

t h e s e nsiti v e m e as ur e m e nt of B P- PT H i n r at pl as m a. A c o m bi n ati o n of p r ot ei n pr e ci pit ati o n a n d 

s oli d p h as e e xtr a cti o n w as us e d f or s a m pl e pr e p ar ati o n, all o wi n g f or c o n c e ntr at e d s a m pl es 

wit h o ut t h e n e e d of e v a p or ati o n. C hr o m at o gr a p hi c s e p ar ati o n w as p erf or m e d o n a r e v ers e- p h as e 

P h e n o m e n e x b i o Z e n P S- C 1 8 c ol u m n wit h a t ot al r u n ti m e of 1 0. 5 0 mi n. T h e c ali br ati o n c ur v e 

w as li n e ar ( r 2 = 0. 9 9 6)  i n t h e r a n g e of 5 n g/ m L t o 2 5 n g/ m L, t h e l o w er li mit of q u a ntifi c ati o n w as 

2. 5 n g/ m L. T h e i ntr a- a n d i nt er- ass a y pr e cisi o n  o v er t w o d a ys ( p er c e nt c o effi ci e nt of v ari ati o n) 

c al c ul at e d fr o m q u alit y c o ntr ol s a m pl es w as l ess t h a n 1 0 %, a n d t h e m e a n a c c ur a c y ( p er c e nt 

d e vi ati o n fr o m n o mi n al) f or all s a m pl es w as b et w e e n 1 0 2. 2 2 %.  D es pit e a c hi e vi n g s atisf a ct or y 

v ali d ati o n p ar a m et ers, t h e c h os e n a n al yti c al c ol u m n pr o v e d t o h a v e a s h ort c ol u m n lif eti m e  

b ef or e b e c o mi n g irr e v ersi bl y d a m a g e d. T h e m et h o d will b e r e- o pti mi z e d wit h a m or e a p pr o pri at e 

a n al yti c al c ol u m n i n t h e f ut ur e. T o o ur k n o wl e d g e, t his is t h e first r e p ort e d m et h o d f or t h e 

d et e cti o n a n d q u a ntifi c ati o n of B P - c o nj u g at e d p e pti d es i n a bi ol o gi c al m atri x.  
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I n a n eff ort t o a c hi e v e l o w er li mits of d et e cti o n of B P-P T H, T M S D d eri v ati z ati o n w as 

us e d t o m et h yl at e t h e p h os p h o ni c a ci d gr o u ps pr es e nt i n t h e B P m oi et y of B P- P T H. L a c k of 

s p e cifi cit y wit h t h e d eri v ati z ati o n a g e nt r es ult e d i n t h e cr e ati o n of n u m er o us B P- P T H 

d eri v ati v es, wit h t h e m ost a b u n d a nt c orr es p o n di n g t o d eri v ati v es c o nt ai ni n g 1 1- 1 5 m et h yl ati o ns. 

T h e g e n er ati o n of n u m er o us d eri v ati v es c a us e d b y t h e v ari o us n u m b er of p ossi bl e m et h yl ati o n 

sit es o n t h e c o nj u g at e r es ult e d i n p o or er s e nsiti vit y i n c o m p aris o n t o n o n- d eri v ati z e d B P -P T H.  

 T h e us e of a hi g hl y s p e cifi c c o m m er ci al h P T H ( 1 - 3 4) E LI S A w as e x pl or e d as a n 

alt er n ati v e t o L C -M S/ M S f or t h e d et e cti o n of B P- P T H. T h e E LI S A w as u n a bl e t o est a blis h a 

c o n c e ntr ati o n-r es p o ns e r el ati o ns hi p f or u n m o difi e d B P- P T H. M o difi c ati o ns t o B P- P T H w er e 

u n d ert a k e n wit h t h e ai m t o g e n er at e v ari a nts t h at w er e m or e c h e mi c all y a n d str u ct ur all y si mil ar 

t o h P T H ( 1- 3 4) t o all o w f or E LI S A d et e cti o n. N e utr ali z ati o n of t h e p h os p h at e gr o u ps pr es e nt i n 

t h e B P p orti o n of t h e c o nj u g at e w er e u ns u c c essf ul a n d s uit a bl e E LI S A d et e cti o n w as n ot 

a c hi e v e d.  
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A c k n o wl e d g e m e nts  

I w o ul d li k e t o e x pr ess m y si n c er est gr atit u d e a n d t h a n ks t o m y s u p er vis or Dr. Mi c h a el 

D os c h a k f or gi vi n g m e t h e o p p ort u nit y t o c o n d u ct r es e ar c h i n his l a b or at or y a n d pr o vi di n g m e 

wit h a tr a diti o n al gr a d u at e st u d e nt e x p eri e n c e. I t h a n k hi m f or his e n dl ess s u p p ort i n m y r es e ar c h 

a n d i n m y f ut ur e c ar e er as pir ati o ns. I a p pr e ci at e d t h e f ait h, tr ust a n d i n d e p e n d e n c e h e g a v e m e as 

his st u d e nt; it h el p e d t o f ost er m y i nt ell e ct u al c uri osit y, i m pr o v e m y criti c al t hi n ki n g s kills a n d 

b ett er u n d erst a n d t h e s ci e ntifi c m et h o d. I will c h eris h t h e m e m ori es fr o m o ur tri ps t o J a p a n a n d 

B a nff. T h a n k y o u f or als o s h o wi n g m e t h at t h er e is m or e t o gr a d u at e s c h o ol t h a n si m pl y 

c o n d u cti n g e x p eri m e nts, a n d f u n still n e e ds t o b e h a d! 

I w o ul d li k e t o e xt e n d a s p e ci al t h a n k y o u t o m y s u p er vis or y c o m mitt e e m e m b ers Dr. 

C arl os V el á z q u e z, Dr. Di o n Br o c ks a n d Dr. R a n d y W hitt al f or t h eir u n d erst a n di n g of t h e 

cir c u mst a n c es t h at r e q uir e d t his t h esis t o b e d ef e n d e d o n s h ort n oti c e. I will b e f or e v er gr at ef ul 

f or t h eir u n d erst a n di n g of t h e sit u ati o n, as t h eir willi n g n ess i n l etti n g m e d ef e n d on a ti g ht 

d e a dli n e all o w e d m e t o r e ali z e a c hil d h o o d dr e a m a n d st art m y n e xt c h a pt er as I b e gi n m e di c al 

s c h o ol. I als o a p pr e ci at e t h eir g ui d a n c e, criti q u e a n d dis c ussi o n d uri n g t h e l ast t w o y e ars.  

I w o ul d als o li k e t o t h a n k m y l a b c oll e a g u es a n d m e m b ers of t h e P h ar m a c e uti c al 

Ort h o p a e di c R es e ar c h L a b or at or y ( P O R L): Dr. S h a d a b Al a m a n d Dr. W a h e e d As g h ar f or t h eir 

dis c ussi o ns a n d i n p ut o n m y pr oj e ct. S p e ci al t h a n ks t o Dr. T a k es hi S us u ki d a w h o b e c a m e a 

lif el o n g fri e n d d uri n g his st a y i n C a n a d a. T h a n k y o u f or b ei n g a f a nt asti c s u p p ort, fri e n d a n d f or 

t h e f u n ti m es, ari g at o! 

Fi n al t h a n ks g o t o m y fri e n ds, Al e x f or his n o n-st o p s u p p ort a n d e n c o ur a g e m e nt d uri n g 

t his d e gr e e, J o n as f or list e ni n g t o m e dis c uss m y r es e ar c h m a n y ti m es as w e w o ul d dri v e t o g et h er 

t o c o a c h s kii n g, a n d M e g a n f or all of h er ki n d s u p p ort a n d e n c o ur a g e m e nt t o w ar ds t h e e n d of m y 

d e gr e e.  

T his r es e ar c h w as f u n d e d b y t h e C a n a di a n I nstit ut es f or H e alt h R es e ar c h ( CI H R)- 

Fr e d eri c k B a nti n g a n d C h arl es B est C a n a d a Gr a d u at e S c h ol ars hi p  a n d t h e Q u e e n Eliz a b et h II 

Gr a d u at e S c h ol ars hi p . I t h a n k t h e F a c ult y of P h ar m a c y a n d P h ar m a c e uti c al S ci e n c es at t h e 

U ni v ersit y of Al b ert a f or all t h eir s u p p ort  
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1. 1 R ati o n al e  

Wit h t h e i n cr e asi n g pr e v al e n c e of ost e o p or osis i n o ur s o ci eti es, ost e o p or osis is 

c o nsi d er e d a s eri o us p u bli c h e alt h pr o bl e m ar o u n d t h e w orl d ( 1 ). W hil e O P aff e cts b ot h s e x es, 

t h e i n ci d e n c e of O P i n cr e as es wit h a g e a n d is t wi c e t o t hr e e ti m es m or e pr e v al e nt i n f e m al es t h a n 

m al es.  I n C a n a d a, o n e i n 4 w o m e n a n d o n e i n 8 m e n ar e at ris k of d e v el o pi n g O P wit h a 4 0 % 

lif eti m e ris k of b o n e fr a ct ur e (2). I n 2 0 0 8, t h e c ost t o t h e C a n a di a n h e alt h c ar e s yst e m of tr e ati n g 

ost e o p or oti c fr a ct ur es w as esti m at e d t o b e i n t h e r a n g e of $ 2. 3 t o $ 4. 1 billi o n a n n u all y ( 3 ). Wit h 

t h e a gi n g w orl d p o p ul ati o n, t h e s o ci al a n d e c o n o mi c b ur d e n of O P is gr o wi n g i n C a n a d a a n d 

ar o u n d t h e w orl d. I m pr o v e d m a n a g e m e nt of O P will b e n e c ess ar y t o r e d u c e t h e e c o n o mi c b ur d e n 

o n t h e h e alt h c ar e s yst e m a n d i m pr o v e q u alit y of lif e f or t h os e li vi n g wit h O P. 

T h o u g h t h er e ar e s e v er al cl ass es of c o m p o u n ds b ei n g us e d t o tr e at a n d pr e v e nt O P, p o or 

p ati e nt c o m pli a n c e, l a c k of s el e cti vit y, p ot e n c y, a n d t o xi cit y c o n c er ns c a usi n g si g nifi c a nt a d v ers e 

si d e- eff e cts h as cr e at e d a n e e d f or s af er a n d m or e effi c a ci o us n e xt -g e n er ati o n t h er a pi es wit h 

r e d u c e d u n w a nt e d si d e- eff e cts. S y nt h eti c p ar at h yr oi d h or m o n e ( hP T H ( 1 -3 4)) is a n eff e cti v e 

b o n e-f or mi n g a p pr o v e d tr e at m e nt f or O P. H o w e v er, d u e t o r a pi d d e gr a d ati o n i n t h e b o d y, 

tr e at m e nt effi c a c y a n d p ot e n c y of h P T H ( 1 - 3 4) is s e v er el y r estri ct e d. T o a d dr ess t h es e c o n c er ns, 

o ur l a b h as t et h er e d a b o n e-s e e ki n g bis p h os p h o n at e gr o u p t o h P T H ( 1 - 3 4) t o i m p art b o n e mi n er al 

affi nit y t o h P T H ( 1 - 3 4), all o wi n g it t o b e s p e ci all y g ui d e d t o b o n e s urf a c es t o pr o m ot e b o n e 

f or m ati o n. A d mi nistr ati o n of t his n o v el dr u g ( B P-P T H) i nt o ost e o p or oti c f e m al e r at m o d els o v er 

a 1 2- w e e k p eri o d h as s h o w n si g nifi c a nt b o n e f or m ati o n w h e n vi e w e d wit h mi cr o- C T s c a ns i n 

c o m p aris o n t o u n m o difi e d h P T H ( 1 - 3 4).  

A s e nsiti v e  a n d a c c ur at e bi o a n al yti c al m et h o d f or t h e d et e cti o n of B P-P T H i n r at  pl as m a 

i s r e q uir e d t o p erf or m p h ar m a c o ki n eti c e v al u ati o n t o d et er mi n e bi o distri b uti o n, cl e ar a n c e, a n d 

r et e nti o n of B P-P T H t o c orr el at e s er u m c o n c e ntr ati o n wit h p h ar m a c ol o gi c al r es p o ns e. 

Est a blis hi n g t h es e p ar a m et ers will f a cilit at e t h e tr a nsl ati o n fr o m pr e cli ni c al st u di es t o cli ni c al 

dr u g tri als i n h u m a ns. T h e w or k d es cri b e d i n t his t h esis will cr e at e n o v el c o ntri b uti o ns t o t h e 

bi o a n al yti c al fi el d b y est a blis hi n g n e w m et h o d ol o g y c a p a bl e of d et er mi ni n g p h ar m a c o ki n eti c 

p ar a m et ers f or bis p h os p h o n at e- c o nj u g at e d p e pti d e dr u gs, w hi c h h as n ot b e e n r e p ort e d b ef or e i n 

lit er at ur e.  
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1. 2 H y p ot h e s es  

 

First H y p ot h esis  

M et al -fr e e L C- M S/ M S f or t h e q u a ntifi c ati o n of B P-P T H will a d dr ess t h e pr o bl e m ati c 

m et al c h el ati n g a biliti es of B P a n d B P - c o nt ai ni n g c o m p o u n ds t h at l e a d t o p o or li n e arit y, s a m pl e 

c arr y - o v er, p o or p e a k s h a p e, a n d p o or r e pr o d u ci bilit y i n tr a diti o n al L C-M S/ M S i nstr u m e nt ati o n.   

 

S e c o n d H y p ot h esis  

 P erf or mi n g o n - c artri d g e d eri v ati z ati o n of B P- P T H usi n g d eri v ati z ati o n a g e nt, 

tri m et h ylsilyl di a z o m et h a n e ( T M S D), will all o w f or effi ci e nt a n d s e nsiti v e q u a ntifi c ati o n of B P -

P T H i n r at pl as m a. M et h yl ati o n of t h e n e g ati v e p h os p h o ni c a ci d gr o u ps b y T M S D will r e d u c e 

t h e c o nj u g at es o v er all n e g ati v e c h ar g e, a n d i n t ur n, i n cr e as e t h e s e nsiti vit y of B P-P T H i n E SI + 

m o d e t o a c hi e v e l o w er q u a ntifi c ati o n l e v els.  

 

T hir d H y p ot h esis  

N e utr ali z ati o n of t h e p h os p h o ni c a ci d gr o u ps i n B P- P T H t hr o u g h d eri v ati z ati o n will 

all o w f or s e nsiti v e d et e cti o n of B P -P T H usi n g a c o m m er ci al E LI S A s p e cifi c f or h P T H ( 1 - 3 4). 

N e utr ali z ati o n of t h es e gr o u ps w ill si g nifi c a ntl y r e d u c e el e ctr ost ati c i nt er a cti o ns b et w e e n a n al yt e 

a n d a nti b o d y, e n a bli n g i m pr o v e d a nti b o d y r e c o g niti o n a n d bi n di n g. 
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1. 3 O bj e cti v e s  

 

T h e o bj e cti v es of t his t h esis w er e as f oll o ws:  

 

1.   O pti mi z e t h e pl as m a e xtr a cti o n pr o c e d ur e usi n g pr ot ei n pr e ci pit ati o n a n d s oli d-p h as e 

e xtr a cti o n. E x pl or e d eri v ati z ati o n of p h os p h o ni c a ci d gr o u ps usi n g 

tri m et h ylsil yl di a z o m et h a n e t o e n h a n c e i o ni z ati o n i n E SI + m o d e t o i m pr o v e s e nsiti vit y.  

 

2.   D e v el o p a n d o pti mi z e a s e nsiti v e L C - M S/ M S m et h o d usi n g E SI + m od e wit h effi ci e nt 

m et h o d r u n ti m e t h at als o all o ws f or a d e q u at e s e p ar ati o n a n d r et e nti o n of B P- P T H o n a 

r e v ers e- p h as e a n al yti c al c ol u m n. Li n e ar r a n g e of t h e bi o a n al yti c al m et h o d n e e ds t o 

c orr es p o n d wit h t h e esti m at e d c o n c e ntr ati o n of pr e vi o usl y c oll e ct e d p r e cli ni c al r at pl as m a 

s a m pl es.  

 

3.  P erf or m m et h o d v ali d ati o n st u di es i n a c c or d a n c e t o t h e E ur o p e a n M e di ci n es A g e n c y 

g ui d eli n e f or bi o a n al yti c al ass a ys . T h e ass a y will b e ass ess e d f or li n e arit y, s el e cti vit y, 

pr e cisi o n a n d a c c ur a c y, s e nsiti vit y, m atri x eff e ct a n d e xtr a cti o n r e c o v er y, a n d st a bilit y.  

 

4.   Usi n g t h e o pti mi z e d pl as m a e xtr a cti o n pr o c e d ur e f or B P-P T H, e v al u at e w h et h er a 

c o m m er ci al E LI S A s p e cifi c f or h P T H ( 1 - 3 4) is a bl e t o d et e ct B P-P T H. D eri v ati z ati o n of 

t h e B P m oi et y will b e e x pl or e d as p ot e nti al a v e n u e f or i m pr o v e d d et e cti o n usi n g 

c o m m er ci al E LI S A.  
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1. 4 B a c k g r o u n d  

1. 4. 1 B asi c s t r u ct u r e a n d fu n cti o n of b o n e  

B o n e is ess e nti al f or n u m er o us vit al f u n cti o ns wit hi n t h e b o d y a n d is a bs ol ut el y n e c ess ar y 

f or t h e lif e of v ert e br at es. B o n e pr o vi d es t h e ri gi d fr a m e w or k of o ur s k el et al s yst e ms, i nt er a cts 

wit h m us cl es all o wi n g f or t h e m o v e m e nt of li m bs, pr ot e cts i nt er n al or g a ns, g e n er at es a n d 

m ai nt ai ns v ari o us bl o o d c ells a n d st or es i m p ort a nt mi n er als s u c h as c al ci u m a n d p h os p h or us. I n 

or d er f or b o n es t o f a cilit at e t h e m o v e m e nt of li m bs, t h e y m ust b e stiff a n d r esist d ef or m ati o n, 

w hil e als o r e m ai ni n g fl e xi bl e t o c h a n g e s h a p e wit h o ut cr a c ki n g, s h ort e n a n d wi d e n i n 

c o m pr essi o n a n d l e n gt h e n a n d n arr o w d uri n g t e nsi o n ( 4).  

L o a ds t h at e x c e e d a b o n es el asti c a bili t y, m a y d ef or m t h e b o n e f urt h er, c a usi n g 

p er m a n e nt c h a n g es. T h es e p er m a n e nt s h a p e c h a n g es m a nif est as mi cr o cr a c ks t h at all o w e n er g y 

r el e as e a n d aff e ct t h e m e c h a ni c al pr o p erti es of b o n e ( 4 ). A c c u m ul ati o n of mi cr o cr a c ks, l ar g er 

cr a c ks or i n cr e as e d b o n e p or os it y c a n si g nifi c a ntl y r e d u c e b o n es el asti c a bilit y, l e a di n g t o 

p ot e nti al fr a ct ur es. If a b o n e is u n a bl e t o a bs or b t h e e n er g y d uri n g i m p a ct l o a di n g, it c a n o nl y b e 

r el e as e d b y fr a ct uri n g t h e b o n e. T h e s e e mi n gl y c o ntr a di ct or y m e c h a ni c al pr o p erti es r e q uiri n g 

b o n e t o b e stiff, y et fl e xi bl e, c a n b e e x pl ai n e d b y its mi n er al c o m p ositi o n a n d str u ct ur al d esi g n 

( 4).  

T h e r el ati o ns hi p b et w e e n b o n e stiff n ess a n d fl e xi bilit y is ulti m at el y d et er mi n e d b y 

v ar yi n g mi n er al c o nt e nt wit hi n b o n e. B o n e is a mi n er ali z e d c o n n e cti v e tiss u e c o m pris e d of a n 

or g a ni c m atri x of t y p e I c oll a g e n t h at s er v es as t h e c o n n e cti v e tiss u e a n d a n i n or g a ni c 

mi n er ali z e d p h as e c o nsisti n g of c al ci u m h y dr o x y a p atit e- li k e cr yst als (5, 6). T h e c oll a g e n m atri x 

pr o vi d es fl e xi bilit y, w h er e as t h e i n or g a ni c mi n er al p h as e pr o vi d es m at eri al stiff n ess. Gr e at er 

mi n er al c o nt e nt l e a ds t o stiff er b o n es wit h r e d u c e d fl e xi bilit y ( 5).  

D es pit e b o n es “st ati c ” a p p e ar a n c e, b o n e is a ct u all y a d y n a mi c tiss u e t h at is c o nst a ntl y 

b ei n g r e m o d el e d t hr o u g h t h e f or m ati o n of n e w b o n e a n d t h e br e a k d o w n of ol d b o n e b y 

ost e o bl ast a n d ost e o cl ast c ells r es p e cti v el y. T h e pr o c ess of r e n e wi n g b o n e is c all e d b o n e 

r e m o d eli n g a n d is r e q uir e d t o m ai nt ai n b o n e str e n gt h a n d mi n er al h o m e ost asis ( 6, 7). P h ysi ol o gi c 

i nfl u e n c es or m e c h a ni c al f or c es dri v e t h e m o d eli n g pr o c ess w hi c h l e a ds t o gr a d u al c h a n g es i n t h e 

s h a p e, wi dt h, str e n gt h a n d fl e xi bilit y of b o n es ( 7). B o n e r e m o d eli n g is a lif el o n g pr o c ess t h at 

b e gi ns b ef or e birt h a n d c o nti n u es u ntil d e at h. T h e c y cl e of b o n e r e m o d eli n g f oll o ws t hr e e 

p h as es: 1)  i niti ati o n of b o n e r es or pti o n b y ost e o cl ast c ells, 2) tr a nsiti o n fr o m r es or pti o n t o n e w 
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b o n e f or m ati o n, a n d 3) n e w b o n e f or m ati o n b y ost e o bl ast c ells ( 6, 8). E vi d e n c e s u g g ests t h at a 

t hir d c ell t y p e, ost e o c yt es, a ct as m e c h a n or e c e pt ors t o c o or di n at e t h e i nt er pl a y b et w e e n 

ost e o bl ast a n d ost e o cl ast c ells w hi c h  f a cilit at es t h e c y cl e of b o n e r e m o d eli n g (6 ). Ulti m at el y, 

b o n e r e m o d eli n g is c arri e d o ut b y t h e b asi c m ulti c ell ul ar u nit ( B M U) w hi c h c o or di n at es t h e 

a cti o n of f o ur m aj or b o n e c ells: b o n e- li ni n g c ells, ost e o c yt es, ost e o cl asts, a n d ost e o bl asts ( Fi g ur e 

1) ( 9). N or m al b o n e r e m o d eli n g is a s yst e mi c a n d l o c al pr o c ess r e q uir e d f or l o c o m oti o n, h e ali n g 

of fr a ct ur es a n d mi cr o d a m a g e’s  i n b o n e m atri x, s k el et al a d a pt ati o n a n d m ai nt e n a n c e of pl as m a 

c al ci u m h o m e ost asis  (6, 9 ). A b n or m al b o n e a bs or pti o n or r es or pti o n is t h e u n d erl yi n g c a us e of 

m a n y b o n e dis e as es a n d dis or d ers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

P h a s e 1  
I niti ati o n 
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1. 4. 2 Ost e o p o r osis: e ti ol o g y a n d e pi d e mi ol o g y  

Ost e o p or osis ( O P) is a s k el et al dis or d er t h at is c h ar a ct eri z e d b y l o w b o n e mi n er al d e nsit y, 

d et eri or ati o n of b o n e mi cr o ar c hit e ct ur e, r e d u c e d mi n er ali z ati o n , a n d a n o v er all d e cr e as e i n b o n e 

str e n gt h a n d stiff n ess ( 1 0 ). Ost e o p or osis si g nifi c a ntl y i n cr e as es a n i n di vi d u al’s ris k of b o n e 

fr a ct ur e a n d is c o nsi d er e d a s eri o us p u bli c h e alt h pr o bl e m ar o u n d t h e w orl d ( 1 1). D u e t o t h e 

as y m pt o m ati c n at ur e of t h e c o n diti o n, O P is oft e n u n di a g n os e d u ntil p ati e nt h os pit ali z ati o n 

o c c urs st e m mi n g fr o m l o w-tr a u m a fr a ct ur es of t h e hi p, s pi n e, pr o xi m al h u m er us, p el vis, a n d/ or 

wrist ( 1 0). V ert e br al fr a ct ur es h a v e b e e n ass o ci at e d wit h i n cr e as e d r at es of m or bi dit y, i n cl u di n g 

p ai n, s pi n al d ef or mit y ( k y p h osis), h ei g ht r e d u cti o n, dis a bilit y a n d d e at h ( 1 1 ). 

Ost e o p or osis is t h e m ost si g nifi c a nt c a us e of fr a ct ur es wit hi n t h e ol d er p o p ul ati o n a n d is als o 

ass o ci at e d wit h p e o pl e b e c o mi n g b e dri d d e n, w hi c h c a n c a us e ot h er s eri o us c o m pli c ati o ns ( 1 0). 

I n a d diti o n t o r e d u c e d m o bilit y a n d p ai n, t h e q u alit y of lif e c h a n g es i n d u c e d b y ost e o p or oti c 

fr a ct ur es m a y l e a d t o ps y c h ol o gi c al c o n c er ns s u c h as l o w er s elf-est e e m, a n xi et y, f e ar a n d 

d e pr essi o n ( 1 2).  I n t h e U nit e d St at es, t h e pr e v al e n c e of O P is pr oj e ct e d t o r e a c h 1 4 milli o n 

p e o pl e b y 2 0 2 0 ( 1 0 ). W hil e O P aff e cts b ot h s e x es a n d all a g es, t h e i n ci d e n c e of O P i n cr e as es 

wit h a g e is t wi c e t o t hr e e ti m es m or e pr e v al e nt i n f e m al es t h a n m al es.  I n C a n a d a, o n e i n 3 

w o m e n a n d o n e i n 5 m e n will s uff er a n ost e o p or oti c r el at e d fr a ct ur e i n t h eir lif eti m e, w hi c h is of 

hi g h er i n ci d e n c e t h a n h e art att a c k, str o k e, a n d br e ast c a n c er c o m bi n e d ( 2). I n 2 0 1 0 , t h e o v er all 

y e arl y c ost t o t h e C a n a di a n h e alt h c ar e s yst e m i n cl u di n g dir e ct a n d i n dir e ct c osts of tr e ati n g 

ost e o p or oti c fr a ct ur es w as esti m at e d t o b e i n t h e r a n g e of $ 2. 3 t o $ 3. 9 billi o n a n n u all y ( 1 3). Wit h 

t h e a gi n g w orl d p o p ul ati o n, t h e s o ci al a n d e c o n o mi c b ur d e n of O P is gr o wi n g i n C a n a d a a n d 

ar o u n d t h e w orl d. I m pr o v e d m a n a g e m e nt of O P will b e n e c ess ar y t o r e d u c e t h e e c o n o mi c b ur d e n 

o n t h e h e alt h c ar e s yst e m a n d i m pr o v e q u alit y of lif e f or t h os e li vi n g wit h O P. 

Ost e o p or osis c a n b e cl assifi e d as eit h er pri m ar y or s e c o n d ar y; wit h pri m ar y b ei n g 

ass o ci at e d wit h a g e a n d s e x h or m o n e d efi ci e n c y, w hil e s e c o n d ar y ost e o p or osis i s t h e r es ult of 

s e v er al c o m or bi d dis e as es a n d/ or m e di c ati o ns. Pri m ar y O P oft e n f oll o ws m e n o p a us e i n w o m e n 

d u e t o t h e r e d u cti o n i n estr o g e n pr o d u cti o n l e a di n g t o b o n e l oss, w hil e a g e- r el at e d O P r es ults 

fr o m gr a d u al d et eri or ati o n of t h e tr a b e c ul a e i n b o n e ( 1 0). I n m al es, as a gi n g o c c urs, s e x h or m o n e 

bi n di n g gl o b uli n m a y i n a cti v at e t est ost er o n e a n d estr o g e n, c o ntri b uti n g t o a gr a d u al d e cr e as e i n 

b o n e mi n er al d e nsit y ( B M D) t h at m a y r es ult i n pri m ar y ost e o p or osis ( 1 0, 1 4). S e c o n d ar y O P h as 

b e e n li n k e d t o c o n diti o ns s u c h as h y p o g o n a dis m, dis e as es ( e. g., c o eli a c dis e as e), m e di c ati o ns 
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( e. g., gl u c o c orti c oi ds) a n d i m b al a n c es of c al ci u m a n d vit a mi n D. M a n a g e m e nt of i nfl a m m at or y 

dis e as es s u c h as r h e u m at oi d art hritis c o m m o nl y utili z e gl u c o c orti c oi d t h er a p y, wit h m a n y 

tr e at m e nt pl a ns r e q uiri n g p ati e nts t o b e o n l o n g-t er m gl u c o c orti c oi d t h er a p y, t h e ris k f or 

d e v el o pi n g s e c o n d ar y O P i n cr e as es. L o n g -t er m us a g e of gl u c o c orti c oi ds h as b e e n ass o ci at e d 

wit h s e c o n d ar y ost e o p or osis a n d B M D h as b e e n s h o w n t o d e cli n e s u bst a nti all y wit hi n t hr e e t o 

si x m o nt hs of t h er a p y ( 1 5). Wit h hi g h r h e u m at oi d art hritis pr e v al e n c e a m o n gst ol d er a g e d 

p o p ul ati o ns i n N ort h A m eri c a, p ot e nti al f or i n di vi d u als t o d e v el o p s e c o n d ar y O P is si g nifi c a nt. 

F urt h er m or e, it a p p e ars t h at t h e c a us es of s e c o n d ar y O P m a y diff er a m o n gst s e x es. I n m e n, 

al c o h ol a b us e, gl u c o c orti c oi d us e a n d h y p o g o n a dis m h a v e b e e n i d e ntifi e d as c o ntri b uti n g t o 

ost e o p or osis ( 1 6). T h e t hr e e m ost c o m m o n c a us es of s e c o n d ar y ost e o p or osis i n p ost m e n o p a us al 

w o m e n h a v e b e e n i d e ntifi e d as h y p er c al ci u ri a, m al a bs or pti o n ( vit a mi n D d efi ci e n c y), a n d 

h y p er p ar at h yr oi dis m ( 1 0, 1 7). Of t h es e t hr e e m aj or s e c o n d ar y c a us es attri b ut e d t o ost e o p or osis i n 

p ost m e n o p a us al w o m e n, h y p er p ar at h yr oi dis m a n d c al ci u m m al a bs or pti o n c o ntri b ut e d t o 7 8 % of 

i n ci d e n c es ( 18 ). 

 

1. 4. 3 Ost e o p o r osis p at h o g e n esis  

Ost e o p or osis c a n o c c ur t o v ar yi n g d e gr e es f or t w o m ai n r e as o ns 1) f ail ur e t o a c hi e v e 

p e a k b o n e m ass a n d 2) a b n or m al b o n e r e m o d eli n g t hr o u g h eit h er e x c essi v e b o n e r es or pti o n or 

d e cr e as e d b o n e f or m ati o n ( 1 9). F ail ur e of t h e b asi c m ulti c ell ul ar u nit t o eff e cti v el y c o or di n at e 

t h e b o n e r e m o d eli n g pr o c ess es is t h e u n d erl yi n g c a us e of b o n e r es or pti o n a n d f or m ati o n 

i m b al a n c es. A d diti o n all y, t h e i n ci d e n c e of fr a gilit y fr a ct ur es is aff e ct e d b y t h e fr e q u e n c y, 

dir e cti o n a n d f or c e of f alls. T h e lif el o n g pr o c ess of b o n e r e m o d eli n g w hi c h is c a us e d b y t h e 

r es or pti o n of ol d b o n e b y ost e o cl asts a n d t h e f or m ati o n of n e w b o n e b y ost e o bl asts is vit al f or t h e 

m ai nt e n a n c e of b o n e str e n gt h. I m b al a n c es i n t his pr o c ess w h er e r es or pti o n e x c e e ds t h e f or m ati o n 

of n e w b o n e m a y r es ult i n t h e p at h o p h ysi ol o gi c al c h a n g es c h ar a ct eristi c of ost e o p or osis ( 1 0). 

T h o u g h d e v el o p m e nt of ost e o p or osis c a n b e attri b ut e d t o t h e t w o af or e m e nti o n e d c a us es, t h e 

r ol es of g e n eti cs, e n d o cri n e h or m o n es, e n vir o n m e nt a n d m e c h a ni c al f a ct ors, a n d n utriti o n all 

c o ntri b ut e t o b ot h m ai n c a us es of O P. 
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1. 4. 3. 1 P e a k b o n e m ass 

P e a k b o n e m ass ( P B M) is d efi n e d as t h e a m o u nt of b o n y tiss u e pr es e nt at t h e e n d of 

s k el et al m at ur ati o n a n d is oft e n r e a c h e d i n t h e l at e t e e ns or e arl y 2 0’s ( 2 0 ). A c hi e vi n g p e a k b o n e 

m ass is cr u ci al pr ot e cti v e f a ct or f or t h e pr e v e nti o n of ost e o p or osis a n d r e d u ci n g fr a ct ur es i n 

a d ult h o o d ( 1 9). Fr a ct ur es h a v e b e e n r e p ort e d t o b e r e d u c e d b y u p t o 5 0 % i n p ost- m e n o p a us al 

wit h o nl y a 1 0 % i n cr e as e i n p e a k b o n e m ass ( 1 9, 2 1).  F urt h er m or e, a W orl d H e alt h Or g a ni z ati o n 

( W H O) g e n er at e d m at h e m ati c al m o d el utili zi n g s e v er al e x p eri m e nt al v ari a bl es t o d et er mi n e t h e 

ass o ci ati o n b et w e e n P B M a n d d e v el o p m e nt of O P c al c ul at e d t h at a n i n cr e as e of o nl y 1 0 % i n 

P B M c o ul d d el a y t h e o ns et of O P b y 1 3 y e ars ( 2 1, 2 2).  

1. 4. 3. 2 I r r e g ul a r b o n e r e m o d eli n g: im b al a n c es b et w e e n r es o r pti o n a n d fo r m ati o n  

T h e c ells r es p o nsi bl e f or r e m o d eli n g b o n es u n d er n or m al p h ysi ol o gi c al c o n diti o ns ar e t h e s a m e 

c ells r es p o nsi bl e f or t h e a b n or m al r e m o d eli n g pr o c ess w hi c h  o c c urs i n dis e as e st at es. T h e 

c ell ul ar b asis of ost e o p or osis ulti m at el y r es ults fr o m a n i n cr e as e d n u m b er a n d lif e s p a n of 

ost e o cl asts i n c o m p aris o n t o a d e cr e as e i n t h e lif e s p a n a n d n u m b er ost e o bl asts, cr e ati n g a n 

i m b al a n c e b et w e e n b o n e r es or pti o n a n d b o n e f or m ati o n. Ost e o bl ast o g e n esis a n d 

ost e o cl ast o g e n esis m ust b e pr o p erl y b al a n c e d t o e ns ur e n or m al b o n e h o m e ost asis, w h e n t h e 

a cti vit y of ost e o cl asts e x c e e ds t h e a cti vit y of ost e o bl asts, ost e o p or osis will r es ult. I n c as es w h er e 

i m b al a n c es l e a d t o ost e o p or osis, ost e o bl asts ar e eff e cti v el y u n a bl e t o a d e q u at el y f or m n e w b o n e 

i n r es or pti o n c a viti es, l e a di n g t o t hi c k n ess d e cr e as es i n b o n e c a viti es, t hi n n er tr a b e c ul a e, a n d 

r e d u c e d tr a b e c ul a e c o n n e cti vit y (2 3 ). I n cr e as e d i ntr a c orti c al r e m o d eli n g als o o c c urs, c a usin g 

c orti c al b o n e t o b e m or e p or o us. Ulti m at el y, t h e n et o ut c o m e of t h es e c h a n g es is t h e p h ysi c al 

m a nif est ati o n of ost e o p or osis, w hi c h l e a ds t o i n cr e as e d b o n e fr a gilit y a n d hi g h er fr a ct ur e ris k.

  T h e c ells t h at c o m pris e t h e c o or di n at e d a cti o n of t h e B M U ( b o n e-li ni n g c ells, ost e o c yt es, 

ost e o cl asts, a n d ost e o bl asts) ar e s us c e pti bl e t o m e di at ors t h at m a y r es ult i n irr e g ul ar b o n e 

r e m o d eli n g. Of t h es e m e di at ors, t h e ost e o pr ot e g eri n ( O P G) a n d r e c e pt or a cti v at or of N F -κ β  

( R A N K) s yst e m a n d its li g a n d ( R A N K L) ar e t h e m ost i nfl u e nti al m e di at ors of ost e o cl asts, w hil e 

l o w-d e nsit y li p o pr ot ei n r e c e pt or -r el at e d pr ot ei n 5 ( L R P 5) is a cr u ci al m e di at or of ost e o bl ast 

a cti vit y ( 1 9). Pr o d u cti o n of t h e T N F- li k e c yt o ki n e R A N K L, sti m ul at es t h e b o n e r es or pti o n 

pr o c ess. Oli g o m eri z ati o n  a n d a cti v ati o n of t h e c ell-s urf a c e r e c e pt or R A N K L tri g g ers t h e 

a cti v ati o n of v ari o us i ntr a c ell ul ar p at h w a ys, p arti c ul arl y N F- κ β , w hi c h i n d u c es ost e o cl ast o g e ni c 



 1 0  

g e n es ( 1 9, 2 4). F urt h er m or e, i nfl a m m at or y c yt o ki n es s u c h as t u m or n e cr osis f a ct or al p h a ( T N F-

α ) a n d i nt erl e u ki n- 1 (I L 1) m a y c o o p er at e wit h R A N K L t o e n h a n c e si g n ali n g b y R A N K a n d 

pr o m ot e ost e o cl ast o g e n esis ( 2 5 ). O P G a cts i n a r e ci pr o c al m a n n er t o R A N K a n d i nst e a d hi n d ers 

t h e b o n e r es or pti o n pr o c ess. O P G e n c o d es a s ol u bl e T N F-α  r e c e pt or t h at a cts as a d e c o y f or 

R A N K L ( 2 6). O v er e x pr essi o n of O P G h as b e e n s h o w n t o bl o c k t h e l at er st a g es of ost e o cl ast 

diff er e nti ati o n ( 2 4, 2 7 ).   

  B o n e f or m ati o n is sti m ul at e d b y t h e a cti v ati o n of t h e L R P 5 p at h w a y b y W nt pr ot ei ns, 

w hi c h als o i n hi bits b o n e r es or pti o n. A cti v ati o n of L R P 5 is a c hi e v e d t hr o u g h t h e W nt/ β - c at e ni n 

c as c a d e. T h e W nt/ β - c at e ni n is a cti v at e d u p o n bi n di n g of W nt t o fri z zl e d r e c e pt or a n d L R P 5 a n d 

L R P 6 c or e c e pt ors ( 2 8 ). W nt bi n di n g i n d u c es a m ultit u d e of i ntr a c ell ul ar e v e nts t h at st a bili z e β -

c at e ni n t hr o u g h h y p o p h os p h or yl ati o n, w hi c h a c c u m ul at es i n t h e c yt os ol a n d tr a nsl o c at es t o t h e 

n u cl e us ( 2 8, 2 9, 3 0). Wit hi n t h e n u cl e us, st a bili z e d β - c at e ni n bi n ds wit h T c ell f a ct or/l y m p h oi d 

e n h a n c er bi n di n g f a ct or ( T C F/ L E F) tr a ns cri pti o n f a ct ors a n d m e di at es g e n e e x pr essi o n t o 

r e g ul at e ost e o bl ast e x p a nsi o n a n d f u n cti o n ( 2 9, 3 0). W nt si g n alli n g c a n b e i n hi bit b y s e v er al 

a nt a g o nists t hr o u g h W nt r e c e pt or bi n di n g or W nt li g a n d bi n di n g. Di c k k o pf ( D k k) pr ot ei ns 

i n hi bit ost e o bl ast f u n cti o n a n d bl o c k b o n e f or m ati o n b y bi n di n g t o L R P 5/ 6, pr e v e nti n g W nt fr o m 

i nt er a cti n g (2 9 ).  S e cr et e d fri z zl e d-r el at e d pr ot ei ns (s F R Ps) w or k as a nt a g o nists b y bi n di n g W nt 

dir e ctl y t o i n hi bit a cti vit y ( 2 9). A d diti o n all y, m ut ati o ns c a usi n g l oss- of-f u n cti o n i n h u m a n L R P 5 

h a v e b e e n ass o ci at e d wit h ost e o p or osis - ps e u d o gli o m a s y n dr o m e ( 3 0).  

T h e c o m pl e x i ntr a c ell ul ar p at h w a ys of b ot h ost e o cl ast o g e n esis a n d ost e o bl ast o g e n esis 

l e a v e a m pl e o p p ort u niti es f or h or m o n es, gr o wt h f a ct ors, c yt o ki n es, dr u gs a n d ot h er m e di at ors t o 

i nfl u e n c e t h e n or m al b al a n c e b et w e e n b o n e f or m ati o n a n d r e m o d eli n g. L o gi c all y, it w o ul d s e e m 

t h at a n i m b al a n c e f a v o uri n g si g nifi c a ntl y m or e b o n e r es or pti o n t h a n f or m ati o n w o ul d h a v e t h e 

l ar g est i m p a ct o n b o n e fr a gilit y, p or osit y, str e n gt h a n d fr a ct ur e ris k, i m p air e d b o n e f or m ati o n is 

als o a n i m p o rt a nt c o m p o n e nt of t h e p at h o g e n esis of n u m er o us b o n e dis or d ers. E v e n i n sit u ati o ns 

w h er e b o n e f or m ati o n a cti vit y is si g nifi c a ntl y gr e at er t h a n r es or pti o n, b o n e dis or d ers will o c c ur, 

s u c h as ost e o p etr osis. C o nsist e nt irr e g ul ariti es i n t h e b o n e r e m o d eli n g pr o c ess l e a d t o disr u pti o ns 

i n t h e d eli c at e h ar m o n y b et w e e n b ot h ost e o bl ast a n d ost e o cl ast c ells, w hi c h will r es ult i n b o n e 

dis or d ers.  
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1. 4. 4 D et e r mi n a nts of Ost e o p o r osis  

1. 4. 4. 1 G e n eti c fa ct o rs  

T h e i nt er pl a y of s e v er al p h ysi ol o gi c al f a ct ors i nfl u e n c es b o n e m ass a c c u m ul ati o n d uri n g 

gr o wt h a n d ar e d et er mi n a nts of p e a k b o n e m ass ( 2 1). G e n eti c f a ct ors, vit a mi n D a n d b o n etr o pi c 

n utri e nts ( c al ci u m, pr ot ei ns), e n d o cri n e f a ct ors (s e x st er oi ds, I G F-I, 1. 2 5( O H) 2 D), a n d 

e n vir o n m e nt al f a ct ors s u c h as n utriti o n, e x er cis e, b o d y w ei g ht a n d s m o ki n g ( 1 9, 2 1 ). T wi n a n d 

f a mil y st u di es h a v e s h o w n t h at g e n eti c f a ct ors a p p e ar t o b e t h e m ost pr o mi n e nt d et er mi n a nt 

c o ntri b uti n g b et w e e n 5 0 t o 8 5 % of v ari a n c e i n p e a k b o n e m as s ( 1 9, 2 1, 3 1 ). F urt h er m or e, m ass 

p ar e nt- offs pri n g c o m p a ris o n st u di es s h o w a si g nifi c a nt r el ati o ns hi p f or t h e ris k of O P i n f a mili es, 

wit h b ot h p at er n al a n d m at er n al i n h erit a n c e ( 2 1). T hr o u g h t h e us e of g e n o m e- wi d e ass o ci ati o n 

st u di es, v ari o us g e n eti c v ari a nts r es p o nsi bl e f or r e g ul ati n g b o n e m ass h a v e i n cl u d e d s cl er osti n 

( S O S T), L R P 5, O P G, o e str o g e n r e c e pt or 1 a n d R A N K p at h w a y g e n es ( 8).  

T o d at e, t h er e h as b e e n 2 4 g e n es a n d l o ci t h at h a v e s h o w n g e n o m e- wi d e si g nifi c a nt 

e vi d e n c e f or ass o ci ati o n wit h B M D, t h o u g h e a c h g e n e c o ntri b ut es a s m all a m o u nt t o t h e g e n eti c 

v ari a n c e i n pr e dis p ositi o n t o ost e o p or osis ( 1 9, 3 1). S a n d h u a n d H a m ps o n n ot e t h at is m a y b e 

e x pl ai n e d d u e t o t h e f a ct t h at g e n o m e- wi d e ass o ci ati o n st u di es oft e n f o c us o n i d e ntif yi n g 

c o m m o n v ari a nts of s m all eff e cts, i nst e a d of u n c o m m o n v ari a nts t h at h a v e l a r g e eff e cts ( 19). 

T h o u g h t h er e a p p e ars t o b e a cl e ar h er e dit ar y c o m p o n e nt of ost e o p or osis, g e n eti c f a ct ors h a v e 

n ot y et i nfl u e n c e d cli ni c al d e cisi o n m a ki n g. D e v el o pi n g a n u n d erst a n di n g of g e n e- e n vir o n m e nt 

i nt er a cti o ns as a d et er mi n a nt of B M D i n r es p o ns e t o n utriti o n a n d p h ysi c al a cti vit y h as n ot y et 

b e e n e x pl or e d, b ut c o ul d pr o vi d e v al u a bl e i nsi g ht i nt o f urt h er u n d erst a n di n g t h e p at h o g e n esis of 

ost e o p or osis ( 2 1).  

1. 4. 4. 2 H o r m o n al f a ct o rs  

H or m o n es a n d gr o wt h f a ct ors pl a y a s u bst a nti al r ol e i n t h e r e g ul ati o n of pr o p er b o n e 

f or m ati o n, r e m o d eli n g a n d as d et er mi n a nts f or t h e a c hi e v e m e nt of p e a k b o n e m ass. E str o g e n is 

t h e m aj or h or m o n al r e g ul at or of b o n e m et a b olis m i n b ot h m e n a n d w o m e n. T h o u g h t h e 

pr ot e cti v e eff e cts t h at estr o g e n h as o n b o n e is u n dis p ut e d, t h e p r e cis e m e c h a nis m(s) of a cti o n ar e 

v er y c o m pl e x a n d h as b e e n c h all e n gi n g t o d efi n e ( 3 2 ). Dir e ct eff e cts of estr o g e n o n ost e o c yt es, 
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ost e o cl asts, a n d ost e o bl ast l e a d t o i n hi biti o n of b o n e r e m o d eli n g t hr o u g h m ai nt e n a n c e of b o n e 

f or m ati o n w hil e r e d u ci n g b o n e r es or pti o n ( 3 2).  

P ost m e n o p a us al ost e o p or osis is m ai nl y t h e r es ult of r e d u c e d estr o g e n l e v els ass o ci at e d 

wit h m e n o p a us e t h at l e a d t o a n i n cr e as e i n b o n e r es or pti o n ( 9). I n p ost m e n o p a us al ost e o p or osis, 

t h e e xt e nt of b o n e r es or pti o n e x c e e ds t h at of b o n e f or m ati o n. Estr o g e n e x hi bits its pr ot e cti v e 

eff e cts o n b o n e r e m o d eli n g b y t ar g eti n g t h e r e g ul at or y R A N K L/ R A N K/ O P G a xis. Estr o g e n h as 

b e e n s h o w n t o sti m ul at e e x pr essi o n of O P G i n m o us e ost e o bl asts a n d str o m al c ells ( 3 3 ). O P G is 

a R A N K L a nt a g o nist t h at c o m p et es wi t h R A N K f or bi n di n g of R A N K L, l e a di n g t o l o w er b o n e 

r es or pti o n a cti vit y. A d diti o n all y, estr o g e n dir e ctl y i n hi bits t h e R A N K a cti v at e d J N K p at h w a y i n 

ost e o cl ast pr e c urs ors ( 9, 3 4). A v ari et y of c yt o ki n es r e g ul at e ost e o cl ast a cti vit y a n d 

diff er e nti ati o n, m ost p arti c ul arl y I L - 1, - 6, - 7 a n d T N F ( 9). O n e m e c h a nis m e x pl ai ni n g estr o g e ns 

pr ot e cti v e eff e cts is t hr o u g h t h e m o d ul ati o n of t h es e c yt o ki n es. I L- 1 a n d T N F e n h a n c e m at ur e 

ost e o cl ast c ell a cti vit y a n d u pr e g ul at e e x pr essi o n of I L -6, w hi c h sti m ul at es ost e o cl ast o g e n esis 

( 9). Estr o g e n s u p pr ess es I L- 1, - 6 a n d T N F e x pr essi o n i n ost e o bl ast c ells, e n h a n ci n g b o n e 

f or m ati o n ( 9). D efi ci e n ci es i n estr o g e n i n cr e as es t h e s e cr eti o n of I L- 1 a n d T N F, sti m ul ati n g 

ost e o cl ast o g e n esis i n dir e ctl y t hr o u g h u pr e g ul ati o n of I L - 6. I n a d diti o n, I L- 1 a n d T N F als o 

f u n cti o n t o u pr e g ul at e R A N K L g e n e e x pr essi o n i n ost e o bl asts ( 2 6).  

M or e r e c e nt a d v a n c es i n att e m pts t o b ett er u n d erst a n d t h e m ol e c ul ar a n d c ell ul ar m e c h a nis ms of 

estr o g e n d efi ci e n c y i n t h e p at h o g e n esis ost e o p or osis h as s h o w n t h at es tr o g e n pr o m ot es m at ur e 

ost e o cl ast a p o pt osis t hr o u g h i n d u cti o n of t h e F as/ F as li g a n d s yst e m ( 3 5). F as li g a n d ( F as L) a n d 

its r e c e pt or F as ar e a p art of t h e T N F s u p erf a mil y of li g a n ds/r e c e pt ors t h at ar e i n v ol v e d i n 

a p o pt oti c p at h w a ys. T h e m o d ul ati o n of m at ur e ost e o cl ast a p o pt osis b y estr o g e n is c o nsi d er e d a 

m e c h a nis m wit h pr ot e cti v e eff e cts t h at r e d u c es b o n e l oss a n d t h e i n ci d e n c es of ost e o p or osis. F or 

y e ars it w as u n d erst o o d t h at estr o g e n w as t h e s ol e m e di at or r es p o nsi bl e f or p at h o g e n esis of 

ost e o p or oti c b o n e r e m o d eli n g, h o w e v er S u n et al. w as t h e first gr o u p t o r e p ort t h at f olli cl e-

sti m ul ati n g h or m o n e ( F S H) is i n v ol v e d i n t h e p at h o g e n esis of p ost m e n o p a us al ost e o p or osis ( 9, 

3 6).  S u n et al. st at es t h at F S H is r e q uir e d f or h y p o g o n a d al b o n e l oss. T h e gr o u p s h o w e d t h at 

n eit h er F S H β  n or F S H r e c e pt or k n o c k o ut mi c e s h o w e d b o n e l oss d es pit e s e v er e h y p o g o n a dis m 

( 3 6). F urt h er m or e, t h e y s u g g est e d t h at t h e s k el et al a cti o n of F S H is estr o g e n i n d e p e n d e nt b y 

st ati n g b o n e m ass i n cr e as es t hr o u g h r e d u c e d ost e o cl asti c r es or pti o n  i n h a pl oi ns uffi cii n et F S Hβ +/ 1  
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mi c e ( 3 6). Ulti m at el y, t h e y c o n cl u d e d t h at hi g h c o n c e ntr ati o ns of F S H c a us es h y p o g o n a d al b o n e 

l oss.  

  I n a d v a n ci n g a g e d m al es, t h e d e cr e as e i n s e x h or m o n e c o n c e ntr ati o ns is si g nifi c a ntl y 

s m all er t h a n i n m e n o p a u s al f e m al es, wi t h a r el ati v el y s m all r e d u cti o n i n s er u m t est ost er o n e, b ut a 

pr o p orti o n all y l ar g er i n cr e as e i n s e x h or m o n e bi n di n g gl o b uli n ( S H B G) ( 3 7). H y p o g o n a dis m i n 

m al es is a si g nifi c a nt c a us e of ost e o p or osis, t h er ef or e , t h e r e d u cti o n i n s er u m t est ost er o n e 

pr es u m a bl y c o ntri b ut es t o a g e -r el at e d b o n e l oss i n m al es.  C o n v ersi o n of t est ost er o n e t o 5α -

di h y dr ot est ost er o n e ( D H T) r es ults i n gr e at er affi nit y f or a n dr o g e n r e c e pt ors. C ol v ar d et al. n ot e 

t h at h u m a n ost e o bl ast-li k e c ells s h o w s p e cifi c a n dr o g e n r e c e pt ors w hi c h m a y m e di at e t h e eff e cts 

of t est ost er o n e o n b o n e ( 3 8). It is b eli e v e d t h at a n dr o g e ns h a v e a r ol e i n t h e pr olif er ati o n a n d 

diff er e nti ati o n of ost e o bl asts, r e g ul at e ost e o bl ast -t o-ost e o cl ast si g n ali n g b y i n hi biti n g ost e o cl ast 

r e cr uit m e nt (3 7, 3 8).  

A st u d y of 4 8 m e n wit h a m e di a n a g e of 4 4 y e ars ol d f o u n d t h at t h e r ati o of s er u m 

t est ost er o n e t o S H B G w a s si g nifi c a ntl y c orr el at e d wit h b o n e d e nsit y i n t h e f or e ar m (3 9). 

A d diti o n al e vi d e n c e r e g ar di n g t est ost er o n e i n d u c e d b o n e f or m ati o n st e ms fr o m t h e b eli ef t h at t h e 

a cti o ns of t est ost er o n e o n t h e m al e s k el et o n m a y b e p arti all y r e g ul at e d b y ar o m ati z ati o n t o 

o estr a di ol ( 2 6, 3 7). S e v er al st u di es s u p p ort t his h y p ot h esis t hr o u g h t h eir fi n di n gs t h at b o n e 

d e nsit y is p ositi v el y c orr el at e d t o s er u m o estr a di ol a n d n ot s er u m t est ost e r o n e c o n c e ntr ati o n 

( 3 7, 4 0, 4 1). F urt h er m or e, m ut ati o ns of t h e ar o m at as e g e n e h a v e s h o w n n o b o n e d e nsit y 

i m pr o v e m e nts w h e n s u bj e ct e d t o i ntr a m us c ul ar t est ost er o n e, b ut b o n e d e nsit y i n cr e as es w h e n 

tr a ns d er m al o estr a di ol w as a d mi nist er e d ( 41, 4 2 ). 

P ar at h yr oi d h or m o n e ( P T H) is a n ot h er h or m o n e t h at pl a ys a cr u ci al r ol e i n r e g ul ati n g t h e 

r at e of b o n e r e m o d eli n g. P T H is a n 8 4- a mi n o a ci d r esi d u e p e pti d e h or m o n e t h at w or ks 

a nt a g o nisti c all y wit h c al cit o ni n f or t h e m ai nt e n a n c e of c al ci u m h o m e ost asis t hr o u g h i n cr e asi n g 

b o n e r es or pti o n ( 4 3, 4 4 ). P T H r e g ul at es b o n e r e m o d eli n g a n d i n cr e as es pl as m a c o n c e ntr ati o n 

l e v els b y i n cr e asi n g r e n al t u b ul ar c al ci u m r e a bs or pti o n a n d i n dir e ctl y i n cr e asi n g i nt esti n al 

c al ci u m a bs or pti o n t hr o u g h sti m ul ati o n r e n al c al citri ol or 1, 2 5 di h y dr o x y v it a mi n D ( 45). T h e 

c orr es p o n di n g li g a n d f or P T H is t h e P T H- 1 r e c e pt or, w hi c h is a G- pr ot ei n- c o u pl e d r e c e pt or t h at 

i s pri m aril y e x pr ess e d i n t h e b o n e a n d ki d n e y ( 4 5, 4 6). A n ot h er P T H r e c e pt or k n o w n as P T H 2 

r e c e pt ors, ar e pr es e nt i n t h e c e ntr al n er v o us s yst e m, p a n cr e as, t estis, a n d pl a c e nt a ( 4 7 ). D es pit e 



 1 4  

b ei n g a h or m o n e r es p o nsi bl e f or t h e c at a b olis m of b o n e a n d i n cr e asi n g c al ci u m pl as m a 

c o n c e ntr ati o ns, i nt er mitt e nt r el e as e of P T H l e a d t o i n cr e as e d b o n e f or m ati o n ( 4 3, 4 4 ).  

T h o u g h t h e e x a ct c ell ul ar e v e nts e x pl ai ni n g t h e a n a b oli c eff e ct of P T H ar e n ot f ull y 

u n d erst o o d, st u di es h a v e s h o w n t h at i ns uli n- li k e gr o wt h f a ct ors I a n d II (I G F-I, II) a n d 

tr a nsf or mi n g gr o wt h f a ct or-β  ( T G F-β ) pl a y a r ol e i n m e di ati n g b o n e f or m ati o n ( 4 4, 4 7, 4 8). P T H 

c a n i n d u c e s k el et al  e x pr essi o n a n d sti m ul at e t h e s y nt h esis of I G F- 1 w hi c h h as pr o-diff er e nti ati o n 

a n d pr o- s ur vi v al eff e cts o n ost e o bl asts ( 47 ). T G F-β  is a s e cr et or y pr o d u ct of b ot h ost e o bl asts a n d 

ost e o cl asts w hi c h is c a p a bl e of sti m ul ati n g ost e o bl ast pr olif er ati o n a n d c oll a g e n s y nt h esis ( 4 4). 

F urt h er m or e, ost e o cl asts ar e a bl e t o a cti v at e a n d r el e as e l at e nt T G F -β  t h at h as b e e n d e p osit e d i n 

b o n e m atri x at sit es of r es or pti o n, l e a di n g t o diff er e nti ati o n of n e ar b y ost e o bl asts ( 4 8 ). Eff e cts of 

T G F -β  o n b ot h ost e o cl asts a n d ost e o bl asts h as l e d t o s u g g esti o ns t h at T G F-β  s er v es as a n 

ost e o bl ast r e g ul at or a n d a n i m p ort a nt m e di at or of c o u pli n g b o n e f or m ati o n t o b o n e r es or pti o n f or 

t h e m ai nt e n a n c e of s k el et al h o m e ost asis (4 8).  

Ulti m at el y, P T H e n h a n c es b o n e f or m ati o n b y pr o m oti n g ost e o bl ast gr o wt h a n d 

r e pli c ati o n w hil e als o r e d u ci n g ost e o bl ast a p o pt osis. I nt er esti n gl y, mi c e t h at l a c k ost e o cl asts 

s h o w n o r es p o ns e t o P T H, w hi c h s u g g ests t h at P T H als o sti m ul at es ost e o cl ast o g e n esis a n d is 

r e q uir e d f or f ull a n a b oli c a cti o n ( 4 5, 4 6). I n di vi d u als s uff eri n g fr o m pri m ar y h y p er p ar at h yr oi dis m 

( o n e or m or e o v er a cti v e p ar at h yr oi d gl a n ds s e cr eti n g e x c ess P T H) h as b e e n s h o w n t o b e a n 

i m p ort a nt s e c o n d ar y c a us e of b o n e l oss i n p ost m e n o p a us al w o m e n ( 4 4). S e c o n d ar y 

h y p er p ar at h yr oi dis m i n p ost m e n o p a us al w o m e n c a us es a c c el er at e d b o n e t ur n o v er a n d c a n l e a d t o 

i n cr e as e d r at es of b o n e l oss.  

1. 4. 4. 3 N ut riti o n al f a ct o rs  

Pr o p er n utriti o n pl a ys a cr u ci al r ol e i n a c hi e vi n g p e a k b o n e m a ss a n d is a pr ot e cti v e 

f a ct or a g ai nst t h e d e v el o p m e nt or s e v erit y of ost e o p or osis. It is w ell a c c e pt e d t h at pr o p er l e v els 

of c al ci u m a n d vit a mi n D ar e t h e pri m ar y n utri e nts c o nsi d er e d f or ost e o p or osis pr e v e nti o n i n 

a d ults, t h o u g h r e c e nt st u di es h a v e s h o w n t h at a d diti o n al n utri e nts s u c h as p ot assi u m, m a g n esi u m, 

p h os p h or us, vit a mi ns A, B, C, E, K a n d pr ot ei ns a n d f ats ar e i m p ort a nt f a ct ors f or b o n e h e alt h 

( 4 9). A d e q u at e di et ar y a m o u nts of pr ot ei n, c al ci u m, vit a mi n D, fr uits a n d v e g et a bl es h a v e a 

p ositi v e eff e ct o n a c q uisiti o n a n d m ai nt e n a n c e of b o n e m ass w hil e hi g h c al ori c di ets h a v e b e e n 

a ss o ci at e d wit h l o w er b o n e m ass a n d hi g h er fr a ct ur e r at es ( 5 0). T h o u g h ost e o p or osis is pri m aril y 
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a c o n diti o n e x p eri e n c e d i n ol d er a g e d a d ults, pr o p er n utriti o n i nt a k e d uri n g c hil d h o o d c a n h el p 

a n i n di vi d u al i m pr o v e t h eir b o n e m ass. T his c a n all o w t h es e i n di vi d u als t o r e a c h p e a k b o n e 

m ass, r e d u ci n g t h e p ot e nti al i m p a cts of ost e o p or osis l at er i n lif e. D u e t o di et b ei n g a m o difi a bl e 

a n d c o ntr oll a bl e ris k f a ct or, it is a n eff e cti v e st arti n g p oi nt f or ost e o p or osis tr e at m e nt a n d 

pr e v e nti o n pr o gr a ms ( 5 0 ). 

  A p pr o xi m at el y 9 9 % of t h e b o d y’s c al ci u m is l o c at e d i n b o n e a n d c al ci u m b al a n c e 

d et er mi n es t h e d e gr e e t o w hi c h b o n e f or m ati o n is e x pr ess e d o v er b o n e r es or pti o n. P ositi v e 

b al a n c es o c c ur w h e n f or m ati o n e x c e e ds r es or pti o n a n d w h e n r es or pti o n e x c e e ds f or m ati o n a 

n e g ati v e b al a n c e o c c urs ( 5 1 ). Pr o p er c al ci u m i nt a k e is r e q uir e d t o e ns ur e a p ositi v e c al ci u m 

b al a n c e f or b o n e b uil di n g. I n a d e q u at e c al ci u m i nt a k e m a y l e a d t o s e c o n d ar y 

h y p er p ar at h yr oi dis m, l e a di n g t o i n cr e as e d b o n e t ur n o v er a n d a c c el er at e d b o n e l oss ( 5 0 ). A n 

i n di vi d u al’s c al ci u m b al a n c e is d et er mi n e d b y v ari o us f a ct ors s u c h as t h e a m o u nt of c al ci u m 

i nt a k e, effi ci e n c y of c al ci u m a bs or pti o n i n t h e i nt esti n e, a n d a m o u nt of c al ci u m t h at is l ost fr o m 

t h e b o d y i n t h e f or m of f e c es, uri n e, t e ars a n d s w e at ( 5 1). D u e t o t h es e f a ct ors, a d e q u at e di et ar y 

c al ci u m a m o u nts will v ar y b et w e e n i n di vi d u als.  

Gl o b all y, t h er e is n o c o ns e ns us o n a d e q u at e d ail y c al ci u m i nt a k e, wit h s o m e n ati o ns 

r e c o m m e n di n g m or e or l ess t h a n ot h ers as a r e c o m m e n d e d di et ar y all o w a n c e. T h e I nstit ut e o f 

M e di ci n e i n t h e U nit e d St at es r e c o m m e n ds a d ail y di et ar y all o w a n c e of 1 0 0 0 m g/ d a y f or 

i n di vi d u als u n d er t h e a g e of 5 0 t o a t ol er a bl e li mit of 2 5 0 0 m g/ d a y ( 5 1, 5 2). F e m al es a g e d 5 1- 7 0 

h a v e r e c o m m e n d e d di et ar y all o w a n c es of 1 2 0 0 m g/ d a y a n d t h e s a m e t ol er a bl e li mits of m e n a g e d 

5 1- 7 0, 2 0 0 0 m g/ d a y ( 5 1 , 52). I n di vi d u als a g e d 7 1 a n d ol d er ar e r e c o m m e n d e d t o h a v e c al ci u m 

i nt a k es of 1 2 0 0 m g/ d a y wit h a t ol er a bl e u p p er li mit of 2 0 0 0 m g/ d a y ( 5 1, 52). T h e 

r e c o m m e n d ati o ns ar e b as e d off i d e al s k el et al h e alt h e n d p oi nts, w hi c h c onsists of o pti m al 

c al ci u m a bs or pti o n, b o n e d e nsit y, ost e o p or oti c fr a ct ur es a n d ost e o m al a ci a ( 5 1). T h o u g h 

i n cr e as e d c al ci u m i nt a k e is i nf eri or i n sl o wi n g c orti c al b o n e l oss i n c o m p aris o n t o h or m o n es s u c h 

as estr o g e n, it still pl a ys a n i m p ort a nt pr ot e cti v e r ol e a g ai nst b o n e l oss ( 5 3). N u m er o us 

e pi d e mi ol o gi c a n d pr os p e cti v e st u di es s u p p ort t h e r ol e of pr o p er c al ci u m i nt a k e as a pr e v e nt ati v e 

m e as ur e m e nt of ost e o p or oti c fr a ct ur es ( 5 1).  

  T h e vit a mi n D m et a b olit e 1, 2 5, h y dr o x y vit a mi n D is r es p o nsi bl e f or sti m ul atin g t h e 

a bs or pti o n of c al ci u m fr o m t h e g ut ( 5 3). Pr ol o n g e d vit a mi n D d efi ci e n c y ( 2 5- h y dr o x yi vit a mi n D 

< 1 0 n g/ m L) is ass o ci at e d wit h ost e o m al a ci a w hi c h r es ults i n d e cr e as e d mi n er ali z ati o n of b o n e 
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m atri x ( 5 1, 5 3).  F urt h er m or e, bi o c h e mi c al, o bs er v ati o n al a n d r a n d o mi z e d c o ntr oll e d tri als h a v e 

i n di c at e d t h at n or m al s er u m l e v els of 2 5- h y dr o x y vit a mi n D ( 2 5( O H) D) is r e q uir e d f or 

n or m ali z e d P T H l e v els f or pr o p er b o n e c ell f u n cti o n ( 5 4 ). I ns uffi ci e nt l e v els of 2 5( O H) D ar e 

ass o ci at e d wit h s e c o n d ar y h y p er p ar at h yr oi dis m, e n h a n c e d b o n e t ur n o v er a n d b o n e l oss, l o w er 

b o n e mi n er al d e nsit y, a n d i n cr e as e d ris k of mi ni m al fr a ct ur es ( 5 3, 5 4).  

  P h os p h or us pl a ys a r ol e i n m ai nt ai ni n g t h e us u al n et c al ci u m b al a n c e b y pr o m oti n g f e c al 

c al ci u m l oss a n d r e d u ci n g uri n ar y e x cr eti o n of c a l ci u m ( 53). T h er ef or e, i n di vi d u als o n a hi g h-

p h os p h or o us di et t e n d t o m ai nt ai n a h e alt h y c al ci u m b al a n c e. F urt h er m or e, p h os p h or us, al o n g 

wit h c al ci u m a n d m a g n esi u m , ar e t h e m aj or mi n er al i o ns i n b o n e: t h e y m ust b e pr es e nt i n 

a d e q u at e a m o u nts i n e xtr a c ell ul ar fl ui d f or n or m al b o n e mi n er ali z ati o n.  

  Pr ot ei n is r es p o nsi bl e f or c o m prisi n g a p pr o xi m at el y o n e-t hir d of its m ass a n d ar o u n d 

5 0 % of b o n e v ol u m e ( 5 5). T h e b o n e- pr ot ei n m atri x is c o nti n u o usl y r e m o d el e d a n d m a n y of t h e 

c oll a g e n fr a g m e nts t h at ar e r el e as e d d uri n g t h e pr ot e ol ysis p h as e of r e m o d eli n g c a n n ot b e 

r e c o v er e d. T h er ef or e, a s uit a bl e di et ar y i nt a k e of pr ot ei n is r e q uir e d t o e ns ur e pr o p er b o n e h e alt h. 

Pr ot ei n h as b e e n r e p ort e d t o b e b ot h b e n efi ci al a n d d etri m e nt al t o pr o p er b o n e h e alt h. T h e eff e ct 

pr ot ei n h as o n b o n es is d e p e n d e nt o n n u m er o us f a ct ors, i n cl u di n g t h e s o ur c e of t h e pr ot ei n, l e v el 

of pr ot ei n i n t h e di et, w ei g ht l oss, c al ci u m i nt a k e a n d a ci d/ b as e b al a n c e i n t h e di et ( 5 5). T h e 

m aj or eff e ct s of pr ot ei n o n b o n e i n cl u d e 1) c o m prisi n g t h e str u ct ur al m atri x of b o n e, 2) b al a n ci n g 

I G F-1 l e v els, 3) i n cr e as e i nt esti n al c al ci u m a bs or pti o n a n d uri n ar y c al ci u m ( 5 5).  

1. 4. 4. 4 Lif est yl e fa ct o rs  

H e alt h y lif est yl e b e h a vi o urs s u c h as c o ns u mi n g a h e alt h y b al a n c e d di et a n d r e g ul ar 

e x er cis e c o ul d l ess e n t h e i m p a ct of o st e o p or osis. Hi g h- c al ori c di ets, h e a v y al c o h ol c o ns u m pti o n, 

l a c k of e x er cis e a n d s m o ki n g ar e lif est yl e f a ct ors t h at h a v e all b e e n li n k e d t o d e cr e as e d b o n e 

m ass a n d hi g h er r at es of fr a ct ur e ( 5 6). Ci g ar ett e s m o ki n g h as b e e n s h o w n t o l e a d t o c h a n g es i n 

t h e l e v el of mi cr o ar c hit e ct ur e of tr a b e c ul ar b o n e, r es ulti n g i n d e cr e as e d m e c h a ni c al str ess a n d 

b o n e r esist a n c e ( 5 7). T h e i n cr e as e d ris k of ci g ar ett e s m o ki n g as a f a ct or c o ntri b uti n g t o 

ost e o p or osis is i n d e p e n d e nt of g e n d er. F or i nst a n c e, w o m e n w h o s m o k e ar e al m ost t wi c e as 

li k el y aff e ct e d b y ost e o p or osis t h a n n o n-s m o ki n g w o m e n ( 5 7). Bij eli c et al. r e p ort e d t h at t h e 

pr e v al e n c e of ost e o p or osis w as m u c h hi g h er i n gr o u ps of s m o k ers ( 3 1. 3 %) c o m p ar e d t o f or m er 

s m o k ers ( 2 8. 6 %) or n o n-s m o k ers ( 7. 5 %) ( 5 7).  
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Al m ost all e pi d e mi ol o gi c al st u di es of al c o h ol us e a n d b o n e h e alt h h a v e s h o w n t h at 

c hr o ni c h e a v y al c o h ol c o ns u m pti o n c a n i n cr e as e t h e ris k of d e v el o pi n g ost e o p or osis i n t h e f ut ur e 

a n d h a v e s u bst a nti al n e g ati v e eff e cts o n b o n e h e alt h ( 5 8 ). T h e ris k is el e v at e d if c hr o ni c al c o h ol 

c o ns u m pti o n o c c urs d uri n g a d ol es c e n c e or y o u n g a d ult h o o d. R es ults of a r a n d o m- eff e cts m et a -

a n al ysis i n di c at e d t h at p ers o ns c o ns u mi n g 1- 2 al c o h oli c dri n ks p er d a y h a d 1. 3 4 ti m es t h e 

ost e o p or osis ris k i n c o m p aris o n t o t h os e w h o a bst ai n fr o m al c o h ol ( 5 9). P ers o ns c o ns u mi n g m or e 

t h a n 2 al c o h oli c dri n ks p er d a y h a d 1. 6 3 ti m es t h e ost e o p or osis ris k ( 5 9). T h o u g h al c o h ol h as 

b e e n s h o w n t o eff e ct ost e o bl asts, r e d u ci n g b o n e t ur n o v er, t h e s p e cifi c m e c h a nis ms t hr o u g h 

w hi c h  al c o h ol e x erts eff e cts o n b o n e ar e n ot f ull y u n d erst o o d ( 5 8). M e c h a ni c al str ess t hr o u g h 

m us cl e c o ntr a cti o n a n d w ei g ht- b e ari n g e x er cis e h as b e e n s h o w n t o i n cr e as e b o n e d e nsit y, w hil e 

r e d u c e d m o bilit y, b e d-r est or li mit e d w ei g ht- b e ari n g e x er cis es h as b e e n s h o w n t o r e d u c e b o n e 

m ass ( 6 0 ). R es e ar c h o n t h e eff e ct of e x er cis e a n d b o n e m ass i n ost e o p or oti c p ati e nts s h o w e d a n 

i m pr o v e m e nt i n b o n e mi n er al d e nsit y b y 1 p er c e nt o v er ti m e a n d b y 2. 5 p er c e nt a b o v e p ati e nts i n 

a n o n- e x er cisi n g c o ntr ol gr o u p ( 6 0, 6 1).  
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Fi g u r e 1. 2:  P h ysi ol o gi c al d et e r mi n a nts of p e a k b o n e m ass. T hi n arr o ws 
d e m o nstr at e t h e i nt er d e p e n d e n c y of t h e f o ur m aj or f a ct ors t h at dir e ctl y 
c o ntri b ut e t o p e a k b o n e m ass (t hi c k arr o ws). Fi g ur e a d a pt e d a n d m o difi e d 
fr o m Fi g ur e 1 i n s o ur c e 2 0.  
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1. 4. 5  C u r r e nt T r e at m e nts f o r Os t e o p o r osis 

T h e m ost c o m m o n t h er a p e uti c o pti o ns c a n b e cl assifi e d as eit h er a n a b oli c a g e nts or 

a ntir es or pti v e a g e nts, or si m pl y t h os e t h at sti m ul at e b o n e f or m ati o n a n d t h os e t h at i n hi bit b o n e 

r es or pti o n (6 2, 6 3). A n a b oli c a g e nts pl a y a r ol e i n b o n e f or m ati o n b y sti m ul ati n g ost e o bl ast 

m at ur ati o n a n d a u g m e nti n g ost e o bl asti c f u n cti o n a n d s ur vi v al, l e a di n g t o a dir e ct i n cr e as e i n 

b o n e mi n er al d e nsit y ( 6 2, 6 3). A ntir es or pti v e a g e nts w or k t o e n h a n c e ost e o cl asti c a p o pt osis t o 

pr o m ot e b o n e str e n gt h a n d r e d u c e b o n e r es or pti o n, eff e cti v el y all o wi n g b o n e f or m ati o n t o 

c o nti n u e i n e x c ess of r es or pti o n. C urr e ntl y, t h er e ar e s e v er al cl ass es of c o m p o u n ds t h at ar e b ei n g 

us e d t o tr e at a n d pr e v e nt O P. T h es e i n cl u d e nitr o g e n- c o nt ai ni n g bis p h os p h o n at es ( B P), s el e cti v e 

estr o g e n r e c e pt or m o d ul at ors ( S E R Ms), h or m o n e r e pl a c e m e nt t h er a p y, a n d bi ol o gi c c o m p o u n ds 

s u c h as r o m os o z u m a b, ( m o n o cl o n al a nti b o d y), c al ci u m a n d vit a mi n D s u p pl e m e nts, p ar at h yr oi d 

h or m o n e ( P T H), a n d c al cit o ni ns ( C T).  

R e d u cti o n of b o n e r es or pti o n m ust b e a p ar a m o u nt c o m p o n e nt of a n y t h er a p e uti c 

a p pr o a c h f or t h e m ai nt e n a n c e or i m pr o v e m e nt of b o n e str e n gt h. S p e cifi c sti m ul ati o n of b o n e 

f or m ati o n is ess e nti al, i n t h e or y, o pti m al p h ar m a c ol o gi c al i nt er v e nti o ns s h o ul d att e m pt t o 

d e cr e as e b o n e r es or pti o n ( e n d ost e al a n d i ntr a c orti c al) w hil e sti m ul ati n g f or m ati o n at all s k el et al 

e n v el o p es ( 1 9). T his o pti m al a p pr o a c h w o ul d pr e v e nt d e c a y of b o n e tiss u e w hil e si m ult a n e o usl y 

i n cr e asi n g b o n e m ass t h at m a y l e a d t o i m pr o v e d r e d u cti o n of n o n-v ert e br al fr a ct ur es, w hi c h 

o c c ur pr e d o mi n a ntl y at c orti c al b o n e sit es ( 1 9). I n a d diti o n t o p h ar m a c ol o gi c al tr e at m e nts f or 

ost e o p or osis, n o n- p h ar m a c ol o gi c al i nt er v e nti o ns h a v e als o s h o w n t o b e i m p ort a nt i n r e d u ci n g t h e 

pr e v al e n c e of ost e o p or osis, m a n a gi n g ris ks a n d i m pr o vi n g o v er all b o n e h e alt h.  

1. 4. 5. 1 P h a r m a c ol o gi c al i nt e r v e nti o ns  

C urr e ntl y, p h ar m a c ol o gi c al i nt er v e nti o ns ar e t h e m ost c o m m o n w a y t o tr e at a n d all e vi at e 

ost e o p or osis a n d ost e o p or oti c s y m pt o ms i n t h os e m e di c all y di a g n os e d wit h t h e dis e as e. 

C urr e ntl y us e d tr e at m e nts ar e e x a mi n e d b el o w.  

1. 4. 5. 2 H o r m o n e r e pl a c e m e nt th e r a p y  

T h e i d e a t h at h or m o n e r e pl a c e m e nt t h er a p y ( H R T) pr e v e nts b o n e l oss a n d ost e o p or osis i n 

p ost m e n o p a us al w o m e n is w ell est a blis h e d ( 6 4). T h e u n d erl yi n g c a us e of p ost m e n o p a us al 

ost e o p or osis is estr o g e n d efi ci e n c y l e a di n g t o b o n e l oss. T h er ef or e, H R T is a l o gi c al a p pr o a c h 
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f or t h e m a n a g e m e nt of b o n e l oss i n p eri- a n d p ost m e n o p a us al w o m e n ( 6 5). H R T m a y c o nsist of 

estr o g e ns al o n e or b e us e d i n c o m bi n ati o n wit h pr o g esti n t o d e cr e as e fr a ct ur e ris k ( 6 2). St u di es 

h a v e s h o w n t h at d os es of 0. 6 2 5 m g c o nj u g at e d e q ui n e estr o g e ns d ail y, 2 m g or al estr a di ol- 1 7 β  

d ail y a n d 0. 0 5 m g tr a ns d er m al estr a di ol- 1 7 β   d ail y will c o ns er v e b o n e m ass ( 6 4, 6 6- 6 8). 

O bs er v ati o n al st u di es, c as e -c o ntr ol st u di es, m et a - a n al ysis, a n d r a n d o mi z e d cli ni c al tri als 

( W o m e n’s H e alt h I niti ati v e, H e art a n d Estr o g e n/ pr o g esti n R e pl a c e m e nt St u d y ( H E R S), 

W o m e n’s I nt er v e nti o n al st u d y of l o n g D ur ati o n O estr o g e n aft er M e n o p a us e ( WI S D O M)) h a v e 

e x a mi n e d t h e a nti- fr a ct ur e effi c a c y of H R T (6 6- 6 8 ). 

 Fi n di ngs fr o m t h es e st u di es c o n cl u d e d t h at H R T d e cr e as es fr a gilit y fr a ct ur e ris k b y 2 0 -

3 5 %, wit h t er mi n ati o n of H R T d e cr e asi n g B M D a n d pr o m oti n g b o n e t ur n o v er ( 6 6- 6 8 ). D es pit e 

H R T’s a bilit y t o pr e v e nt b o n e l oss, t h e o v er all h e alt h ris ks g e n er all y o ut w ei g h t h e b e n efits fr o m 

hi g h d os e H R T. U n w a nt e d si d e eff e cts of estr o g e n or c o m bi n ati o ns wit h pr o g esti ns i n cl u d e 

t hr o m b o e m b oli c e v e nts, str o k e, c or o n ar y h e art dis e as es, i n d u c e d v a gi n al bl e e di n g a n d br e ast 

t e n d er n ess (6 9). F urt h er m or e, H R T m a y als o i n cr e as e t h e ris k of o v ari a n c a n c er, m y o c ar di al 

i nfr a cti o n a n d c o ntri b ut e t o a r e d u cti o n i n gl o b al c o g niti v e f u n cti o n ( 6 9). T h o u g h H R T is a n 

a c c e pt a bl e tr e at m e nt f or ost e o p or osis, it is o nl y r e c o m m e n d e d aft er all ot h er tr e at m e nts h a v e 

b e e n c o nsi d er e d. P ati e nts t a ki n g H R T s h o ul d us e t h e l o w est eff e cti v e d os e a n d f or t h e s h ort est 

p ossi bl e ti m e ( 7 0).  

 

1. 4. 5. 3 S el e cti v e e st r o g e n r e c e pt o r m o d ul at o rs ( S E R Ms)  

S el e cti v e estr o g e n r e c e pt or m o d ul at ors ( S E R Ms) ar e dr u gs f or t h e tr e at m e nt of 

ost e o p or osis t h at bi n d wit h hi g h affi nit y t o estr o g e n r e c e pt ors a n d c a n a ct as eit h er estr o g e n 

a g o nists or a nt a g o nists, d e p e n di n g o n t h e t ar g et tiss u e ( 7 1 ). As a p arti al estr o g e n r e c e pt or 

a g o nist, S E R Ms ar e a bl e t o m ai nt ai n b o n e d e nsit y w hil e si m ult a n e o usl y e x erti n g estr o g e n 

a nt a g o nisti c eff e cts i n b r e ast tiss u es w o m e n a n d e n d o m etri u m (6 2, 7 1 ). S E R Ms ar e c h e mi c all y 

di v ers e s y nt h eti c m ol e c ul es t h at l a c k t h e st er oi d al str u ct ur e of estr o g e n b ut  m ai nt ai n a t erti ar y 

str u ct ur e w hi c h all o ws t h e m t o bi n d t o estr o g e n r e c e pt ors ( 7 2 ). D u e t o t h eir s el e cti v e estr og e n 

a g o nist a n d a nt a g o nisti c pr o p erti es i n diff er e nt tiss u e t y p es, S E R Ms w er e d e v el o p e d as a 

tr e at m e nt f or estr o g e n d efi ci e n c y dis e as es (i. e. ost e o p or osis) as t h e y ar e effi c a ci o us wit h o ut t h e 

a d v ers e eff e cts of estr o g e ns ( 6 2, 7 2).  
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T h er e ar e c urr e ntl y t w o cl ass es of S E R Ms f or cli ni c al us e: tri p h e n yl et h yl e n e d eri v ati v es 

t a m o xif e n a n d t or e mif e n e f or br e ast c a n c er us a g e a n d t h e b e n z ot hi o p h e n e d eri v ati v es r al o xif e n e 

a n d b a z e d o xif e n e ( 7 1, 7 2 ). R al o xif e n e is a s e c o n d-g e n er ati o n estr o g e n r e c e pt or a nt a g o nist w hil e 

b a z e d o xif e n e is a t hir d - g e n er ati o n a nt a g o nist. B ot h ar e us e d f or t h e tr e at m e nt of ost e o p or osis. A 

l ar g e f o ur-y e ar ost e o p or osis fr a ct ur e st u d y r ef err e d t o as t h e M ulti pl e O ut c o m es of R al o xif e n e 

E v al u ati o n ( M O R E) tri al, d e m o nstr at e d t h e eff e cti v e n ess of r al o xi f e n e’s a bilit y t o m ai nt ai n 

B M D a n d r e d u c e b o n e l oss i n b ot h s pi n e, n e c k a n d f e m ur of p arti ci p a nts ( 6 2, 6 9, 7 3). T h e st u d y 

als o c o n cl u d e d t h at p ost m e n o p a us al w o m e n s uff eri n g fr o m o st e o p or osis s a w a r e d u cti o n of 3 0 % 

i n v ert e br al fr a ct ur es w hil e usi n g r al o xif e ne ( 7 3). T h es e fi n di n gs w er e c o nfir m e d b y t h e 

R al o xif e n e Us e f or t h e H e art ( R U T H) tri al ( 7 4 ), b ut als o d e m o nstr at e d t h at r al o xif e n e d e cr e as es 

t h e ris k of br e ast c a n c er b ut  m a y als o i n cr e as e t h e ris k of t hr o m b o e m b olis m a n d str o k e ( 7 4). 

F ut ur e S E R Ms s h o ul d b e d e v el o p e d wit h t h e f o c us of c o ns er vi n g b o n e d e nsit y, r e d u ci n g 

li k eli h o o d of fr a ct ur es a n d mi ni mi zi n g a d v ers e si d e eff e cts t o t h e br e asts a n d e n d o m etri u m ( 6 2).   

 

1. 4. 5. 4 Vit a mi n D a n d c al ci u m su p pl e m e nts  

Vit a mi n D a n d c al ci u m s u p pl e m e nt ati o n is a b as eli n e  t h er a p y f or b ot h t h e m a n a g e m e nt 

a n d pr e v e nti o n of ost e o p or osis ( 6 2). D es pit e h e alt h y l e v els of c al ci u m a n d vit a mi n D b ei n g 

r e c o g ni z e d as i m p ort a nt a n d r e q uir e d n utri e nts f or t h e m ai nt e n a n c e of b o n e h e alt h a n d 

pr e v e nti o n of b o n e dis e as e, t h e a d diti o n al i nt a k e of c al ci u m a n d vit a mi n D as s u p pl e m e nts h as 

b e e n s u bj e ct e d t o d e b at e ( 6 3 ). B al a n c e st u di es h a v e s h o w n t h at c al ci u m h as a t hr es h ol d eff e ct 

l e v el, w h er e a b o v e t his l e v el of i nt a k e, n o a d diti o n al b o n e f or m ati o n o c c urs ( 7 5). I n a d diti o n t o a 

r e c o m m e n d e d d ail y i nt a k e, t h e eff e cti v e n ess of c al ci u m s u p pl e m e nt ati o n is li k el y t o v ar y d uri n g 

diff er e nt st a g es of s k el et al d e v el o p m e nt ( c hil d h o o d, a d ol es c e n c e, a d ult h o o d, a n d 

p ost m e n o p a us al) ( 6 3, 7 5). I n c hil d h o o d, c al ci u m s u p pl e m e nt ati o n h as s h o w n a n i n cr e as e i n b o n e 

mi n er al d e nsit y w hil e als o h a vi n g a p ot e nti al b e n efi ci al eff e ct o n p e a k b o n e mi n er al d e nsit y ( 7 6 ). 

I n i n di vi d u als s uff eri n g fr o m p ost m e n o p a us al ost e o p or osis, st u di es h a v e s h o w n t h at t h e eff e ct of 

c al ci u m s u p pl e m e nt ati o n is mi ni m al a n d l ess eff e cti v e c o m p ar e d t o o estr o g e n r e pl a c e m e nt ( 7 5). 

I n a l ar g e cli ni c al tri al i n v ol vi n g h e alt h y p ost m e n o p a us al w o m e n, c al ci u m wit h vit a mi n D 

s u p pl e m e nt ati o n s h o w e d a s m all b ut si g nifi c a nt i n cr e as e i n hi p b o n e d e nsit y ( 7 7 ). 
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 D es pit e t h e wi d e us a g e of c al ci u m wit h or wit h o ut vit a mi n D s u p pl e m e nt ati o n, t h er e is 

n o c o n cl usi v e e vi d e n c e s h o wi n g a n a bilit y f or s u p pl e m e nt ati o n t o r e d u c e fr a ct ur e ris k ( 6 3, 7 7, 7 8). 

A n y b e n efits fr o m c al ci u m a n d vit a mi n D s u p pl e m e nt ati o n t o r e d u c e fr a ct ur e ris k ar e m ar gi n al at 

b est, if a n y at all, a n d a n y s u c h b e n efit is o ut w ei g h e d b y t h e l o w ris k of s eri o us a d v ers e e v e nts 

( 7 8). A d v ers e e v e nts i n cl u d e i n cr e as e i n ki d n e y st o n es, i n cr e as e d ris k of a c ut e g astr oi nt esti n al 

s y m pt o ms, m y o c ar di al i nf ar cti o n a n d h y p er c al c a e mi a ( 7 7, 7 8 ). A m et a-a n al ysis st u d y 

r e c o mm e n ds d ail y d os es of 1 2 0 0 m g c al ci u m a n d 8 0 0 i nt er n ati o n al u nits of vit a mi n D d ail y f or 

t h e m aj orit y of p ost m e n o p a us al w o m e n s uff eri n g fr o m ost e o p or osis ( 7 9).  

 

1. 4. 5. 5 Bis p h os p h o n at e s 

Bis p h os p h o n at e ( B Ps) dr u gs ar e t h e first li n e t h er a p y f or t h e tr e at m e nt  of ost e o p or osis 

a n d ar e e xt e nsi v el y pr es cri b e d  wit h m or e t h a n 1 5 0 milli o n pr es cri pti o ns dis p e ns e d t o o ut p ati e nts 

b et w e e n 2 0 0 5 a n d 2 0 0 9 ( 8 0 ). B Ps ar e a cl ass of a nti-r es or pti v e dr u gs t h at ar e st a bl e a n al o gs of 

n at ur all y o c c urri n g i n or g a ni c p yr o p h os p h at e, a n e n d o g e n o us i n hi bit or of b o n e mi n er ali z ati o n 

f o u n d i n b o d y fl ui ds ( 8 1). T h e p h os p h at e- c ar b o n- p h os p h at e ( P- C- P) c o nfi g ur ati o n of 

bis p h os p h o n at es pr o vi d es r esist a n c e t o c h e mi c al a n d e n z y m ati c h y dr ol ysis r es ulti n g i n a l o n g 

s k el et al h alf -lif e a n d a st a bl e a nd a bs or b a bl e c o m p o u n d t h at c a n b e t a k e n or all y a n d e x cr et e d 

u n alt er e d ( 8 2, 8 3 ). T h o u g h t h e m aj orit y of B Ps ar e t a k e n or all y, z ol e dr o ni c a ci d is gi v e n as a 

o n c e- y e arl y d os e i ntr a v e n o usl y. A o n c e- y e arl y i ntr a v e n o us d os e m a y off er i n cr e as e d c o m pli a n c e 

a n d p ersist e n c e c o m p ar e d wit h or al bis p h os p h o n at es a n d l o w er a d v ers e eff e cts d u e t o b y p assi n g 

t h e g astr oi nt esti n al s yst e m (8 4 ). 

 B Ps h a v e tr e m e n d o us affi nit y t o w ar d h y dr o x y a p atit e i n b o n e a n d w or k t h er a p e uti c all y 

b y i n hi biti n g e x c essi v e b o n e r es or pti o n b y i n d u ci n g ost e o cl ast a p o pt osis, r es ulti n g i n a r et ur n t o 

h o m e ost ati c b o n e t ur n o v er, pr e v e nti n g a g e r el at e d b o n e l oss a n d d et eri or ati o n of b o n e 

mi cr o ar c hit e ct ur e ( 8 2). T h e t w o p h os p h o n at e gr o u ps ar e r e q uir e d f or c ell- m e di at e d a ntir es or pti v e 

a cti vit y a n d f or bi n di n g t o h y dr o x y a p atit e m at eri al i n b o n e ( 8 3). T h o u g h s e v er al cl ass es of B Ps 

e xist, t h e y diff er i n t h eir p h ar m a c ol o gi c al pr o p erti es, s u c h as affi nit y f or b o n e mi n er al a n d 

i n hi bit or y eff e ct o n ost e o cl asti c b o n e r es or pti o n, t h e y s h ar e a c o m m o n c h e mi c al str u ct ur e wit h 

si d e c h ai n v ari ati o n ( 8 1). T h e R 1 a n d R 2 si d e- c h ai ns att a c h e d t o t h e c ar b o n at o m d et er mi n e t h e 

bi n di n g affi nit y a n d a ntir es or pti v e p ot e n c y of t h e c o m p o u n d. R 1 s u bstit u e nts s u c h as pri m ar y 
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a mi n o (- N H 2 ) or h y dr o x yl (- O H) gr o u ps i m pr o v e bi n di n g t o h y dr o x y a p atit e, w hil e v ari ati o ns i n 

t h e R 2 s u bstit u e nt m a y dr asti c all y c h a n g e t h e a ntir es or pti v e p ot e n c y (8 3 ). T h e cl ass es of B Ps c a n 

ulti m at el y b e r e d u c e d t o eit h er nitr o g e n - c o nt ai ni n g ( N- B Ps) or n o n- nitr o g e n c o nt ai ni n g ( n o n- N-

B Ps) c o m p o u n ds. Nitr o g e n c o nt ai ni n g B Ps (s u c h as al e n dr o n at e, ris e dr o n at e, i b a n dr o n at e, a n d 

z ol e dr o ni c a ci d) h a v e m or e p ot e nt a ntir es or pti v e a biliti es t h a n n o n - nitr o g e n c o nt ai ni n g B Ps 

( cl o dr o n at e, eti dr o n at e, til u dr o n at e a n d mi dr o ni c a ci d) a n d ar e t h e m ost c o m m o nl y us e d dr u gs 

f or t h e tr e at me nt of ost e o p or osis ( 8 2). N u m er o us l ar g e- s c al e p h as e III r a n d o mi z e d c o ntr oll e d 

tri als i n p ost m e n o p a us al w o m e n wit h ost e o p or osis r e p ort e d si g nifi c a nt r e d u cti o n i n v ert e br al 

fr a ct ur es aft er t hr e e y e ars of tr e at m e nt wit h ris e dr o n at e, al e n dr o n at e, i b a n dr o n at e, a n d z ol e dr o ni c 

a ci d a n d r e d u cti o n i n n o n -v ert e br al fr a ct ur es wit h al e n dr o n at e, ris e dr o n at e, a n d z ol e dr o ni c a ci d 

( 8 2, 8 5- 8 9). Bri d gi n g st u di es d e m o nstr at e d a n e n h a n c e d eff e ct o n B M D wit h i nt er mitt e nt d osi n g 

of w e e kl y or al al e n dr o n at e or ris e dr o n at e, a n d m o nt hl y or al ris e dr o n at e ( 9 0- 9 2 ). T h e A m eri c a n 

Ass o ci ati o n of Cli ni c al E n d o cri n ol o gists a n d A m eri c a n C oll e g e of E n d o cri n ol o g y ( A A C E/ A C E) 

g ui d eli n es r e c o m m e n d al e n dr o n at e, ris e dr o n at e, a n d z ol e dr o ni c a ci d as t h e first li n e tr e at m e nt 

o pti o n f or m ost p ati e nts at hi g h ris k of fr a ct ur e ( hi p, n o n- v ert e br al a n d s pi n e fr a ct ur es) ( 9 3).  

T h e n u m er o us st u di es s h o wi n g t h e pr o misi n g eff e cts of i m pr o vi n g B M D usi n g B Ps wit h 

a n a c c e pt a bl e s af et y pr ofil e h as l e d i n p art, t o i n cr e as e d pr es cri bi n g of B Ps a n d mi ni m al 

m o nit ori n g f or si d e eff e cts ( 9 4 ). U nf ort u n at el y, t h eir eff e cti v e n ess i n cli ni c al pr a cti c e h as b e e n 

li mit e d d u e t o p o or p ati e nt p ersist e n c e a n d l o w c o m pli a n c e wit h tr e at m e nt r e gi m es ( 9 4). P o or 

c o m pli a n c e m a y b e e x pl ai n e d b y t h e u n d esir a bl e d osi n g r e q uir e m e nts (i. e. f asti n g o v er ni g ht, 

t a ki n g al o n e wit h 2 4 0 ml of w at er wit h n o ot h er f o o d or b e v er a g e a n d r e m ai ni n g u pri g ht f or 3 0 

mi n), n e v er r e c ei vi n g pr o p er i nstr u cti o ns, f aili n g t o r e m e m b er d osi n g i nstr u cti o ns or n ot 

b eli e vi n g i n t h e r ati o n al e f or t h e d osi n g r e q uir e m e nts ( 8 2, 9 4). L o w p ati e nt p ersist e n c e f or t a ki n g 

m e di c ati o n m a y b e d u e t o si d e eff e cts, p er c ei v e d si d e eff e cts, f e ar of si d e eff e cts, c ost , or distr ust 

i n t h e p h ysi ol o gi c al b e n efits of B Ps ( 8 2). C o m m o n a d v ers e si d e eff e cts wit h nitr o g e n- c o nt ai ni n g 

bis p h os p h o n at es (s u c h as al e n d o nr at e, ris e dr o n at e, z ol e dr o n at e) i n cl u d e at y pi c al f e m or al s h aft 

fr a ct ur e (9 5), ost e o n e cr osis of t h e j a w ( 9 6 ), es o p h a g e al c a n c er (8 0) a n d a d y a mi c b o n e t ur n o v er i n 

g e n er al l e a di n g t o t h e a c c u m ul ati o n of b o n e mi cr o- cr a c ks a n d p o or- q u alit y b o n e m atri x. 

A d e q u at e c o m pli a n c e a n d p ersist e n c e wit h B P tr e at m e nt r e gi m e ns is n e c ess ar y f or t h er a p e uti c 

effi c a c y. F ail ur e t o a d e q u at el y f oll o w pr o p er tr e at m e nt r e gi m e ns h as b e e n r e p ort e d t o l e a d t o a 
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s m all er B M D r es p o ns e ( 9 7 ), i n cr e as e d fr a ct ure ris k ( 9 8) , a n d gr e at er h e alt h c ar e c osts w h e n 

c o m p ar e d wit h pr o p er c o m pli a n c e ( 8 2, 9 9).  

 

 

 

 

 

 

 

 

 

 

 

1. 4. 5. 6 C al cit o ni n s 

C al cit o ni n is a 3 2- a mi n o a ci d p ol y p e pti d e h or m o n e t h at is s e cr et e d b y t h e p ar af olli c ul ar 

c ells of t h e t h yr oi d gl a n d i n h u m a ns ( 1 0 0 ). C o m m er ci all y a v ail a bl e c al cit o ni n us es s y nt h eti c 

s al m o n c al cit o ni n a n d is a n a p pr o v e d tr e at m e nt f or p ost m e n o p a us al ost e o p or oti c w o m e n w h o ar e 

at l e ast 5 y e ars b e y o n d m e n o p a us al w h e n ot h er m e di c ati o ns ar e n ot s uit a bl e. C al cit o ni n is 

c urr e ntl y o nl y a p pr o v e d b y t h e U S F D A f or t h e tr e at m e nt of est a blis h e d ost e o p or osis a n d n ot f or 

pr e v e nti o n ( 1 0 0). D es pit e h u m a n a n d s al m o n c al cit o ni n diff eri n g str u ct ur all y i n 5 0 % of t h eir 

a mi n o a ci d s e q u e n c e, t h e p h ar m a c ol o gi c al pr o p erti es of b ot h c al cit o ni ns ar e t h e s a m e, b ut wit h 

s al m o n c al cit o ni n b ei n g s u bst a nti all y m or e p ot e nt ( a p pr o xi m at el y 4 0- 5 0 ti m es m or e t h a n h u m a n 

c al cit o ni n) ( 1 0 0). C al cit o ni n h as pr o v e n a n a b oli c a bilit y a n d w or ks t o c a us e r a pi d l oss of t h e 

r uffl e d b or d er of ost e o cl asts i n b o n e a n d r e d u c es t h e n u m b er of ost e o cl asts i n b o n e o v er t h e l o n g 

t er m (1 0 1, 1 0 2 ). Cli ni c al trials h a v e s h o w n a s m all b ut si g nifi c a nt i n cr e as e i n B M D aft er 

c al cit o ni n a d mi nistr ati o n o v er 3 -5 y e ars ( 1 0 3, 1 0 4 ). A 5- y e ar st u d y usi n g 2 0 0 I U d ail y d os es 

k n o w n as t h e Pr e v e nt R e c urr e n c e of Ost e o p or oti c Fr a ct ur es ( P R O O F), d e m o nstr at e d a r e d u cti o n 

i n v ert e br al fr a ct ur e ris k wit h b e n efits o n hi p a n d ot h er n o n-v ert e br al fr a ct ur es b ei n g l ess cl e ar 

( 10 5 ). T h er e ar e t w o f or ms of a d mi nistr ati o n f or c al cit o ni n; n as al f or m, w hi c h is w ell t ol er at e d, 

a n d s u b c ut a n e o us i nj e cti o n w hi c h is g e n er all y l ess t ol er at e d t h a n n as a l a d mi nistr ati o n a n d l e a ds 

A  B  C  

Fi g u r e 1. 3:  C h e mi c al st r u ct u r es of c o m m o n bis p h os p h o n at es . Al e n dr o n at e ( A), ris e dr o n at e 
( B) a n d z ol e dr o ni c a ci d ( C). 
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t o h e a d a c h e, n a us e a, di arr h e a a n d fl us hi n g (6 2 ). C al cit o ni n is r e g ar d e d as a s e c o n d- or t hir d -li n e 

cl ass of dr u gs f or t h e tr e at m e nt of ost e o p or osis ( 6 2).  

 

1. 4. 5. 7 P a r at h y r oi d h o r m o n e 

P T H a n al o gs r e pr es e nt a cl ass of a n a b oli c a g e nts f or t h e tr e at m e nt a n d m a n a g e m e nt of 

s e v er e ost e o p or osis ( 1 0 6). U nli k e e n d o g e n o us P T H, e x o g e n o us P T H h as b e e n s h o w n t o h a v e a n 

a n a b oli c eff e ct o n b o n e w hi c h w as o bs er v e d i n b ot h h u m a n a n d a ni m al st u di es ( 6 2 ). E n d o g e n o us 

P T H ( h P T H ( 1 - 8 4)) is a n 8 4-a mi n o a ci d p e pti d e t h at pl a ys a cr u ci al r ol e i n t h e m ai nt e n a n c e of 

c al ci u m a n d s k el et al h o m e ost asis. E arl y str u ct ur e -f u n cti o n st u di es of P T H h a v e d e m o n str at e d 

t h at all of t h e bi ol o gi c al a cti vit y of i nt a ct h P T H ( 1-8 4) li es i n t h e N -t er mi n al s e q u e n c e c o nt ai ni n g 

r esi d u es 1-3 4 ( 1 0 6). I n 2 0 0 2, a s y nt h eti c r e c o m bi n a nt h u m a n P T H a n al o g ( P T H ( 1- 3 4)), n a m e d 

t eri p ar ati d e w as a ut h ori z e d b y t h e U S F D A f or t h e tr e at m e nt of ost e o p or osis. P T H ( 1- 3 4) is 

c a p a bl e of sti m ul ati n g b o n e f or m ati o n a n d r es or pti o n, i n cr e asi n g or d e cr e asi n g b o n e m ass, 

d e p e n di n g o n t h e r at e of a d mi nistr ati o n ( 1 0 7 ). T o a c hi e v e t h e p ot e nt a n a b oli c eff e cts, P T H ( 1- 3 4) 

m ust b e gi v e n e x o g e n o usl y b e i nt er mitt e nt i nj e cti o n. C o nti n u o us i nf usi o ns a n d d ail y 

s u b c ut a n e o us i nj e cti o ns of P T H ( 1- 3 4) b ot h sti m ul at e b o n e f or m ati o n, b ut h a v e v ar yi n g eff e cts 

o n b o n e r es or pti o n a n d b o n e m ass ( 1 0 7). C o nti n u o us i nf usi o ns g e n er at e a c o nsist e nt el e v ati o n of 

s er u m P T H c o n c e ntr ati o n, w hi c h h as b e e n s h o w n t o l e a d t o gr e at er b o n e r es or pti o n i n 

c o m p aris o n t o d ail y s u b c ut a n e o us i nj e cti o ns ( 10 7 ). I nt er mitt e nt s u b c ut a n e o us i nj e cti o n i n cr e as es 

t h e r at e of b o n e r e m o d eli n g a n d r es ults i n a p ositi v e r e m o d eli n g b al a n c e, l e a di n g t o i n cr e as e d 

b o n e f or m ati o n, c a usi n g ost e o n t hi c k e ni n g (str u ct ur al u nits of r e m o d el e d b o n es) ( 4 3, 1 0 6). N e w 

b o n e f or ms o n t h e i n a cti v e b o n e s urf a c es, r es ulti n g i n tr a b e c ul ar ar c hit e ct ur e m or e cl os el y 

r es e m bli n g n or m al b o n e ( 4 3 1 0 8). P T H ( 1- 3 4) f or ms n e w p eri ost e al b o n e a p p ositi o n (t h e 

f or m ati o n of l a y ers of ost e o bl ast-li k e c ells a n d t h e d e p ositi o n of n e w b o n e s), t his a p p ositi o n 

r es ults fr o m r e d u c e d ost e o bl ast a p o pt osis a n d i n cr e as e d diff er e nti ati o n of pr e ost e o bl asts t o 

ost e o bl asts ( 4 3, 1 0 9). A c o m bi n ati o n of n e w b o n e b ei n g f or m e d a n d a n i n cr e as e i n t h e 

r e m o d eli n g r at e ulti m at el y r es ults i n a m e c h a nis m t h at c a n e x pl ai n t h e i n cr e as e of n e w b o n e 

tiss u e a n d i n cr e as es i n tr a b e c ul ar t hi c k n ess ( 10 6). T his c o m bi n ati o n a n d it’s b o n e p ositi v e eff e cts 

ar e n ot o bs er v e d wit h t h e us e of a ntir es or pti v e a g e nts. I n a d diti o n t o i n cr e asi n g tr a b e c ul ar 

t hi c k n ess, P T H ( 1- 3 4) h as als o b e e n r e p ort e d t o i n cr e as e tr a b e c ul ar c o n n e cti vit y, w hi c h w as 

ass ess e d b y mi cr o c o m p ut e d t o m o gr a p h y of ili a c cr est b o n e bi o psi es ( 1 1 0). A l ar g e st u d y wit h 
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1 6 3 7 p ost m e n o p a us al c o n cl u d e d t h at P T H ( 1- 3 4) i n cr e as es v ert e br al, f e m or al, a n d t ot al - b o d y 

B M D a n d d e cr e as es v ert e br al a n d n o n v ert e br al fr a ct ur es b y 6 5- 6 9 % a n d 3 5 - 4 0 %, r es p e cti v el y 

( 1 0 7). A 4 0-µ g d os e i n cr e as e d B M D m or e t h a n a 2 0 -µ g d os e wit h si mil ar eff e cts o n t h e ris k of 

fr a ct ur e, b ut w as m or e li k el y t o h a v e si d e eff e cts ( 10 7). I n c o m p aris o n wit h al e n dr o n at e, P T H ( 1 -

3 4) si g nifi c a ntl y o ut p erf or ms al e n dr o n at e i n t er ms of i n cr e asi n g l u m b ar B M D a n d d e cr e asi n g 

fr e q u e n c y of n o n v ert e br al fr a ct ur es ( 1 1 1). A p ot e nti al s af et y iss u e wit h P T H ( 1-3 4) is a n 

el e v at e d ris k of ost e os ar c o m a, w hi c h w as first o bs er v e d i n a lif e -l o n g c ar ci n o g e ni cit y st u d y usi n g 

hi g h- d os e P T H ( 1- 3 4) i n r ats fr o m i nf a n c y t o d e at h ( 1 1 2). D es pit e t h es e fi n di n gs, t h er e h a v e 

b e e n n o r e p orts of ost e os ar c o m a i n cli ni c al tr ails ( 4 3 ). Is ol at e d c as es h a v e s h o w n o c c urr e n c es of 

ost e os ar c o m as i n p ati e nts wit h l o n g-st a n di n g h y p er p ar at h yr oi dis m, h o w e v er t h er e is n o dir e ct 

e vi d e n c e t o s u g g est t h at el e v at e d p ar at h yr oi d h or m o n e l e v els c a us e a n i n cr e as e i n ost e os ar c o m as 

( 4 3, 1 1 3). H y p er c al c e mi a a n d h y p er c al ci uri a h as b e e n ass o ci at e d wit h a s m all n u m b er of p ati e nts 

u n d er g o i n g P T H ( 1- 3 4) a d mi nistr ati o n w hi c h is oft e n r es ol v e d wit h a d e cr e as e i n c al ci u m i nt a k e 

( 11 4, 1 1 5 ). N o s eri o us m e di c ati o n-r el at e d a d v ers e eff e cts h a v e b e e n attri b ut e d t o t h e us e of P T H 

( 1-3 4), t h o u g h n a us e a, di z zi n ess, l o c al i nj e cti o n sit e r e a cti o ns, art hr al gi a a n d l e g cr a m ps ar e t h e 

m ost c o m m o nl y r e p ort e d a d v ers e eff e cts ( 4 3, 1 0 8 ). P T H ( 1- 3 4) is li mit e d f or us e f or hi g h-ris k or 

s e v er e ost e o p or oti c p ati e nts l ar g el y d u e t o its hi g h c ost r el ati v e t o ot h er a nti ost e o p or osis dr u gs or 

f or p ati e nts wit h a l a c k of t ol er a n c e t o bis p h os p h o n at es ( 6 2).  

1. 4. 5. 8 N o n - p h a r m a c ol o gi c al int e r v e nti o ns  

T h e eff e cti v e n ess of p h ar m a c ol o gi c al i nt er v e nti o ns f or ost e o p or osis t o i m pr o v e b o n e 

d e nsit y a n d r e d u c e fr a ct ur e ris k ar e w ell d o c u m e nt e d. H o w e v er, n o n- p h ar m a c ol o gi c al 

i nt er v e nti o ns ar e als o of si g nifi c a nt i m p ort a n c e as t h e y pl a y a n i m p ort a nt r ol e i n t h e pr e v e nti o n 

a n d m a n a g e m e nt of t his dis e as e. N o n- p h ar m a c ol o gi c al a p pr o a c h es ar e f o c us e d o n t h e us e of 

e x er cis e f or pr e v e nti o n a n d tr e at m e nt, i m pl e m e nt ati o n of m ulti dis ci pli n ar y pr o gr a ms wit h a n 

e m p h asis o n b al a n c e tr ai ni n g t o mi ni mi z e t h e li k eli h o o d of f alls, n utriti o n r e c o m m e n d ati o ns a n d 

r e h a bilit ati o n pr o gr a ms t o assist wit h t h e r e c o v er y p h as e f oll o wi n g a fr a gilit y fr a ct ur e ( 1 1 6). 

N utriti o n r e c o m m e n d ati o ns e n c o ur a g e a d e q u at e pr ot ei n i nt a k e ( 1. 2 g/ k g d ail y) f or pr es er v ati o n of 

m us c ul os k el et al f u n cti o n i n p ost m e n o p a us al w o m e n a n d m a n o v er 5 0 y e ars of a g e ( 1 1 7). 

R e c o m m e n d e d c al ci u m i nt a k e is 1 0 0 0 -1 2 0 0 m g d ail y ( pr ef er a bl y t hr o u g h n utriti o n al i nt a k e) a n d 

a vit a mi n D bl o o d l e v el b et w e e n 3 0- 5 0 n g/ ml, if s u p pl e m e nt ati o n is r e q uir e d a mi ni m u m d os e of 
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4 0 0 I U is r e c o m m e n d e d ( 1 1 7). Pr o p er n utriti o n is ess e nti al f or t h e pr e v e nti o n a n d m a n a g e m e nt 

of ost e o p or osis. T o r e d u c e t h e ris k of fr a gilit y fr a ct ur e t hr o u g h f all pr e v e nti o n, e x er cis e wit h 

w ei g ht, b al a n c e a n d r esist a n c e l o a d is r e c o m m e n d e d i n or d er t o i m pr o v e m o bilit y, str e n gt h a n d 

p h ysi c al p erf or m a n c e ( 1 1 6, 1 1 7). E x er cis es s h o ul d f o c us o n b al a n c e a n d m us cl e str e n gt h e ni n g 

l at er i n lif e t o r e d u c e f all ris k, w hi c h m a y als o cr e at e m or e h o p ef ul o ut c o m es a ft er f all i n ci d e nts. 

T h o u g h e x er cis e l at er i n lif e m a y n ot si g nifi c a ntl y f urt h er i n cr e as e b o n e m ass, r e p etiti v e hi g h -

i m p a ct a n d r esisti v e e x er cis e i n pr e p u b ert y is a n i m p ort a nt d et er mi n a nt of f ut ur e p e a k b o n e m ass 

a n d b o n e str e n gt h, w hil e c o nti n u e d e x er cis e i n a d ol es c e n c e a n d a d ult h o o d c a n h el p m ai nt ai n 

t h es e g ai ns ( 11 6). F oll o wi n g a n ost e o p or oti c i n d u c e d fr a ct ur e d, e arl y m o bili z ati o n a n d a m ulti-

dis ci pli n ar y r e h a bilit ati o n pr o gr a m m a y h el p i n t h e r et ur n t o pr efr a ct ur e a cti vit y l e v els.    

 

1. 4. 6 P h a r m a c o ki n eti cs of Bis p h os p h o n at es  

As a dr u g cl ass, bis p h os p h o n at es t h at ar e t a k e n or all y s uff er fr o m p o or a b s or pti o n, 

us u all y l ess t h a n 1 % o n a v er a g e, wit h t h e c o n c o mit a nt i nt a k e of f o o d or b e v er a g es f urt h er 

li miti n g a bs or pti o n (1 1 8). D es pit e n e w er p ot e nt bis p h os p h o n at es, or al bi o a v ail a bilit y is l ess t h a n 

1 % ( 1 1 9 ). T h eir l o w a bs or pti o n is li k el y attri b ut e d t h eir p o or li p o p hili cit y w hi c h pr e v e nts 

tr a ns c ell ul ar tr a ns p ort a cr oss e pit h eli al b arri ers i n t h e st o m a c h, d u o d e n u m a n d il e u m ( 1 2 0). D u e 

t o t h eir l o w a bs or pti o n, t h e y ar e r e a dil y e x cr et e d i nt a ct fr o m t h e cir c ul ati o n. R e n al e x cr eti o n is 

t h e o nl y r o ut e of eli mi n ati o n of bis p h os p h o n at es, wit h r e n al cl e ar a n c e of bis p h os p h o n at es i n 

h u m a ns r a n gi n g fr o m 0. 9 t o 1. 5 m L/ mi n •  k g ( 1 2 0). It is s u g g est e d t h at t h e e x cr eti o n of m an y 

bis p h os p h o n at es b y t h e ki d n e y is c o n c e ntr ati o n d e p e n d e nt, s at ur a bl e a n d p erf or m e d b y a n a cti v e 

tr a ns p ort m e c h a nis m (1 2 0 ). T h e distri b uti o n of B Ps wit hi n t h e s k el et al s yst e m is n ot 

h o m o g e n e o us, wit h B Ps bi n di n g m or e str o n gl y at t h e sit es of a cti v e b o n e t ur n o v er t h a n at sit es 

wit h l o w b o n e t ur n o v er ( 1 2 1 ). Aft er a si n gl e I V or or al a d mi nistr ati o n, n e gli gi bl e a m o u nts ar e 

d e p osit e d i n n o n - c al cifi e d tiss u e, wit h n e arl y all of t h e B P bi n di n g t o t h e s k el et o n or b ei n g 

e x cr et e d i n t h e uri n e ( 1 2 1 ). P h ar m a c o ki n eti c p ar a m et ers usi n g pl as m a c o n c e ntr ati o n a n d uri n e 

e x cr eti o n d at a of a 7 0 m g al e n dr o n at e t a bl et t a k e n or all y h as b e e n d et er mi n e d i n m al e v ol u nt e ers 

( 1 2 2). T h e a p p ar e nt v ol u m e of distri b uti o n wit h a o n e c o m p art m e nt o p e n m o d el w as d et er mi n e d 

t o b e 1 8 2 1. 8 6 ±  4 7 1. 3 8 L, uri n ar y e x cr eti o n w as f o u n d t o b e 3 1 4 ±  3 9 5. 4 3 µ g/ h a n d t h e a p p ar e nt 

first-or d er a bs or pti o n r at e w as 2. 6 8 ±  0. 9 5 h- 1 ( 1 2 2).  
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1. 4. 7 P h a r m a c o ki n eti cs of H u m a n P a r at h y r oi d H o r m o n e ( 1-3 4)  

S y nt h eti c h u m a n p ar at h yr oi d h or m o n e ( h P T H( 1- 3 4)) k n o w n as t eri p ar ati d e h as a 

c o n c e ntr ati o n -ti m e pr ofil e w hi c h is c h ar a ct eri z e d b y r a pi d a bs or pti o n a n d eli mi n ati o n wit h a 

m o n o e x p o n e nti al d e cli n e i n c o n c e ntr ati o ns ( 1 2 3 ). P h ar m a c o ki n eti c p ar a m et ers of a o n c e- d ail y 

s u b c ut a n e o us a d mi nistr ati o n of t eri p ar ati d e ( 2 0 µ g, 4 0 µ g, 8 0 µ g) i n l ar g e s a m pl es of 

p ost m e n o p a us al w o m e n a n d i n m e n h a v e b e e n d et er mi n e d ( 1 2 3, 1 2 4). T h er e ar e n o a g e- r el at e d 

diff er e n c es b et w e e n a g es 3 1 t o 8 5 y e ars a n d t h e r e c o m m e n d e d d os e f or b ot h g e n d ers is 2 0 µ g 

/ d a y. M a xi m u m dr u g c o n c e ntr ati o n is a c hi e v e d wit hi n 3 0 mi n ut es, wit h r a pi d eli mi n ati o n ( h alf -

lif e of 1 hr) a n d a t ot al d ur ati o n of e x p os ur e of a p pr o xi m at el y 4 hr ( 1 2 3, 1 2 4). Aft er 

a p pr o xi m at el y 4 hr, t eri p ar ati d e c o n c e ntr ati o ns ar e n o n- q u a ntifi a bl e. A bs or pti o n w as ass u m e d t o 

f oll o w a first- or d er pro c ess a n d eli mi n ati o n w as ass u m e d t o o c c ur fr o m t h e c e ntr al c o m p art m e nt 

usi n g a t w o- c o m p art m e nt m o d el ( 1 2 3). A p p ar e nt cl e ar a n c e w as d et er mi n e d t o b e a p pr o xi m at el y 

6 2 L/ hr i n w o m e n a n d 9 4 L/ hr i n m e n, w hi c h is c o nsist e nt wit h b ot h h e p ati c a n d e xtr a- h e p ati c 

cl e ar a n c e ( 1 2 4 ). V ol u m e of distri b uti o n w as 0. 1 2 L/ k g wit h i nt ers u bj e ct v ari a bilit y i n s yst e mi c 

cl e ar a n c e a n d v ol u m e of distri b uti o n is 2 5 t o 5 0 % ( 1 2 4). A bs or pti o n r at e c o nst a nt w as 

d et er mi n e d t o b e 0. 6 3 h - 1 i n p ost m e n o p a us al w o m e n ( 1 2 3). T h e e xt e nsi v e a bs or pti o n of 

t eri p ar ati d e c orr es p o n ds t o a bi o a v ail a bilit y of a p pr o xi m at el y 9 5 % ( 1 2 4).  P eri p h er al m et a b olis m 

of t eri p ar ati d e is b eli e v e d t o b e p erf or m e d b y n o n- s p e cifi c e n z y m ati c m e c h a nis ms i n t h e li v er 

wit h r e n al e x cr eti o n.  

 

1. 4. 8 M e c h a nis m of A cti o n: Bis p h os p h o n at es  

Bis p h os p h o n at es a bilit y t o a ct o nl y o n b o n e is attri b ut e d t o t h eir str o n g affi nit y t o 

h y dr o x y a p atit e. U p o n bi n di n g t o h y dr o x y a p atit e, t h e y ar e d e p osit e d u n d er n e at h ost e o cl asts. T h e 

a m o u nt of d e p ositi o n o n b o n e f or mi n g a n d b o n e r es or pti o n ar e as d e p e n ds o n t h e a m o u nt of 

bis p h os p h o n at e t h at is ori gi n all y a d mi nist er e d ( 1 2 5 ). L ar g e a cti v e d os es c a us e r es or pti o n a n d 

f or m ati o n s urf a c es t o b e a p pr o xi m at el y e q u all y c o v er e d, w hil e s m all a cti v e d os es r es ult i n t h e 

r es or pti o n s urf a c e b ei n g pri m aril y c o v er ed ( 1 2 5, 1 2 6).  

At t h e m ol e c ul ar l e v el, N - B P S a n d n o n- N- B Ps i nt er a ct wit h ost e o cl asts t hr o u g h t w o 

diff er e nt m e c h a nis ms. Aft er bi n di n g t o b o n e, n o n- N- B Ps ar e m et a b oli z e d t o n o n - h y dr ol y z a bl e  

β ,γ - m et h yl e n e a n al o gs of a d e n osi n e tri p h os p h at e ( A T P) i n t h e ost e o cl ast c yt os ol t h at i n hi bit 

a d e ni n e n u cl e oti d e tr a nsl o c as e i n mit o c h o n dri al m e m br a n es, aff e cti n g mit o c h o n dri al 
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p er m e a bilit y ( 8 3, 1 2 7 ). S u bs e q u e ntl y, c as p as e a cti v ati o n ( a n irr e v ersi bl e st e p i n a po pt oti c c ell 

d e at h) is i niti at e d l e a di n g t o a p o pt oti c c ell d e at h of ost e o cl asts ( 8 3, 1 2 7).  

N- B Ps f u n cti o n t hr o u g h i n hi biti o n of t h e m e v al o n at e p at h w a y, w hi c h is r es p o nsi bl e f or 

t h e bi os y nt h esis of c h ol est er ol a n d ot h er st er ols. T h e pr e d o mi n a nt t ar g et f or N- B Ps i n t h e 

m e v al o n at e p at h w a y is t h e p er o xis o m al e n z y m e, F P P S, w hi c h is i n hi bit e d b y all N- B Ps ( 8 3). 

I n hi biti o n of F P P S bl o c ks t h e s y nt h esis of f ar n es yl p yr o p h os p h at e ( F F P), c a usi n g a s u bstr at e 

c o n c e ntr ati o n r e d u cti o n i n F P P r e q uir e d f or t h e pr o d u cti o n of G G P P ( 8 3 ). F P P a n d G G P P ar e 

b ot h r e q uir e d f or t h e pr e n yl ati o n (li pi d m o difi c ati o n) of G T P as es, w hi c h ar e f u n d a m e nt all y 

i m p ort a nt f or t h e pr o p er f u n cti o n a n d s ur vi v al of ost e o cl asts ( 8 3, 1 2 6). Pr e v e nti n g pr e n yl ati o n of 

G T P as es b y i n hi biti o n of F P P S c a us es a n a c c u m ul ati o n of u n pr e n yl at e d G T P as es i n ost e o cl asts, 

r es ulti n g i n i n a cti v ati o n of ost e o cl ast f u n cti o n ( 8 3, 1 2 6). I n hi biti o n of F P P S b y N-B P s als o c a us es 

i n cr e as e d c o n c e ntr ati o ns of is o p e nt e n yl p yr o p h os p h at e (I P P), t h e m et a b olit e u pstr e a m of F P P S 

( 8 3). A c cu m ul ati o n of I P P f or ms a m et a b olit e k n o w n as A p p pI, t hr o u g h t h e c o n d e ns ati o n of 

a d e n osi n e m o n o p h os p h at e wit h I P P. I n a si mil ar pr o c ess as n o n- N- B Ps, A p p pI i n d u c es ost e o cl ast 

a p o pt osis t hr o u g h i n hi biti o n of t h e mit o c h o n dri al a d e ni n e n u cl e oti d e tr a nsl o c as e ( 1 2 8 ).  

T h e l e v el of b o n e r es or pti o n s u p pr essi o n d e p e n ds o n t h e a d mi nist er e d d os e a n d t h er e is 

n o pr o gr essi o n of t h e a ntir es or pti v e eff e ct wit h i n cr e asi n g ti m e, i n di c ati n g a st e a d y st at e l e v el of 

r es or pti o n t h at is d os e d e p e n d e nt (1 2 9 ). B ur d e ns o m e stri n g e nt d ail y d osi n g r e q uir e m e nts of s o m e 

B Ps d esi g n e d t o m a xi mi z e bi o a v ail a bilit y w hil e mi ni mi zi n g g astr oi nt esti n al irrit ati o n t o a d dr ess 

h as l e d t o d e v el o p m e nt of w e e kl y, q u art erl y or y e arl y d osi n g r e gi m e ns of v ari a bl e d os a g e 

a m o u nts ( 1 3 0). F or i nst a n c e, a 7 0 m g o n c e- w e e kl y d os e of al e n dr o n at e vs. a 1 0 m g d ail y d os e 

h as b e e n s h o w n t o pr o vi d e si mil ar t h er a p e uti c eff e cts t h at m a y e n h a n c e c o m pli a n c e a n d l o n g -

t er m p ersist e n c e wit h t h er a p y (1 3 1 ). D es pit e al e n dr o n at e s h o wi n g a p ositi v e d os e- r el at e d tr e n d 

wit h i m pr o v e d l u m b ar s pi n e B M D g ai ns, d osi n g r e gi m e ns m ust b e c o nsi d er at e of t h e i n cr e as e d 

ris k of a d v ers e e v e nts t h at c orr es p o n d t o i n cr e as e d d osi n g ( 1 3 2).  T h e fr e q u e n c y a n d d os a g e 

a m o u nt ar e  d e p e n d e nt o n e a c h B Ps r el ati v e p ot e n c y. D os e a dj ust m e nts m a y b e r e c o m m e n d e d  f or 

s o m e p ati e nts t h at h a v e r e n al i m p air m e nt a n d i m p air e d cr e ati n e cl e ar a n c e.  
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Fi g u r e 1. 4 : M e c h a nis m of a cti o n of n o n -nit r o g e n bis p h os p h o n at es a n d nit r o g e n 
bis p h os p h o n at es o n ost e o cl asts. Aft er bi n di n g t o h y dr o x y a p atit e i n b o n e, n o n- N- B Ps c a us e 
ost e o cl ast a p o pt osis t hr o u g h t h e pr o d u cti o n of n o n- h y dr ol ys a bl e A T P a n al o gs c a usi n g t h e 
a cti v ati o n of c as p as e. N - B Ps disr u pt t h e m e v al o n at e p at h w a y b y i n hi biti n g F P P S, l e a di n g t o 
a c c u m ul ati o n of n o n- pr e n yl at e d G T P as es t h at i n a cti v at e ost e o cl asts, or pr o d u cti o n of I P P t h at is 
i n c or p or at e d i nt o A p p pI t o pr o m ot e ost e o cl ast a p o pt osis. ( R e pri nt e d fr o m Ost e o p or osis 
I nt er n ati o n al, ( 1 9): 9, R uss ell R G G, W atts N B, E b eti n o F H, R o g ers MJ, M e c h a nis ms of a cti o n of 
bis p h os p h at es: si mil ariti es a n d diff er e n c es a n d t h eir p ot e nti al i nfl u e n c e o n cli ni c al effi c a c y, 
P a g es 7 3 3- 5 9., 2 0 0 8 , wit h p er missi o n fr o m S pri n g er).  
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1. 4. 9 P a r at h y r oi d H o r m o n e ( P T H ( 1 -3 4)) M e c h a nis m of A cti o n  

W h e n a d mi nist er e d s u b c ut a n e o usl y i n i nt er mitt e nt l o w d os es, h u m a n P T H ( 1 -3 4) is a bl e 

t o e x ert p ositi v e eff e cts o n B M D a n d mi cr o ar c hit e ct ur e. T h e N-t er mi n al s e q u e n c e c o nsisti n g of 

a mi n o a ci ds 1 - 3 4 h a v e b e e n s h o w n t o e x ert f u n cti o ns i d e nti c al t o t h e i nt a ct hP T H ( 1 - 8 4) 

h or m o n e, wit h t h e first t w o a mi n o a ci ds ( S er 1- V al 2) b ei n g o bli g at or y f or bi ol o gi c al a cti vit y a n d 

b o n e a n a b oli c pr o p erti es ( 1 0 6, 1 3 3 ). T h e eff e cts of h P T H ( 1 - 3 4) ar e m e di at e d t hr o u g h t h e 

a cti v ati o n of t h e P T H/ P T H r el at e d p e pti d e r e c e pt or ( P T H 1 R), w hi c h is a m e m b er of t h e B 

s u bf a mil y of G- pr ot ei n c o u pl e d r e c e pt ors ( G P C Rs) ( 1 3 3). P T H 1 R r e c e pt ors ar e f o u n d i n 

pr e ost e o bl asts, ost e o bl ast, li ni n g c ells, a n d ost e o c yt es ( 1 3 4). A cti v ati o n of P T H 1 R i n ost e o bl asts 

tri g g ers t h e i niti ati o n of t w o p ar all el si g n a li n g p at h w a ys as t h e r e c e pt or is c o u pl e d t o b ot h 

a d e n yl at e c y cl as e a cti v ati n g G pr ot ei n -c o u pl e d pr ot ei n ( G s) a n d t h e p h os p h oli p as e C-a cti v ati n g 

G q  pr ot ei n ( 1 3 5, 1 3 6). A cti v ati o n of G s l e a ds t o t h e a cti v ati o n of c A M P- d e p e n d e nt pr ot ei n ki n as e 

P K( A), c al ci u m - de p e n d e nt P K C, a n d i n cr e as es i ntr a c ell ul ar c al ci u m ( 1 3 3, 1 3 4). T h e m aj orit y of 

h P T H ( 1 -3 4)’s a n a b oli c eff e cts o n t h e s k el et o n c a n b e r el at e d t o c A M P/ pr ot ei n ki n as e A 

a cti v ati o n. T h e us e of i n vi v o st u di es h as c o n cl u d e d t h at c A M P is r es p o nsi bl e f or m e di ati n g t h e 

a n a b oli c r es p o ns e of P T H. A mi n o-tr u n c at e d a n al o gs ( e. g. h P T H ( 2 - 3 4), hP T H ( 3 - 3 8) or 

d es a mi n o -h P T H ( 1 - 3 4)) f ail e d t o pr o d u c e t h e f ull a n a b oli c r es p o ns e of P T H, w hil e n o n-tr u n c at e d 

h P T H ( 1 - 3 4) w as a bl e t o, i n di c ati n g t h at S er 1-V al 2 ar e r e q uir e d f or t h e a cti v ati o n t o a cti v at e G s 

i n or d er t o sti m ul at e a d e n yl yl c y cl as e g e n er ati n g c A M P, l e a di n g t o f ull a n a b oli c eff e cts 

( 13 8, 1 3 9).  

T h o u g h t h e e x a ct m ol e c ul ar m e c h a nis ms e x pl ai ni n g t h e a n a b oli c eff e ct of h P T H ( 1 - 3 4) is 

u n k n o w n, it is b eli e v e d t h at h P T H ( 1 - 3 4) e n h a n c es t h e a cti v ati o n a n d n u m b er of ost e o bl asts 

t hr o u g h f o ur diff er e nt p at h w a ys. T h e m ai n m e c h a nis m is a sti m ul ati o n i n ost e o bl ast o g e n esis 

t hr o u g h i n cr e as es i n ost e o bl ast diff er e nti ati o n r at h er t h a n ost e o bl ast pr olif er ati o n ( 13 4). 

A d diti o n all y, P T H c a n als o pr o m ot e ost e o bl ast diff er e nti ati o n a n d ost e o bl asti c li n e a g e 

c o m mit m e nt fr o m pri m ar y c al v ari al c ells, p eri ost e al c ells, a n d b o n e m arr o w -d eri v e d c ells ( 1 3 4). 

F urt h er m or e, P T H h as b e e n s h o w n b y i n vi v o a n d i n vitr o st u di es t o sti m ul at e t h e e x pr essi o n of 

g e n es t h at si g n al f or b o n e f or m ati o n, s u c h as Ost e o c al ci n, Al k ali n e P h os p h at as e, C oll a g e n t y p e I 

al p h a 1 ( C O L 1 A 1) , a n d ost e o bl ast-s p e cifi c tr a ns cri pti o n f a ct or R u n x 2  ( 13 4, 1 4 0- 1 4 3 ).  

A s e c o n d m e c h a nis m is P T H’s a nti - a p o pt oti c a cti o ns t hr o u g h p h os p h or yl ati o n a n d 

i n a cti v ati o n of B a d, w hi c h is a pr o- a p o pt oti c pr ot ei n, i n cr e asi n g e x pr essi o n of B cl - 2 s ur vi v al 
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g e n es, a n d d o w nr e g ul ati o n of C ell C y cl e a n d A p o pt osis R e g ul at or y Pr ot ei n ( C A R P- 1) 

( 13 4, 1 4 3, 1 4 4).  A d diti o n all y, tr e at m e nt of ost e o bl asti c c ells wit h P T H h as s h o w n i n hi biti o n of 

t h e pr o- a p o pt oti c eff e cts of et o p osi d e, n utri e nt d e pri v ati o n, U V irr a di ati o n a n d a r e d u cti o n of t h e 

n e g ati v e eff e cts of p er o xis o m e pr olif er at or a cti v at or ( P P A R) γ  r e c e pt or (1 3 4, 1 3 7, 1 4 3). T hir dl y, 

P T H e n h a n c es t h e W nt -β  c at e ni n p at h w a y sti m ul at i n g b o n e f or m ati o n b y pr o m oti n g ost e o bl ast 

c ell li n e a g es b y c o ntr olli n g pr olif er ati o n, diff er e nti ati o n , a n d m at ur ati o n ( 1 3 7). L astl y, t h e 

a cti v ati o n pr ofil e of P T H i n b o n e c el ls als o l e a ds t o t h e s y nt h esis of gr o wt h f a ct or g e n es, I G F-I, 

I G F-II, tr a nsf or mi n g gr o wt h f a ct or-β  a n d i n hi biti o n of gr o wt h f a ct or a nt a g o nists, li k e s c elr osti n 

( 1 3 5, 1 3 7). P T H ( 1- 3 4) h as n u m er o us a n a b oli c eff e cts o n b o n e gr o wt h, a b ett er u n d erst a n di n g of 

t he e x a ct m e c h a nis ms f or t h es e eff e cts c o ul d l e a d t o i m pr o v e d a d mi nistr ati o n of P T H ( 1 - 3 4) or 

e ntir el y n e w tr e at m e nts f or ost e o p or osis.  

A 2 0 µ g / d a y d os e r es ults i n a tr a nsi e nt i n cr e as e of s er u m c al ci u m c o n c e ntr ati o n 2 h o urs 

aft er a d mi nistr ati o n a n d r e a c h es  m a xi m u m b et w e e n 4 a n d 6 hr. S er u m c al ci u m b e gi ns t o d e cli n e 

a p pr o xi m at el y 6 hrs aft er d osi n g a n d r et ur ns t o b as eli n e b et w e e n 1 6 a n d 2 4 hrs p ost d os e ( 1 2 8). 

As s u c h, h P T H( 1- 3 4) s h o ul d b e t a k e n o n c e- d ail y, c o nti n u o us us e r at h er t h a n i nt er mitt e nt us e h as 

b e e n s h o w n t o l e a d t o i n cr e as e d b o n e r es or pti o n.  
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1. 4. 1 0  T h e N e e d f o r A N e xt G e n e r ati o n T h e r a p e uti c f o r Ost e o p o r osis  

T h o u g h t h er e ar e c urr e ntl y s e v er al cl ass es of c o m p o u n ds b ei n g us e d t o tr e at a n d pr e v e nt 

O P as m e nti o n e d i n s e cti o n 1. 4. 5 of t his t h esis, d u e t o p at e nt e x pir ati o ns, c o m p a ni es ar e m o vi n g 

a w a y fr o m tr a diti o n al tr e at m e nt a g e nts ( bis p h os p h o n at es a n d S E R Ms) a n d m o vi n g t o n e w 

cl ass es of dr u gs s u c h as s c a v e n gi n g m o n o cl o n al a nti b o di es v ers us P T H a n d r o m os o z u m a b as t h e 

o nl y a p pr o v e d a n a b oli c a g e nts. T h e m o v e h as l ar g el y b e e n m a d e i n r es p o ns e t o l a c k of p ot e n c y 

a n d s el e cti vit y wit h s yst e mi c  c al cit o ni n a n d hP T H ( 1 - 3 4), a d v ers e e v e nts a n d p o or p ati e nt 

c o m pli a n c e wit h B Ps, a n d p at e nt e x pir ati o n f or c al cit o ni n, B Ps a n d h P T H ( 1 - 3 4). C o nsi d eri n g 

t h e s h ort c o mi n gs wit h c urr e nt tr e at m e nts f or ost e o p or osis, t h er e is a n e e d t o d e v el o p i m pr o v e d 

tr e at m e nts t h at ar e m or e effi c a ci o us, l ess t o xi c a n d m or e c o mf ort a bl e f or p ati e nts t o us e.  

O st e o bl a st s  

O st e o c yt e s  

M at ur e 
O st e o bl a st  

Fi g u r e 1. 5 : P ot e nti al m e c h a nis ms f o r t h e a n a b oli c a cti o n of P T H ( 1 -3 4).  A d a pt e d a n d 
m o difi e d fr o m s o ur c e 1 4 5.  

P T H  ( 1-3 4)  
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1. 4. 1 1  T h e I m p o rt a n c e of T a r g et e d D r u g D eli v e r y t o T r e at B o n e D i s e as e 

Dr u g d eli v er y str at e gi es off er t h e b e n efit of i m pr o vi n g d eli v er y of t h e a cti v e 

p h ar m a c e uti c al i n gr e di e nt t o t h e d esir e d sit e of dr u g a cti o n w hil e mi ni mi zi n g u n w a nt e d dr u g 

si d e- eff e cts a n d l o w eri n g s yst e mi c e x p os ur e. I n r e g ar ds t o e n h a n c e d dr u g d eli v er y t o b o n e, t h e 

p o w er of t ar g eti n g dr u g c o m p o u n ds t o r e m o d eli n g b o n e s urf a c es h as b e e n k n o w n si n c e t h e mi d-

1 9 7 0s w h e n bis p h os p h o n at e ( B P)- c o nj u g ati o n of r a di o a cti v e t e c h n eti u m w as us e d as t h e b asis 

f or s ci nti gr a p h y/ di a g n osti c i m a gi n g of b o n e m et a b olis m ( 1 4 6). Utili zi n g B P-c o nj u g ati o n as a 

f o u n d ati o n f or e n h a n c e d dr u g d eli v er y of s m all m ol e c ul e b o n e dr u gs t o b o n e h as b e e n e x pl or e d 

b y s e v er al gr o u ps t o d at e ( 8 1- 8 3). Wit h r es p e ct t o pr ot ei n a n d p e pti d e c o nj u g ati o n str at e gi es, 

att e m pts h a v e b e e n l ess s u c c essf u l d u e t o c h all e n g es i n c o ntr olli n g t h e sit e- dir e ct e d c o u pli n g of 

bis p h os p h o n at e m oi eti es t o t h e p ol y p e pti d e b a c k b o n e w hil e c o nti n ui n g t o m ai nt ai n t h e 

t h er a p e uti c c a p a biliti es of t h e a cti v e bi ol o gi c c o m p o n e nt (1 4 7 - 1 4 9). O ur h o p e is t h at p e pti d e 

c o nj u g ati o n t o B P m oi eti es w o ul d est a blis h a r eli a bl e b o n e-s e e ki n g p e pti d e h or m o n e pl atf or m, 

i m pr o v e bi o a v ail a bilit y a n d us h er i n a n e w g e n er ati o n of t ar g et e d t h er a p e uti cs f or m or e eff e cti v e 

tr e at m e nts of b o n e dis e as e. 

 

1. 4. 1 2 A N e xt G e n e r ati o n T h e r a p e uti c f o r Ost e o p o r osis ( B P -P T H)  

As m e nti o n e d i n s e cti o n 1. 4. 9, t h e N-t er mi n al fr a g m e nt of p ar at h yr oi d h or m o n e h as b e e n 

pr o v e n t o cli ni c all y sti m ul at e b o n e f or m ati o n a n d i m pr o v e b o n e mi n er al d e nsit y, b o n e str u ct ur e, 

str e n gt h, a n d q u alit y ( 1 5 0, 1 5 1). S y nt h eti c P T H ( 1- 3 4) (t eri p ar ati d e; F O R T E O ®, Eli Lill y) is a n 

eff e cti v e b o n e -f or mi n g ( a n a b oli c) F D A a p pr o v e d tr e at m e nt f or ost e o p or osis t h at is a d mi nist er e d 

o n c e- d ail y b y a s u b c ut a n e o us i nj e cti o n. H o w e v er, d u e t o r a pi d e n z y m ati c d e gr a d ati o n, tr e at m e nt 

effi c a c y of P T H ( 1 -3 4) is s e v er el y r estri ct e d b y its s h ort  i n vi v o h alf- lif e of 2- 3 mi n ut es i n 

h u m a ns w h e n a d mi nist er e d i ntr a v e n o usl y a n d 1 hr wit h s u b c ut a n e o us a d mi nistr ati o n  ( 1 5 2). 

A n ot h er n e g ati v e f a ct or t h at i m p a cts P T H effi c a c y is t h e pr es e n c e of p ar at h yr oi d h or m o n e 

r e c e pt ors i n ki d n e ys ( P T H R 1), c e ntr al n er v o us s yst e m, p a n cr e as, t estis, a n d pl a c e nt a ( P T H R 2) 

( 4 7), n e c essit ati n g r el ati v el y hi g h d os a g es of P T H f or cli ni c al effi c a c y t o c o m p et e wit h 

a bs or pti o n of P T H b y ot h er tiss u es a n d or g a ns i n t h e b o d y. D es pit e n e v er b ei n g d e m o nstr at e d i n 

h u m a n cli ni c al tri als, t h er e is still si g nifi c a nt c o n c er n as a ni m al e x p eri m e nts h a v e s h o w n t h at 
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pr ol o n g e d e x p os ur e t o hi g h d os a g es of t eri p ar ati d e r es ult e d i n a n i n cr e as e d ris k of ost e os ar c o m a 

( 11 2), w hi c h li mit t h e d ur ati o n a n d effi c a c y of tr e at m e nt.  

F urt h er m or e, as m e nti o n e d i n s e cti o n 1. 4. 1 1, pr e vi o us eff orts t o c o nj u g at e pr ot ei ns a n d 

p e pti d es t o B P m oi eti es as a str at e g y f or e n h a n c e d dr u g d eli v er y t o r e m o d eli n g b o n e s urf a c es h as 

p ois e d n u m er o us c h all e n g es i n t h e s y nt h esis st a g e. Att a c hi n g a B P t o P T H s er v e s as a “ b o n e -

m a g n et ” w hi c h w o ul d li k el y r es ult i n t h e a bilit y t o a d mi nist er l o w er d ail y d os es, r e d u ci n g 

a d v ers e e v e nts, t o xi cit y iss u es a n d all o wi n g l o n g er d ur ati o n of tr e at m e nt.  

T o a d dr ess t h es e s h ort c o mi n gs, o ur l a b or at or y h as s u c c essf ull y d e v el o p e d, s y nt h esi z e d 

a n d p at e nt e d a b o n e t ar g eti n g v ari a nt of p ar at h yr oi d h or m o n e ( 1- 3 4) ( 1 5 3) b y c o nj u g ati o n t o a 

bis p h os p h o n at e ( B P) b o n e-s e e ki n g f u n cti o n al gr o u p i n hi g hl y s p e cifi c r e a cti o n c o n diti o ns a n d 

r ea cti o n or d er, k n o w n as B P -P T H ( Fi g ur e 1. 8) ( 1 5 4). T h e g o al w as t o c o nj u g at e P T H ( 1- 3 4) t o a 

b o n e-s e e ki n g n o n- nitr o g e n at e d bis p h os p h o n at e ( B P) m oi et y t o i m p art mi n er al affi nit y t o t h e 

att a c h e d p e pti d e h or m o n e. D u e t o t h e n e g ati v e c h ar g e a n d str u ct ur al si mil arit y t o n at ur all y 

o c c urri n g i n or g a ni c p yr o p h os p h at es; B Ps ar e a bl e t o l o c ali z e t o p ositi v el y- c h ar g e d c al cifi e d 

tiss u es w h er e t h e y ar e i n c or p or at e d i nt o t h e h y dr o x y a p atit e mi n er al c o m p o n e nt of b o n e 

( 1 5 4, 1 5 5). Bis p h os p h o n at e-t et h er e d P T H m ol e c ul es ( B P-P T H) b y virt u e of t h eir affi nit y t o b o n e, 

ar e g ui d e d t o t h e s urf a c es of b o n e w h er e t h e y i nt er a ct wit h t h eir s p e cifi c r e c e pt ors o n t h e s urf a c e 

of b o n e c ells. At t h e c ell ul ar l e v el, t h e a n a b oli c a cti o n of P T H o n b o n e c ells is eff e cti v e at 

st o p pi n g b o n e r es or pti o n a n d pr o m oti n g n e w b o n e f or m ati o n. Bis p h os p h o n at e- t ar g et e d d eli v er y 

of p ar at h yr oi d h or m o n e t o b o n e will i n cr e as e its c o n c e ntr ati o n t o b o n e c ell r e c e pt ors at t h e sit e of 

its d esir e d a ntir es or pti v e or a n a b oli c a cti o ns, r el ati v e t o its pr es e nt ati o n t o c o m p etin g r e c e pt ors i n 

ot h er or g a ns a n d c ells. B P- P T H off ers i m pr o v e d a n a b oli c a cti o n at t h e d esir e d sit e, r e d u c e d off-

sit e si d e eff e cts, a n d cl e ar a n c e as h ar ml ess a mi n o a ci ds a n d tr a c e a m o u nts of n o n -m et a b oli z e d 

bis p h os p h o n at e r esi d u es cl e ar e d b y t h e ki d n e ys. O u r l a b is t h e first t o s u c c essf ull y c o nj u g at e a n d 

t ar g et s m all p e pti d e h or m o n es t o b o n e s urf a c e a n d pr o v e p h ar m a c o d y n a mi c effi c a c y i n t w o 

m o d els of b o n e dis e as e; r at ost e o p or osis m o d el a n d i nfl a m m at or y art hritis. 

 B P -P T H r e pr es e nts a n e w cl ass of b o n e -t ar g eti n g bi ol o gi c dr u g c o m p o u n ds t h at off ers 

si g nifi c a nt p ot e nti al i n t h e r e d u cti o n of si d e - eff e cts e x p eri e n c e d wit h c urr e nt b o n e dr u gs a n d c a n 

f urt h er i m pr o v e t h e m a n a g e m e nt of b o n e dis e as es, s u c h as ost e o p or osis.  

 

 



 3 5  

1. 4. 1 3 S y nt h esis a n d C h e mi c al St r u ct u r e of  B P -P T H  

S y nt h esis w as c o n d u ct e d b y C P C S ci e ntifi c I n c. ( S u n n y v al e, C alif or ni a, U S A) usi n g a n 

F m o c s oli d p h as e s c h e m e wit h l ysi n e- 1 3 N - B o c pr ot e cti o n- d e pr ot e cti o n w as us e d t o c o nstr u ct 

P T H ( 1 - 3 4) wit h a bis p h os p h o n at e r esi d u e t et h er e d vi a a 2 7 r esi d u e P E G ( p ol y et h yl e n e gl y c ol) 

li n k a g e t o L ys- 1 3 ( e. g., [ B P-P E G 2 7 -P T H]. F or si m pli cit y s a k e, t h e g e n eri c “ B P ” m oi et y will b e 

r ef err e d t o as B P. D u e t o e xisti n g p at e nts o n tr e at m e nt a p pr o v e d bis p h os p h o n at e dr u gs, p at e nti n g 

o ur u ni q u e b o n e-s e e ki n g p e pti d e h or m o n e c o nj u g at e w as o nl y p ossi bl e if a g e n eri c 

bis p h os p h o n at e li k e m oi et y w as us e d. T h e “ B P ” m oi et y of t h e c o nj u g at e h as t h e f oll o wi n g 

c h e mi c al str u ct ur e:  C1 4 H 2 5 N 2 O 9 S 2 P 2 . T hi s i s a g e n eri c str u ct ur e a n d is n ot c urr e ntl y a n a p pr o v e d 

B P f or t h e tr e at m e nt of b o n e dis e as es or dis or d ers. N o p h ar m a c o d y n a mi c or p h ar m a c o ki n eti c 

i nf or m ati o n is c urr e ntl y a v ail a bl e f or t his p orti o n of t h e c o nj u g at e. O ur h o p e is t h at t h e p h os p h at e 

gr o u ps pr es e nt i n t his g e n eri c str u ct ur e will i m p art mi n er al affi nit y.  

I d e ntit y w as c o nfir m e d b y C P C S ci e ntifi c I n c. usi n g a n A B S CI E X A PI 4 0 0 0 L C/ M S/ M S 

s yst e m e q ui p p e d wit h a n el e ctr os pr a y ( E SI) s o ur c e us e d f or t h e m ass a n al ysis a n d d et e cti o n of 

P T H ( 1 - 3 4), P T H ( 1- 3 8) as i nt er n al st a n d ar d, a n d B P-P T H b o n e -s e e ki n g c o nj u g at e. T h e 

m ol e c ul ar w ei g ht w as d et er mi n e d t o b e 5 8 6 9. 9 D a wit h a p e pti d e p urit y of 9 0. 5 % d et er mi n e d b y 

r e v ers e- p h as e hi g h p erf or m a n c e li q ui d c hr o m at o gr a p h y ( R P-H P L C). A p p e ar a n c e of B P -P T H is a  

w hit e l y o p hili z e d p o w d er wit h a s ol u bilit y of 1 m g/ ml i n w at er. T h e c o nj u g at e s e q u e n c e is as 

f oll o ws: 

 

S er -V al -S er -Gl u -Il e-Gl n -L e u -M et -His -As n -L e u -Gl y -L ys ( C H 2 C O -P E G 2 7 - 2, 5- P yrr oli di n e di o n e-

3- m er c a pt o - C3 H 6 -S C H 2 -C H( P O 3 H 2 )2 )-Hi s -L e u -As n -S er -M et -Gl u -Ar g V al -Gl u- Tr p -L e u -Ar g -

L ys -L ys -L e u -Gl n -As p -V al -His -As n -P h e  
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M al ei mi d o p r o pi o n yl -P E G  
N H S  

 

 

R =  

Fi g u r e 1. 6 : S c h e m ati c di a g r a m of t h e s y nt h esis of a n o v el b o n e -t a r g eti n g p a r at h y r oi d h o r m o n e 
d r u g c o nj u g at e, B P- P T H. A) F m o c s oli d p h as e p e pti d e s y nt h esis wit h l ysi n e - 1 3 N- B o c pr ot e cti o n-
d e pr ot e cti o n w as us e d t o c o nstr u ct P T H ( 1- 3 4) wit h a bis p h os p h o n at e r esi d u e t et h er e d vi a a 2 7 r esi d u e 
P E G li n k a g e t o L ys- 1 3 (i. e., [ B P- P E G 2 7 -P T H ( 1 -3 4)]). B) C h e mi c al str u ct ur e of B P -P T H.  

A)  

B ) 
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C h a pt e r T w o  

Usi n g m et al -fr e e L C-M S/ M S f or t h e d et e cti o n of a n o v el b o n e t ar g eti n g 

p ar at h yr oi d h or m o n e c o nj u g at e  
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2. 1 S oli d -p h a s e E xt r a cti o n  

S oli d - p h as e e xtr a cti o n ( S P E) is o n e of t h e m ost c o m m o n e xtr a cti o n t e c h ni q u es t o is ol at e 

d esir e d a n al yt es fr o m bi ol o gi c al m atri x es s u c h as s er u m or pl as m a f or H P L C or L C -M S/ M S 

a n al ysis ( 1 5 6 ). S P E c a n als o b e us e d t o cl e a n u p s a m pl es pri or t o e n z y m e-li n k e d i m m u n os or b e nt 

ass a ys ( E LI S A). S P E utili z es t h e c h e mi c al a n d p h ysi c al pr o p erti es of t h e d e sir e d a n al yt e t o all o w 

f or s e p ar ati o n of d esir e d a n al yt es or r e m o v al of u n d esir e d i m p uriti es. I n a d diti o n t o s a m pl e 

pr e p ar ati o n, S P E c a n als o b e us e d f or s a m pl e cl e a n u p, a n al yt e c o n c e ntr ati o n, a n d a n al yt e 

d eri v ati z ati o n. S P E is cr u ci al st e p i n a n al yti c al a n al ysis as it all o ws f or cl e a n er e xtr a cts 

(s el e cti vit y), i m pr o v e d s e nsiti vit y a n d r e pr o d u ci bilit y, l ess i o n s u p pr essi o n, a n d i m pr o v e d 

i nstr u m e nt a n d c ol u m n lif eti m es. A n al yt e e xtr a cti o n is a c hi e v e d t hr o u g h t h e us e of a p arti c ul at e 

or m o n olit hi c s or b e nt (st ati o n ar y p h as e) t h at is p a c k e d i n t h e b ott o m of pl asti c c ol u m ns ( oft e n 

r ef err e d t o as “ c artri d g es ”).  

S a m pl es c o nt ai ni n g t h e a n al yt e of i nt er est ar e l o a d e d o nt o t h e c ol u m n a n d t h e d esir e d 

a n al yt e(s) of i nt er est or u n d esir e d i m p uriti es i n t h e s a m pl e ar e r et ai n e d o n t h e st ati o n ar y p h as e. 

T h e fl o w t hr o u g h c a n t h e n b e c oll e ct e d or dis c ar d e d, d e p e n di n g if it c o nt ai ns t h e d esir e d a n al yt e 

or i m p uriti es. If t h e d esir e d a n al yt e(s) is r et ai n e d o n t h e st ati o n ar y p h as e, t h e y c a n b e el ut e d 

usi n g a p pr o pri at e s ol v e nts s uit a bl e f or i nstr u m e nt al a n al ysis. S or b e nt s el e cti o n d e p e n ds o n t h e 

S P E str at e g y t h at is b ei n g e m pl o y e d a n d t h e c h e mi c al a n d p h ysi c al pr o p erti es of t h e a n al yt e of 

i nt er est. C o m m o n S P E s or b e nts c a n b e m a d e fr o m sili c a- b as e d, al u mi n a- b as e d, p ol y m er- b as e d or 

gr a p hiti z e d c ar b o n - b as e d m at eri als a n d c a n b e di vi d e d i nt o f o ur m ai n cl ass es; 1) h y dr o p h o bi c 

s or b e nts (r e v ers e p h as e), 2) h y dr o p hili c s or b e nts ( n or m al p h as e), 3) i o n- e x c h a n g e s or b e nts, a n d 

4) mi x e d m o d e s or b e nts. C ert ai n f u n cti o n al gr o u ps ar e c h e mi c all y b o n d e d t o t h e sili c a g el 

s or b e nt t o i m p art t h e d esir e d m o d e of a cti o n. Pr o p er s or b e nt s el e cti o n a n d cl ass of S P E c artri d g e 

i s d et er mi n e d b y t h e a n al yt e of i nt er est’s c h e mi c al a n d p h ysi c al pr o p erti es.  

A n al yt es ar e cl assifi e d i n f o ur m aj or c at e g ori es: a ci di c, b asi c, n e utr al, a n d a m p h ot eri c 

c o m p o u n ds. A m p h ot eri c c o m p o u n ds c o nt ai n b ot h a ci di c a n d b asi c f u n cti o n al gr o u ps a n d c a n a ct 

as a ni o ns, c ati o ns or z witt eri o ns, d e p e n di n g o n t h e p H e n vir o n m e nt ( 1 5 7 ). T h er ef or e, w h e n 

d e v el o pi n g a n S P E pr o c e d ur e, t h e s or b e nt s el e ct e d m ust b e a bl e t o r et ai n a n d el ut e t h e a n al yt e 

effi ci e ntl y. If t h e a n al yt e of i nt er est is a n e utr al c o m p o u n d, pr o p er p H e n vir o n m e nts ar e n e e d e d 

t o s hift t h e a n al yt e b et w e e n i o ni c a n d u n c h ar g e d st at e.  
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Al m ost all t y p es of S P E pr o c e d ur es r e g ar dl ess of s or b e nt cl ass c o nsist of 5 b asi c st e ps, 

c o n diti o ni n g, e q uili br ati o n, s a m pl e l o a di n g, w as hi n g, a n d el uti o n. C o n diti o ni n g a n d e q uili br ati n g 

t h e c ol u m n is n e c ess ar y t o w et a n d s ettl e t h e s or b e nt, a cti v at e t h e p a c ki n g m at eri al a n d r e m o v e 

a n y r esi d u al pr o c ess m at eri als. S ol uti o ns us e d t o c o n diti o n, e q uili br at e, w as h a n d el ut e ar e 

d et er mi n e d b as e d off t h e t y p e of s or b e nt b ei n g us e d. T h es e s ol uti o ns will v ar y i n c o n c e ntr ati o n, 

p H, a n d p ol arit y d e p e n di n g o n t h e d esir e d e xtr a cti o n pr ot o c ol. T h o u g h S P E is o n e of t h e b e st 

o pti o ns a v ail a bl e f or s a m pl e pr e p ar ati o n t o e xtr a ct d esir e d a n al yt es fr o m c o m pl e x m atri x es, it 

d o es h a v e s o m e dr a w b a c ks. S P E is k n o w n t o b e ti m e c o ns u mi n g, c ostl y a n d m a y b e i niti all y 

c o m pli c at e d f or i n e x p eri e n c e d l a b or at or y p ers o n n el. D es pit e t h es e dr a w b a c ks, t h e a bilit y of S P E 

t o pr o vi d e l o w m atri x f a ct ors a n d r e d u c e d m atri x i nt erf er e n c e, cl e a n s a m pl es, a n d c o n c e ntr ati o n 

of l o w- l e v el a n al yt es is a s u bst a nti al b e n efit f or bi o a n al yti c al m et h o ds. 
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m o difi e d fr o m s o ur c e 1 5 6.  
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2. 1. 1 P ol y m e ri c r e v e rs e d p h as e S P E  

R e v ers e p h as e p ol y m eri c s or b e nts ar e d esi g n e d f or t h e r et e nti o n of n e utr al, a ci di c or b asi c 

c o m p o u n ds. T h e r el ati v el y n e w i ntr o d u cti o n of p ol y m eri c s or b e nts h as i m pr o v e d r et e nti o n f or 

p ol ar c o m p o u n ds b y all o wi n g f or a wi d er p H r a n g e of t ol er a bl e s ol v e nts a n d b uff ers t h at w o ul d 

n or m all y d estr o y ol d er sili c a -b as e d s or b e nts ( 1 5 8). P ol y m eri c s or b e nts r el y o n t hr e e pri m ar y 

m e c h a nis ms of r et e nti o n: pi- pi b o n di n g, h y dr o g e n b o n di n g, a n d h y dr o p h o bi c i nt er a cti o n ( 1 5 8). 

T h es e s or b e nts c o nt ai n a b al a n c e b et w e e n h y dr o p h o bi c a n d h y dr o p hili c c h ar a ct er, all o wi n g f or 

t h e r et e nti o n of a ci di c, b asi c, a n d n e utr al c o m p o u n ds. 

2. 1. 2 A ni o n e x c h a n g e S P E  

A ni o n e x c h a n g e s or b e nts ar e d eri v ati z e d wit h p ositi v el y c h ar g e d f u n cti o n al gr o u ps w hi c h 

all o w f or t h e i nt er a cti o n wit h n e g ati v el y c h ar g e d a n al yt es. Str o n g a ni o n e x c h a n g ers ( S A X) 

p oss ess a st ati o n ar y p h as e wit h q u at er n ar y a m m o ni u m gr o u p b o n d e d t o eit h er sili c a or p ol y m er 

a n d ar e i o ni z e d o v er t h e f ull p H r a n g e, s h o wi n g n o v ari ati o n i n i o n e x c h a n g e c a p a cit y i n v ari o us 

p H c o n diti o ns. Str o n g a ni o n e x c h a n g e c ol u m ns ar e oft e n us e d f or r et ai ni n g c o m p o u n ds t h at ar e 

w e a kl y t o m o d er at el y n e g ati v el y c h ar g e d. W e a k a ni o n e x c h a n g ers ( W A X) h a v e pri m ar y, 

s e c o n d ar y, or t erti ar y a mi n e gr o u ps b o n d e d t o sili c a or p ol y m er pr es e nt i n t h e st ati o n ar y p h as e 

t h at is o nl y i o ni z e d o v er a li mit e d p H r a n g e. At l o w p H, t h e f u n cti o n al gr o u ps o n t h e st ati o n ar y 

p h as e will b e p ositi v el y c h ar g e d, w hil e at hi g h er p H it will b e n e utr al. A ni o n e x c h a n g e is s uit a bl e 

f or is ol ati n g a ci di c c o m p o u n ds; c ar b o x yli c a ci ds, s ul p h o ni c a ci ds, a n d p h os p h at es.  

  D u e t o t h e bis p h os p h o n at e m oi et y pr es e nt o n t h e B P-P T H c o nj u g at e, t h e  m ulti pl e i o ni c 

c h ar a ct er fr o m t h e p h os p h o n at e gr o u ps o n t h e B P m oi et y m a k e a ni o n e x c h a n g e S P E a s uit a bl e 

pr e p ar ati o n t e c h ni q u e. W A X c ol u m ns w er e c h os e n o v er S A X f or t h e e xtr a cti o n of B P- P T H as 

t h e l o w p K a of t h e bis p h os p h o n at e m oi et y i n di c at es a str o n gl y a ci di c c o m p o u n d. A d diti o n al 

b e n efits of usi n g a W A X c ol u m n all o ws f or t h e c o m bi n ati o n of s a m pl e p urifi c ati o n a n d 

d eri v ati z ati o n i nt o o n e si n gl e st e p.  

2. 2 Hi g h P e rf o r m a n c e Li q ui d C h r o m at o g r a p h y ( H P L C)  

Hi g h p erf or m a n c e li q ui d c hr o m at o gr a p h y ( H P L C) is a s o p histi c at e d e xt e nsi o n of li q ui d 

c hr o m at o gr a p h y ( L C) t h at is us e d t o s e p ar at e, i d e ntif y a n d e v e n q u a ntif y c o m p o n e nts pr es e nt i n 

a s a m pl e mi xt ur e.  T h e m ai n diff er e n c e b et w e e n H P L C a n d tr a diti o n al L C is t h at i n L C, t h e 

s ol v e nt tr a v els t hr o u g h t h e us e of gr a vit y, w hil e i n H P L C t h e s ol v e nt tr a v els u n d er hi g h pr ess ur e 
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w hi c h is g e n er at e d b y p u m ps i n t h e c hr o m at o gr a p hi c s yst e m. I n t his t h esis, t h e a b br e vi ati o ns of 

L C , H P L C  a n d U H P L C  will b e us e d i nt er c h a n g e a bl y. H P L C is a c o m m o n a n al yti c al t o ol f or 

p h ar m a c e uti c al a n al ysis a n d is us e d e xt e nsi v el y i n t h e p h ar m a c e uti c al i n d ustr y at m a n y st e ps of 

t h e dr u g m a n uf a ct uri n g pr o c ess. T h e o bj e cti v es of usi n g H P L C will d e p e n d o n t h e st a g e of dr u g 

d e v el o p m e nt a n d t h e n at ur e of t h e a n al yt e. Ulti m at el y, it is t h e c h e mi c al i nt er a cti o n b et w e e n t h e 

c o m p o n e nts pr es e nt i n t h e s a m pl e, t h e m o bil e p h as es us e d a n d t h e c ol u m n st ati o n ar y p h as e t h at 

d et er mi n es t h e a n al yt e of i nt er est’s mi gr ati o n r at e a n d s e p ar ati o n t hr o u g h t h e L C c ol u m n.  

2. 2. 1 St ati o n a r y p h as e  

H P L C utili z es a c o m bi n ati o n b et w e e n a st ati o n ar y p h as e ( k n o w n as a c ol u m n) a n d 

m o bil e p h as es t h at all o ws f or t h e s e p ar ati o n of c o m p o n e nts i n a s a m pl e mi xt ur e. H P L C c ol u m ns 

ar e d efi n e d b y a f e w m ai n p ar a m et ers; c ol u m n i nt er n al di a m et er ( m m), l e n gt h ( m m), p or e si z e 

( Å), p arti cl e si z e (µ m) a n d t h eir m o d e of s e p ar ati o n ( als o r ef err e d t o as p h as e). T h e m o d e of 

s e p ar ati o n of p h as e is s el e ct e d b as e d o n t h e c h e mi c al c h ar a ct eristi cs of t h e a n al yt e of i nt er est or 

t h e i nt e n d e d o bj e cti v e of s e p ar ati o n. R e v ers e p h as e H P L C ( R P- H P L C) is t h e m ost c o m m o nl y 

us e d li q ui d c hr o m at o gr a p h y m et h o d a n d utili z es a p ol ar m o bil e p h as e a n d a n o n- p ol ar st ati o n ar y 

p h as e. Mi xt ur e c o m p o n e nts t h at ar e l ess p ol ar will i nt er a ct m or e e xt e nsi v el y wit h t h e n o n - p ol ar 

st ati o n ar y p h as e a n d b e r et ai n e d l o n g er o n t h e c ol u m n t h a n a n al yt es w hi c h ar e p ol ar. Sili c a is t h e 

m ost c o m m o n p a c ki n g m at eri al us e d i n H P L C c ol u m ns as it is p h ysi c all y r o b ust a n d c h e mi c all y 

st a bl e o v er a wi d e r a n g e of p H ( 1 5 9 ). Al k yl c h ai ns of eit h er C4 , C8 , C1 8  or a n y h y dr o c ar b o n ar e 

c o v al e ntl y b o n d e d t o t h e st ati o n ar y sili c a p h as e, cr e ati n g t h e h y dr o p h o bi c p h as e t h at h as hi g h 
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affi nit y f or h y dr o p h o bi c c o m p o u n ds. Oft e n a m et al g u ar d c ol u m n c o nt ai ni n g a filt er will b e 

att a c h e d b el o w t h e c ol u m n w h e n r u n ni n g s a m pl es fr o m c o m pl e x mi xt ur es s u c h as s er u m or 

pl as m a i n or d er t o r e m o v e p arti c ul at e m att er , w hi c h  m a y i nt erf er e wit h a n al ysis or c o nt a mi n at e 

t h e c ol u m n.  

 

2. 2. 2 M o bil e p h as e(s)  

T h e m o bil e p h as e(s) fl o w t hr o u g h o ut t h e e ntir e H P L C s yst e m a n d c arr y t h e i nj e ct e d 

s a m pl e. M o bil e p h as es ar e t h e s e c o n d m ost i m p ort a nt p ar a m et er ( b esi d es c ol u m n s el e cti o n) f or 

c hr o m at o gr a p hi c a n al ysis as t h e y h a v e a l ar g e eff e ct o n a n al yt e r et e nti o n ti m e (t R). M o bil e 

p h as es n e e d t o b e a bl e t o i nt er a ct wit h t h e st ati o n ar y p h as e a n d t h e a n al yt es i n t h e s a m pl e. 

T h er ef or e, it is i m p ort a nt t h at t h e m o bil e p h as es s el e ct e d ar e c o m p ati bl e wit h t h e H P L C 

i nstr u m e nt, a bl e t o diss ol v e t h e a n al yt e a n d pr o vi d e t h e pr o p er p H a n d i o nis ati o n of t h e a n al yt e 

(if a p pli c a bl e). M o bil e p h as e o pti mi z ati o n is a vit al c o m p o n e nt of pr o p er H P L C m et h o d 

v ali d ati o n. F or R P- H P L C, t h e m ost c o m m o n m o bil e p h as es ar e a c et o nitril e ( A C N), m et h a n ol 

a n d w at er. Oft e n, a bl e n d of t w o of t h es e t hr e e m o bil e p h as es will b e us e d i n R P- H P L C. T h e 

pr o p orti o ns of t h e “ bl e n d ” will alt er t h e p ol arit y of t h e m o bil e p h as e a n d h a v e eff e cts o n t h e 

r et e nti o n ti m e of t h e a n al yt e of i nt er est. I n hi g hl y o pti mi z e d H P L C m et h o ds, t h e bl e n d of m o bil e 

p h as es will b e a bl e t o s e p ar at e t h e r a n g e of c o m p o u n ds i n t h e s a m pl e mi xt ur e a n d el ut e t h e m all 

wit hi n a r e as o n a bl e a m o u nt of ti m e ( 1 5 9 ). W e a k a ci ds s u c h as a c eti c or f or mi c a ci d ar e oft e n 

a d d e d i n s m all p er c e nt a g es (i. e. 0. 1 %) t o t h e m o bil e p h as e t o i n cr e as e c o n d u cti vit y a n d ai d i n 

pr ot o n ati o n of t h e a n al yt e. I n cr e as e d pr ot o n ati o n is us ef ul f or M S i m pli c ati o ns as it c a n i n cr e as e 

t h e s e nsiti vit y w h e n o p er ati n g i n el e ctr os pr a y i o nis ati o n p ositi v e m o d e ( E SI +). H o w e v er, if t h e 

a d diti o n of a d d e d el e ctr ol yt es is t o o hi g h, s u p pr essi o n of a n al yt e si g n als m a y r es ult. Si n c e t h e 

a d diti o n of el e ctr ol yt es m a y aff e ct t h e c o n d u cti vit y a n d pr ot o n ati o n/ d e pr ot o n ati o n of a n a n al yt e, 

it c a n als o c h a n g e h o w t h e a n al yt e int er a cts wit h t h e c ol u m n, w hi c h m a y l e a d t o c h a n g es i n 

r et e nti o n ti m es. 
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2. 2. 3 S e p a r ati o n of h i g hl y p ol a r c o m p o u n ds usi n g H P L C  

T h e s e p ar ati o n of p ol ar c o m p o u n ds is us u all y a c c o m plis h e d usi n g i o n- e x c h a n g e li q ui d 

c hr o m at o gr a p h y usi n g i o n- e x c h a n g ers or r e v ers e d - p h as e ( R P) li q ui d c hr o m at o gr a p h y wit h a 

sili c a or p ol y m er st ati o n ar y p h as e ( 1 6 0). C o n v e nti o n al H P L C c ol u m ns oft e n d o n ot pr o vi d e 

a d e q u at e r et e nti o n or s e p ar ati o n of hi g hl y p ol ar c o m p o u n ds. T h o u g h s e p ar ati o n of hi g hl y p ol ar 

c o m p o u n ds usi n g li q ui d c hr o m at o gr a p h y is p ossi bl e, it is n ot wit h o ut diffi c ulti es. I o n- p airi n g 

str at e gi es ar e us ef ul f or o bt ai ni n g s atisf a ct or y r et e nti o n of mi xt ur es of a ci ds, b as es a n d n e utr al 

c o m p o u n ds. R et e nti o n is c o ntr oll e d b y a dj ust m e nts i n p er c e nt a g e of m o bil e p h as es, i o n- p airi n g 

r e a g e nt c o n c e ntr ati o ns, t e m p er at ur e, c ol u m n st ati o n ar y p h as e, s a m pl e p H, a m o n g ot h er v ari a bl es 

( 1 6 1). D e v el o pi n g a s u c c essf ul i o n- p airi n g t e c h ni q u e is c o m pl e x, ti m e- c o ns u mi n g wit h p ot e nti al 

f or m a n y pr o bl e ms, b ut w h e n d o n e c orr e ctl y is a n eff e cti v e t o ol f or i m pr o vi n g t h e r et e nti o n of 

hi g hl y c h ar g e d p ol ar m ol e c ul es. D u e t o t h e c o m pl e xit y of i o n- p airi n g a n d p ot e nti al 

i n c o m p ati biliti es of i o n-e x c h a n g ers wit h m ass s p e ctr o m etr y ( M S), r e v ers e d -p h as e s e p ar ati o n is 

oft e n t h e b est st arti n g p oi nt t o d e v el o p a m et h o d f or t h e s e p ar ati o n of hi g hl y p ol ar c o m p o u n ds 

( 1 6 2). R P s e p ar ati o n off ers a m or e si m plisti c a p pr o a c h, l o w er p ot e nti al f or pr o bl e ms, e asi er 

tr o u bl es h o oti n g a n d b ett er c ol u m n p erf or m a n c e.  I n or d er t o r et ai n t h e m o st p ol ar c o m p o u n ds 

a n d pr e v e nt t h e m fr o m el uti n g wit h t h e s ol v e nt fr o nt (t 0 ), v ari o us p ar a m et ers c a n b e e x pl or e d t o 

i n cr e as e r et e nti o n of p ol ar c o m p o u n d s. L o w p H c o n diti o ns s u p pr ess  i o ni z ati o n of a ci ds, m a ki n g 

t h e m n e utr al a n d m or e li k el y t o b e r et ai n e d i n a R P c ol u m n ( 1 6 1). A d diti o n of 0. 1 % 

trifl u or o a c eti c a ci d ( T F A) or 0. 1 % f or mi c a ci d i n b ot h or g a ni c a n d w at er m o bil e p h as es m a y 

i m pr o v e r et e nti o n of a ci di c c o m p o u n ds ( 1 6 1). P h os p h at e b uff er ( ~ 1 0- 2 5 m M) a dj ust e d t o p H 2. 5 

i s a n a d diti o n al alt er n ati v e t o T F A or f or mi c a ci d, b ut is n ot M S c o m p ati bl e. R et ai n m e nt of b asi c 

c o m p o u n ds g e n er all y r e q uir e a m o bil e p h as e wit h p H gr e at er t h a n 8. M o bil e p h as es wit h p H 

gr e at er t h a n 8 ar e n ot r e c o m m e n d e d f or sili c a -b as e d R P c ol u m n us e as t h e sili c a b a c k b o n e is 

s ol u bl e at hi g h p H l e v els ( 1 6 1). I n t er ms of R P c ol u m ns, usi n g t h e m ost n o n- p ol ar c ol u m n 

a v ail a bl e c a n all o w f or m a xi m u m r et e nti o n of p ol ar a n al yt es. Sili c a- b as e d C 1 8  b o n d e d p h as es ar e 

m or e n o n- p ol ar t h a n sili c a - b as e d C8  or C4  c ol u m ns a n d s h o ul d b e s el e ct e d o v er a C8  or C4  

b o n d e d p h as e ( 1 6 1 ). If t h e a n al yt e of i nt er est is el uti n g at t0 wit h a n or g a ni c s ol v e nt c o n c e ntr ati o n 

of 5 %, r e d u ci n g t h e or g a ni c s ol v e nt c o n c e ntr ati o n t o 2- 3 % m a y all o w f or r eli a bl e s e p ar ati o ns 

( 1 6 1). C a uti o n n e e ds t o b e us e d w h e n usi n g or g a ni c p h as e p er c e nt a g es l o w er t h a n 5 % as t h e 

b o n d e d p h as e i n t h e c ol u m n m a y c oll a ps e i n t h e 9 7- 9 8 % a q u e o us r e gi o n ( 1 6 2 ). If usi n g l ess t h a n 
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2 % or g a ni c s ol v e nt i n t h e m o bil e p h as e is d esir a bl e, a c ol u m n d esi g n e d f or t his p ur p os e s h o ul d 

b e s el e ct e d.  

 

2. 2. 4 S e p a r ati o n c h all e n g es wit h b is p h os p h o n at es a n d bis ph os p h o n at e -

c o nj u g at e d c o m p o u n ds  

T h e p h os p h o n at e gr o u ps pr es e nt i n bis p h os p h o n at e a n d bis p h os p h o n at e- c o nj u g at e d 

c o m p o u n ds ar e a l ar g e h ur dl e f or a n al yti c al d et e cti o n . T h e f oll o wi n g ar e t h e m aj or diffi c ulti es 

e n c o u nt er e d wit h B Ps a n d B P- c o nj u g at e d c o m p o u n ds: 1) t h e p h os p h o n at e gr o u ps ar e hi g hl y 

p ol ar a n d str o n gl y i o ni c, t h er ef or e it is diffi c ult t o r et ai n o n n o n- p ol ar st ati o n ar y p h as es s u c h as a 

C 1 8  or C8  c ol u m n; 2) B P s h a v e s e v er al p K a  v al u es t h at s p a n t h e e ntir e p H r a n g e, r es ulti n g i n 

diffi c ulti es m ai nt ai ni n g a si n gl e s p e ci es i n s ol uti o n f or c o nsist e nt s e p ar ati o n; 3) p h os p h o n at e 

gr o u ps h a v e m et al c h el ati n g a biliti es, r es ulti n g i n c hr o m at o gr a p hi c p e a k t aili n g a n d s a m pl e 

c arr y o v er ( 1 6 3- 1 6 5). Ulti m at el y, r et e nti o n of B Ps a n d B P- c o nj u g at e d c o m p o u n ds is p o or a n d 

i n c o nsist e nt usi n g r e g ul ar r e v ers e- p h as e c hr o m at o gr a p h y. S e p ar ati o n g ets e v e n m or e 

c o m pli c at e d w h e n si m ult a n e o us d et e cti o n of diff er e nt B Ps is r e q uir e d as t h e c h e mi c al str u ct ur e 

of B Ps ar e si mil ar, diff eri n g o nl y i n t h e v ari a bl e R 1  c h ai n ( 1 6 4). I n g e n er al, n o n- d eri v ati z e d 

bis p h os p h o n at es h a v e b e e n r e g ar d e d as eit h er b ei n g i n c o nsist e nt or u ns uit a bl e f or a n al ysis usi n g 

c o n v e nti o n al H P L C or L C- M S/ M S m et h o ds ( 1 6 6). D es pit e t h e m a n y a n al yti c al a n d 

c hr o m at o gr a p hi c c h all e n g es t h at B Ps a n d B P- c o nj u g at e d c o m p o u n ds p os e, s o m e dir e ct d et e cti o n 

a n d i n dir e ct d et e cti o n m et h o ds h a v e b e e n s u c c essf ull y e m pl o y e d f or d et e cti o n ( 1 6 4 ). T h e v ast 

m aj orit y of i n dir e ct m et h o ds f or B P d et e cti o n h a v e i n v ol v e d d eri v ati z ati o n or m et al -fr e e H P L C, 

w hil e dir e ct d et e cti o n m et h o ds d o n ot.  

Dir e ct d et e cti o n m et h o ds h a v e pr e d o mi n a ntl y utili z e d i o n- e x c h a n g e c hr o m at o gr a p h y 

(I E C) usi n g a n a ni o n- e x c h a n g e c ol u m n f or s e p ar ati o n a n d eit h er c o n d u cti v e d et e cti o n ( 1 6 7), 

r efr a cti v e i n d e x d et e cti o n ( 16 8 ), el e ctr o c h e mi c al d et e cti o n ( 16 9 ), or m ass s p e ctr o m etr y 

( 1 6 4, 1 6 6). I o n-p air R P - H P L C m et h o ds h a v e als o b e e n r e p ort e d f or dir e ct d et e cti o n of 

c hr o m o p h or e c o nt ai ni n g B Ps i n cl u di n g, z ol e dr o ni c a ci d ( 1 7 0, 1 7 1) a n d til u dr o n at e ( 1 7 2, 1 7 3), 

t h o u g h d et e cti o n of n o n- c hr o m o p h or e c o nt ai ni n g c o m p o u n d s h as b e e n m u c h l ess s uc c essf ul 

( 1 6 4). R e pl a ci n g m et al h ar d w ar e ( e. g. s a m pl e n e e dl e, i nj e cti o n v al v es, c ol u m n a n d t u bi n g) wit h 

m et al fr e e alt er n ati v es i n L C -M S/ M S s yst e ms h as b e e n r e p ort e d t o a d dr ess iss u es wit h 

c hr o m at o gr a p hi c p e a k t aili n g a n d r e d u c e c arr y o v er w h e n a n al y zi n g B P s ( 1 6 6).  
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I n dir e ct m et h o ds f or t h e s e p ar ati o n a n d d et er mi n ati o n of B Ps a n d B P- c o nj u g at e d 

c o m p o u n ds ar e b as e d o n d eri v ati z ati o n. Of t h e v ari o us d eri v ati z ati o n m et h o ds, t h e y all ai m t o 

a d dr ess at l e ast o n e tr o u bl es o m e as p e ct t h at p h os p h o ni c a ci ds p os e f or tr a diti o n al d et e cti o n 

m et h o ds. D eri v ati z ati o n h as b e e n us e d t o i n cr e as e v ol atilit y, i ntr o d u c e a c hr o m o p h or e i nt o a B P, 

or pr e v e nt t h eir m et al c h el ati n g a biliti es. N u m er o us m et h o ds utili zi n g g as c hr o m at o gr a p h y ( G C) 

a n d R P- H P L C f or s e p ar ati o n a n d d et e cti o n usi n g fl u or es c e n c e or m ass s p e ctr o m etr y f or 

d eri v ati z e d B Ps a n d B P- c o nj u g at es h a v e b e e n s u c c essf ull y r e p ort e d t o d at e ( 1 6 4, 1 6 5, 1 7 4, 1 7 5-

1 8 1). Is o b ut yl c hl or of or m at e a n d B S T F A h a v e b e e n us e d as d eri v ati zi n g a g e nts t o i n cr e as e 

c o m p o u n d v ol atilit y, all o wi n g f or t h e d et er mi n ati o n of cl o dr o n at e ( 1 8 0 ), eti dr o n at e ( 18 1), a n d 

p a mi dr o n at e ( 1 8 2) usi n g G C. I ntr o d u cti o n of fl u or o g e ni c l a b els c o u pl e d t o t h e a mi n o gr o u ps o n 

s e v er al B Ps h as all o w e d f or fl u or es c e n c e d et e cti o n a n d s e p ar ati o n usi n g R P -H P L C t o t h e 

n a n o gr a m l e v el ( 1 6 4, 1 7 5- 1 7 7, 1 7 9, 1 8 3). P er h a ps t h e m ost c o m m o n m et h o d f or t h e d et er mi n ati o n 

of B Ps a n d B P- c o nj u g at e d c o m p o u n ds h as b e e n t h e us e of t h e d eri v ati zi n g a g e nt 

tri m et h ylsil y di a z o m et h a n e ( T M S D). W h e n us e d s af el y, T M S D is a bl e t o effi ci e ntl y m et h yl at e 

t h e p h os p h o n at e gr o u ps, eff e cti v el y n e utr ali zi n g t h e m a n d pr e v e nti n g t h e m fr o m bi n di n g t o 

m et al h ar d w ar e c o m p o n e nts d uri n g L C s e p ar ati o n a n d i m pr o v e t h eir s e nsiti vit y i n m ass 

s p e ctr o m etr y. N u m er o us gr o u ps h a v e r e p ort e d s u c c essf ul d eri v ati z ati o n a n d d et e cti o n d o w n t o 

l ow pi c o gr a m c o n c e ntr ati o ns f or s e v er al B P c o m p o u n ds ( 1 6 6, 1 6 6, 1 7 4, 1 7 7, 1 7 8). T o o ur 

k n o wl e d g e, n o gr o u p h as r e p ort e d t h e s u c c essf ul d eri v ati z ati o n, s e p ar ati o n a n d d et e cti o n of a n y 

p e pti d e- c o nj u g at e d bis p h os p h o n at e c o m p o u n d.  

Diffi c ult p h os p h o ni c a ci d gr o u ps i n B P c o nt ai ni n g c o m p o u n ds h as c a us e d r es e ar c h ers t o 

c o m e u p wit h cr e ati v e a n d n o v el s ol uti o ns t o all o w f or t h e d et er mi n ati o n of t h es e c o m p o u n ds. 

T h e us e of i n dir e ct d et e cti o n m et h o ds h as b e e n m or e wi d el y r e p ort e d t h a n dir e ct m et h o ds f or t h e 

d et e cti o n of B Ps a n d B P- c o nj u g at e d c o m p o u n ds ( 1 6 4). F urt h er m or e, i n dir e ct m et h o ds h a v e b e e n 

s u c c essf ull y a p pli e d t o a l ar g er r a n g e of B P c o m p o u n ds w hil e a c hi e vi n g l o w er li mits of d et e cti o n 

a n d gr e at er s e nsiti vit y t h a n dir e ct m et h o ds h a v e b e e n a bl e t o pr o d u c e. 

 

2. 3 L i q ui d C h r o m at o g r a p h y T a n d e m M ass S p e ct r o m et r y 

 L C -M S/ M S is a n a n al yti c al c h e mistr y t e c h ni q u e t h at c o m bi n es t h e p h ysi c al s e p ar ati o n of 

a n al yt es usi n g li q ui d c hr o m at o gr a p h y ( H P L C or U H P L C) wit h m ass a n al ysis fr o m t a n d e m m ass 
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s p e ctr o m etr y d et e ct ors f or t h e  q u a ntit ati o n or i d e ntifi c ati o n of a n al yt es. I n s h ort, li q ui d 

c hr o m at o gr a p h y is a bl e t o s e p ar at e mi xt ur es wit h m ulti pl e c o m p o n e nts a n d all o wi n g t h e a n al yt e 

of i nt er est t o fl o w t o t h e m ass s p e ctr o m etr y p orti o n w hi c h is a bl e t o pr o vi d e m ass i d e ntit y of t h e 

i n di vi d u al c o m p o n e nts i n t h e a n al yt e mi xt ur e wit h hi g h s p e cifi cit y a n d s e nsiti vit y. L C-M S/ M S is 

p o p ul ar a n d p o w erf ul i nstr u m e nt f or c h e mi c al a n al ysis as t h e c o m bi n ati o n of t h e c a p a biliti es 

b et w e e n L C a n d M S ar e e n h a n c e d s y n er gisti c all y. T a n d e m m ass s p e ctr o m etr y ( M S/ M S) f urt h er 

i n cr e as es t h e s e nsiti vit y of m ass a n al ysis b y att a c hi n g a n a d diti o n al m ass s p e ctr o m et er i nt o t h e 

fl o w p at h. M ass s p e ctr o m etr y cr e at es i o ns w hi c h ar e t o b e d et e ct e d. C o m p o u n ds ar e s e p ar at e d b y 

m ol e c ul ar w ei g ht of t h e first m ass s p e ctr o m et er a n d u n d er g o fr a g m e nt ati o n d u e t o c ollisi o n wit h 

g as m ol e c ul es. T h es e fr a g m e nts e xit i nt o t h e s e c o n d m ass s p e ctr o m et er a n d ar e i d e ntifi e d b as e d 

o n t h eir fr a g m e nt ati o n p att er ns. C o u pli n g H P L C or U H P L C t o a n M S/ M S cr e at es a v ers atil e, 

hi g h-t hr o u g h p ut a n d r a pi d a n al yti c al i nstr u m e nt c a p a bl e of i d e ntif yi n g or q u a ntif yi n g m ost 

or g a ni c c o m p o u n ds, r a n gi n g fr o m s m all m et a b olit es, p h ar m a c e uti c al f or m ul ati o ns t o l ar g e 

pr ot ei ns a n d pr ot ei n c o m pl e x es. L C- M S/ M S is s uit a bl e f or a n al ysis of c o m p o u n ds wit h v ari o us 

p ol ariti es, s m all or l ar g e m ol e c ul es, i o ni c, t h er m all y l a bil e a n d i n v ol atil e c o m p o u n ds ( 1 8 4).  

 

2. 3. 1 A n al y sis u si n g L C - M S/ M S 

As m e nti o n e d pr e vi o usl y, t h e L C- M S/ M S i nstr u m e nt is t h e c o m bi n ati o n of a L C 

i nstr u m e nt ( eit h er H P L C or U H P L C) c o u pl e d t o a t a n d e m m a ss s p e ctr o m et er. A n al ysis usi n g 

L C - M S/ M S b e gi ns wit h t h e L C c o m p o n e nt. S a m pl es c o nt ai ni n g t h e a n al yt e of i nt er est will b e 

l o a d e d i nt o a s a m pl e tr a y w h er e a n a ut os a m pl er will wit h dr a w t h e s p e cifi e d v ol u m e of s a m pl e 

a n d p us h t h e s a m pl e i nt o t h e s a m pl e l o o p. T h e m o bil e p h as es us e d f or c hr o m at o gr a p hi c 

s e p ar ati o n i n t h e s yst e m p us h t h e s a m pl e t hr o u g h t h e s a m pl e l o o p fr o m t h e i nj e cti o n p ort i nt o t h e 

c ol u m n o v e n. A n a n al yti c al c ol u m n is pl a c e d i n t h e c ol u m n o v e n, w hi c h is w h er e 

c hr o m at o gr a p hi c s e p ar ati o n of t h e a n al yt e of i nt er est o c c urs. D e p e n di n g o n r u n c o n diti o ns, t h e 

c ol u m n o v e n c a n b e us e d t o m ai nt ai n a d esir e d c o nsist e nt t e m p er at ur e f or t h e d ur ati o n of t h e 

a n al yti c al r u n. Aft er el uti o n fr o m t h e a n al yti c al c ol u m n, t h e el u e nt is di v ert e d t o t h e m ass 

s p e ctr o m et er ( M S) i o nis ati o n s o ur c e w h er e t h e el u e nt is t h e n n e b uli z e d, d es olv at e d  a n d i o ni z e d 

t o cr e at e c h ar g e d p arti cl es f or d et e cti o n i n t h e M S (1 8 5 ). 
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2. 3. 2 C o m p o n e nts of a ta n d e m m ass s p e ct r o m et r y s yst e m  

A t a n d e m m ass s p e ctr o m etr y ( M S/ M S or M S 2 ) s yst e m i s t h e c o upli n g of t w o m ass 

a n al y z ers t o g et h er f or e n h a n c e d s e nsiti vit y a n d s el e cti vit y. A n M S/ M S s yst e m is c o m p os e d of 

t hr e e m aj or c o m p o n e nts; a n i o n s o ur c e, m ass a n al y z er a n d a d et e ct or. T h e w or k d es cri b e d i n t his 

t h esis us es a n E SI + i o n s o ur c e a n d a q u a dr u p ol e m a ss a n al y z er d et e ct or. Ot h er c o m p o n e nts of a 

M S/ M S s yst e m i n cl u d e a v a c u u m s yst e m, nitr o g e n g as fl o w g e n er at or, a n d a c o m p ut er s yst e m 

wit h s oft w ar e c a p a bl e of M S/ M S d at a a n al ysis. W h e n i o ns ar e cr e at e d i n t h e i o n s o ur c e, t h e y 

m a y c olli d e wit h r esi d u al g as ( air, w at er, nitr o g e n)  a n d as s u c h  t h e y m a y b e r e m o v e d b ef or e 

h a vi n g t h e o p p ort u nit y t o r e a c h t h e d et e ct or ( 1 8 6 ). A v a c u u m s yst e m r e d u c es t h e li k eli h o o d of 

t h es e c ollisi o ns a n d e ns ur es t h at i o ns c a n r e a c h t h e d et e ct or. A r ot at or y p u m p  a n d t ur b o m ol e c ul ar 

p u m p ar e r es p o nsi bl e f or cr e ati n g t h e v a c u u m s p a c e. T h e t ur b o m ol e c ul ar p u m p r ot at es wit h hi g h 

s p e e d ( e. g. 6 0, 0 0 0 r p m) t o hit g as m ol e c ul es d o w n a n d r e m o v e g as fr o m t h e v a c u u m c h a m b er 

( 1 8 6). A nitr o g e n g as fl o w g e n er at or i n E SI a p pli c ati o ns is us e d t o g e n er at e nitr o g e n g as o n sit e 

t o cr e at e t h e n e b uli z er g as t h at fl o ws fr o m o utsi d e t h e c a pill ar y t o s pr a y t h e s a m pl e t o cr e at e a 

fi n e mist of c h ar g e d dr o pl ets t h at ai ds i n s ol v e nt s e p ar ati o n fr o m t h e i o ni z e d s a m pl e ( 1 8 5).  

2. 3. 3 El e ct r os p r a y io nis ati o n ( E SI)  

El e ctr os pr a y i o nis ati o n ( E SI) is a s oft i o nis ati o n t e c h ni q u e t h at is a bl e t o tr a nsiti o n t h e 

a n al yt e of i nt er est i nt o t h e g as p h as e wit h o ut fr a g m e nt ati o n ( v olt a g e c h a n g es c a n all o w f or 

fr a g m e nt ati o n, if d esir e d) (1 8 5). R at h er t h a n c o m p o u n ds u n d er g oi n g fr a g m e nt ati o n i nt o s m all er 

c h ar g e d p arti cl es, i nt a ct c o m p o u n ds ar e i nst e a d i o ni z e d i nt o s m all dr o pl ets. E SI is a d es or pti v e 

i o nis ati o n t e c h ni q u e, m e a ni n g it c a n b e p erf or m e d o n s oli d or li q ui d s a m pl es t h at ar e n o n-v ol atil e 

or t h er m all y u nst a bl e. F urt h er a d v a nt a g es i n cl u d e t h e a bilit y t o a n al y z e i nt a ct n o n -c o v al e nt 

c o m pl e x es ( e. g. li g a n d a n d pr ot ei n bi n di n g) a n d t h e pr o d u cti o n of m ulti p l y- c h ar g e d i o ns f or 

l ar g e a n al yt e m ol e c ul es, e n a bli n g a n al ysis of l ar g e pr ot ei ns or c o m pl e x es (1 8 5). D u e t o t h es e 

a d v a nt a g es, E SI  is t y pi c all y us e d f or t h e a n al ysis of p e pti d es, pr ot ei ns, pr ot ei n c o m pl e x es a n d 

ot h er bi ol o gi c al m a cr o m ol e c ul es.  

  T h e tr a nsf er of c o m p o u n ds fr o m s ol uti o n i nt o t h e g as p h as e o c c urs i n t hr e e m aj or 

pr o c ess es: 1) pr o d u cti o n of c h ar g e d dr o pl ets fr o m el e ctr ol yt e diss ol v e d i n s ol v e nt, 2) s hri n k a g e 

of c h ar g e d dr o pl ets b y s ol v e nt e v a p or ati o n a n d t h e n fissi o n of t h e dr o pl ets a n d 3) d es or pti o n of 

g as e o us i o ns ( 18 6- 1 8 8 ). A c o nti n u o us str e a m of s a m pl e fr o m t h e a n al yti c al c ol u m n is p ass e d 

t hr o u g h a st ai nl ess st e el fi n e c a pill ar y t u b e, w hi c h h as a n a p pli e d p ositi v e v olt a g e of 2. 5- 6. 0 k V 
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( 1 8 7). T h e hi g h el e ctr ost ati c f or c e i n t h e c a pill ar y t u b e l e a ds t o c h ar g e s e p ar ati o n i n t h e s ol uti o n. 

I n p ositi v e-i o n m o d e, t h e c ati o ns i n s ol uti o n mi gr at e t o w ar ds t h e c o u nt er-el e ctr o d e w hil e t h e 

a ni o ns i n t h e s ol uti o n mi gr at e a w a y fr o m t h e c o u nt er- el e ctr o d e t o w ar ds t h e c a pill ar y ti p ( 1 8 9).  

Mi gr ati o n of t h e c ati o ns t o w ar ds t h e c o u nt er- el e ctr o d e is c o u nt er e d b y t h e s urf a c e t e nsi o n of t h e 

li q ui d a n d t h e m e nis c us f or ms i nt o a c o n e ( k n o w n as a T a yl or c o n e) at t h e c a pill ar y ti p 

( 1 8 5, 1 8 8). A fi n e str e a m of hi g hl y c h ar g e d fi n e dr o pl ets f or m wit h t h e s a m e p ol arit y as w hi c h 

t h e c a pill ar y v olt a g e is g e n er at e d a n d is ej e ct e d fr o m t h e ti p a n d a c c el er at e d t o w ar ds t h e c o u nt er 

el e ctr o d e ( 1 8 5, 1 8 6, 1 9 1 ). T he a p pli e d p ot e nti al, s ol v e nt fl o w r at e, s ol v e nt c h ar a ct eristi cs a n d 

c a pill ar y di a m et er ar e all f a ct ors w hi c h i nfl u e n c e t h e si z e of t h e dr o pl ets f or m e d ( 1 8 6). I n 

p ositi v e i o n m o d e e a c h dr o pl et c o nt ai ns a l ar g e e x c ess of p ositi v e c h ar g e a n d i n n e g ati v e i o n 

m o d e t h e dr o pl ets c o nt ai n a n e x c ess of n e g ati v e c h ar g e. T h e c h ar g e d dr o pl ets tr a v ers e d o w n a 

pr ess ur e gr a di e nt t o w ar d t h e a n al ys er r e gi o n of t h e m ass s p e ctr o m et er w h er e t h e dr o pl ets s hri n k 

i n di a m et er b y dr o pl et d es ol v ati o n, w hi c h is ai d e d b y t h e hi g h E SI-so ur c e t e m p er at ur e a n d 

nitr o g e n dr yi n g g as ( 1 8 5, 1 8 8, 1 8 9). Dr o pl et fissi o n ( “ C o ul o m b e x pl osi o n ”) o c c urs w h e n t h e 

c h ar g e r e p ulsi o n e x c e e ds t h e s urf a c e t e nsi o n h ol di n g t h e dr o pl et t o g et h er, t his i nst a bilit y li mit is 

k n o w n as t h e “ R a yl ei g h li mit ” ( 1 8 5, 1 8 8). C o nti n u e d s ol v e nt e v a p or ati o n a n d fissi o n o c c urs 

r es ulti n g i n c o nti n u o us d e pl eti o n of dr o pl et si z e a n d ar e k n o w n as s e c o n d- g e n er ati o n dr o pl ets 

( 1 8 5, 1 8 7, 1 8 8). T h es e dr o pl ets m a y r es ult i n a fi n al f or m ati o n of c o nt ai ni n g a si n g ul ar i o n a n d 

b ei n g o nl y 1 0 t o 2 0 n m i n si z e. 
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Fi g u r e 2. 3 : D e pi cti o n of t h e E SI i nt e rf a c e 
A) Di a gr a m of el e ctr o c h e mi c al pr o c ess es a n d T a yl or c o n e f or m ati o n i n t h e E SI s o ur c e of a n M S 
i nstr u m e nt. I n p ositi v e-i o n m o d e, o xi d ati o n o c c urs at t h e m et al c a pill ar y w hil e r e d u cti o n o c c urs at 
t h e c o u nt er el e ctr o d e. At t h e el e ctr os pr a y n e e dl e, t h er e is a n a c c u m ul ati o n of p ositi v e i o ns t h at will 
e x p a n d i nt o t h e T a yl or c o n e w h e n el e ctri c fi el d str e n gt h o v er c o m es t h e s ol v e nt s urf a c e t e nsi o n t o 
f or m dr o pl ets. T h e dr o pl ets s hri n k t hr o u g h s ol v e nt e v a p or ati o n a n d fissi o n t o f or m g a s e o us i o ns.  B) 
Di a gr a m of a T a yl or c o n e. A d a pt e d a n d m o difi e d fr o m s o ur c e 1 8 9.  
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T h er e ar e t w o m e c h a nis ms of g as - p h as e i o n pr o d u cti o n t h at att e m pt t o e x pl ai n i o n 

pr o d u cti o n fr o m t h e dr o pl ets: t h e c h ar g e-r esi d u e m o d el ( C R M) a n d t h e i o n- e v a p or ati o n m o d el 

(I E M) (1 8 5, 1 9 0). T h e I E M p ost ul at es t h at i o ns ar e d es or b e d dir e ctl y t o t h e g as p h as e fr o m t h e 

v er y s m all ( 1 0 t o 2 0 n m) dr o pl ets. I n or d er f or a n i o n t o u n d er g o e x p ulsi o n, t h e el e ctri c fi el d 

str e n gt h ( E) n e e ds t o e x c e e d t h e s ol v ati o n e n er g y ( ∆ G s ol) of t h e c o m p o u n d b ut r e m ai n l ess t h a n 

t h e R a yl ei g h li mit (1 8 5, 1 8 9). A n al yt e i o ns ar e a bl e t o o v er c o m e t h e s ol v ati o n e n er g y m or e 

effi ci e ntl y t h a n n e utr al c o m p o u n ds, i n cr e asi n g t h eir a bilit y t o b e c o m e a n i o n i n t h e g as p h as e. 

T h e I E M m et h o d w or ks w ell t o e x pl ai n i o n pr o d u cti o n f or c o m p o u n ds u p t o ~ 3 5 0 0 M W ( 1 8 5). 

T h e C R M p ost ul at es t h at dr o pl et fissi o n a n d s ol v e nt e v a p or ati o n is r e p e at e d n u m er o u s ti m es, 

u ntil t h e dr o pl et d e cr e as es t o a si z e s o s m all ( ~ 1  n m r a di us) t h at it c o nt ai ns o nl y o n e s ol ut e 

m ol e c ul e wit h a si n g ul ar c h ar g e d i o n ( 1 8 5). U p o n t ot al e v a p or ati o n of s ol v e nt, t h e m ol e c ul e is a 

b ar e g as - p h as e i o n a n d is r el e as e d i nt o t h e a m bi e nt g as w hil e r et ai ni n g t h e c h ar g e ( 1 8 9). C R M is 

us e d t o e x pl ai n t h e i o nis ati o n of pr ot ei ns wit h a M W > 3 5 0 0 as l ar g e m ol e c ul es h a v e a l ar g e 

s ol v ati o n e n er g y ( ∆ G s ol) t h at e x c e e ds t h e el e ctri c fi el d str e n gt h ( E). D u e t o t h e i n a bilit y f or t h e 

el e ctri c fi el d t o e x c e e d s ol v ati o n e n er g y, I E M w o ul d pr e di ct t h at n o pr ot ei n i o n s h o ul d b e 

o bs er v e d. C R M st at es t h at l ar g e m ol e c ul es ar e a bl e t o b e i o ni z e d as c o nti n u o us dr o pl et s hri n k a g e 

f or ms a s alt cl ust er a n d a n i o n si g n al is g e n er at e d f or l ar g e m ol e c ul es b y utili zi n g t h e fr o nt- e n d 

v olt a g e of t h e M S t o k n o c k off r esi d u al a ni o ns fr o m t h e s alt cl ust er ( 1 8 5).  

 

 

 

   

 

 

 

 

 

 

 

2. 3. 4 El e ct r os p r a y c o nsi d e r ati o ns w it h p e pti d es a n d p r ot ei ns  

 

a n al yt e  

+  +  +  
+  

+  +  

+  
+  

+  
+  

+  

+  +  +  
+  

+  +  

+  
+  

+  
+  

+  

+  
+  

+  +  

+  +  
+  

+  +  
+  

+  +  +  
+  +  

+  
+  +  +  

+  +  

+  
+  

+  

+  

+  

+  
+  

+  

+  

+  
+  

+  

+  +  

+  
+  

fissi o n i o n e v a p or ati o n  

fi el d-assist e d  i o n d es or pti o n 

A) C R M  

B) I E M  

Fi g u r e 2. 4: O v e r vi e w of t h e I E M a n d C R M m o d els t h at e x pl ai n t h e d es o r pti o n of i o ns 
f r o m c h a r g e d d r o pl ets i nt o t h e g as p h as e. A) c h ar g e-r esi d u e m o d el; b) i o n- d es or pti o n 
m o d el. A d a pt e d a n d m o difi e d fr o m s o ur c e 1 8 8. 
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As st at e d i n t h e pr e vi o us s e cti o n, I E M c a n e x pl ai n t h e i o ni z ati o n of p e pti d es u p t o ~ 3 5 0 0 

M W, w hil e t h e C R M m o d el e x pl ai ns t h e i o ni z ati o n of p e pti d es a n d pr ot ei ns wit h a n M W > 

3 5 0 0. F urt h er m or e, it is b eli e v e d t h at t h e I E M m o d el a p pli es t o i o ns wit h si g nifi c a nt s urf a c e 

a cti vit y (i. e. h y dr o p h o bi c m ol e c ul es) a n d t h e C R M m o d el a p pli es t o h y dr o p hili c s p e ci es ( 1 9 0). 

T his is l ar g el y e x pl ai n e d b y t h e s ol v ati o n e n er g y of h y dr o p hili c s p e ci es b ei n g l ar g er t h a n t h e 

s ol v ati o n e n er g y of h y dr o p h o bi c s p e ci es ( ∆ G s ol h y dr o p hili c > ∆ G s ol h y dr o p h o bi c). Pr ot ei ns i n 

s ol uti o n ar e hi g hl y c h ar g e d wit h t h e n u m b er of c h ar g es p er pr ot ei n m ol e c ul e i n cr e asi n g wit h 

i n cr e as e d M W. T h e n u m b er of c h ar g es o n a pr ot ei n m ol e c ul e is r o u g hl y e q u al t o t h e n u m b er of 

c h ar g es o n a dr o pl et at t h e R a yl ei g h li mit ( 1 8 5). At t h e R a yl ei g h li mit, C o ul o m bi c e x pl osi o n 

r es ults w h e n t h e s urf a c e t e nsi o n of t h e dr o pl et is e x c e e d e d a n d t h e dr o pl et e x pl o d es. A pr ot ei n 

c a n n ot e x pl o d e as  it is a si n gl e e ntit y, r at h er t h e pr ot ei n c a n o nl y c h a n g e c o nf or m ati o n i n 

s ol uti o n t o a c c o m m o d at e m or e c h ar g es ( 1 8 5). H o w e v er, t h e m a xi m u m n u m b er of c h ar g es c a n n ot 

b e gr e at er t h a n t h e R a yl ei g h li mit, t h er ef or e t h e i o n e v a p or ati o n m o d el c a n n ot e x pl ai n t h e 

g e n er ati o n of pr ot ei n i o ns i n E SI ( 1 8 5 ).  

I n M S a n al ysis, t h e i o n m/ z will n ot b e t h e s a m e as t h e t h e or eti c al m ol ar m ass of t h e 

a n al yt e. T his is b e c a us e as a n al yt es b e c o m e c h ar g e d t h e y c a n g ai n or l os e pr ot o ns sli g htl y 

c h a n gi n g t h eir m a ss ( m) b y +/ - 1 (f or a si n gl y c h ar g e d a n al yt e). O n e of t h e m aj or a d v a nt a g es of 

E SI m o d e is t h at it c a n pr o d u c e m ulti pl y -c h ar g e d i o ns f or l ar g e m ol e c ul es ( z > 1), e n a bli n g t h e 

a n al ysis of l ar g e pr ot ei ns or c o m pl e x es. M ulti pl y c h ar g e d s p e ci es will h a v e diff e r e nt c h ar g e 

st at es ( z) c orr es p o n di n g t o t h eir c h ar g e d st at e (i. e. z = 1, 2, 3, 4, et c.). T h e n u m b er of pr ot o ns g ai n e d 

c orr es p o n ds t o t h e n u m b er of c h ar g es a c q uir e d o n t h e a n al yt e. 

 

2. 3. 5 M o bil e p h as e c o nsi d e r ati o ns f o r m ass s p e ct r o m et r y a p pli c ati o ns  

If a n M S e x p eri m e nt is t o b e c o n d u ct e d, t h er e ar e s p e ci al c o nsi d er ati o ns t h at m ust b e 

c o nsi d er e d w h e n s el e cti n g a n d o pti mi zi n g m o bil e p h as es t o a c hi e v e s e nsiti v e M S d et e cti o n of 

a n al yt es. F or E SI a p pli c ati o ns, t h e s ol v e nt s h o ul d s u p p ort i o ns i n s ol uti o n. S ol v e nts w it h 

i n cr e asi n g l e v els of vis c osit y a n d l ess v ol atil e a n d will r e d u c e s e nsiti vit y (1 9 1). S ol v e nt 

m o difi ers (i. e. s ol v e nt a d diti v es t o alt er p H) wit h i n cr e asi n g or g a ni c p er c e nt a g e gi v es b ett er 

s e nsiti vit y d u e t o d e cr e as e d s urf a c e t e nsi o n a n d l o w er s ol v ati o n e n er gi es f or p ol ar a n al yt es ( 1 9 1). 
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C o m m o nl y us e d R P s ol v e nts ar e s uit a bl e f or E SI a p pli c ati o ns ( e. g. w at er, a c et o nitril e a n d 

m et h a n ol), h o w e v er s o m e c o m m o n s ol v e nt m o difi ers us e d i n R P c hr o m at o gr a p h y ar e n ot 

c o m p ati bl e f or M S a p pli c ati o n ( 1 8 5 ). All s ol v e nt m o difi ers m ust b e v ol atil e a n d n ot f or m i o n 

p airs. C o m p ati bl e s alts a n d a ci ds i n cl u d e a m m o ni u m a c et at e, a m m o ni u m f or m at e a n d a c eti c a ci d 

a n d f or mi c a ci d, r es p e cti v el y ( 1 8 5). I n c o m p ati bl e s ol v e nt m o difi ers i n cl u d e s o di u m s alts, 

p ot assi u m s alts, trifl u or o a c eti c a ci d ( T F A), a n d tri c hl or o a c eti c a ci d ( T C A) ( 1 8 5). T h es e s ol v e nt 

m o difi ers h a v e b e e n s h o w n t o eit h er b e i n v ol atil e, pr o d u c e str o n g i o n p airi n g c o m p o u n ds t h at 

c o nt a mi n at e t h e i nt erf a c e, s u p pr ess i o ni z ati o n, or a c o m bi n ati o n of t h es e iss u es. Tr a nsiti o ni n g a n 

H P L C m et h o d f or M S a p pli c ati o ns m a y p os e c h all e n g es, as m a n y p e pti d e/ pr ot ei n s e p ar ati o n 

H P L C m et h o ds r e q uir e t h e us e of T F A or T C A t o i m pr o v e p e a k s h a p e, t h o u g h t h es e a d diti v es 

r es ult i n i o n- p airi n g c a usi n g i o nis ati o n s u p pr essi o n i n E SI (l o w t o n o si gn al i n M S). I o nis ati o n 

s u p pr essi o n r es ults d u e t o a d diti v es i n hi biti n g t h e c h ar g e d s e p ar ati o n st e p d uri n g dr o pl et 

s hri n k a g e a n d fissi o n t hr o u g h i o n- p airi n g, c a usi n g i o ns t o b e c o m e n e utr al a n d r esi d e i n t h e 

dr o pl et b ul k, r at h er t h a n o n t h e s urf a c e of t h e dr o pl et ( 1 8 5 ). A l ar g er p er c e nt a g e of i o n- p air e d 

n e utr al c o m p o u n ds i n t h e dr o pl et b ul k r at h er t h a n at t h e s urf a c e r es ults i n a l o w er li k eli h o o d of 

f or mi n g a n i o ni z e d offs pri n g dr o pl et. Tr a nsiti o ni n g fr o m a T F A a d diti v e t o a M S c o m p ati bl e 

a d diti v e li k e f or mi c a ci d m a y r e d u c e t h e r et e nti o n of s o m e p e pti d es b ut f or mi c a ci d h as b e c o m e 

t h e st a n d ar d f or M S p e pti d e a p pli c ati o ns as it is still a bl e t o pr o vi d e a l o w p H t o pr o m ot e a n al yt e 

i o ni z ati o n a n d off ers si g nifi c a ntl y e n h a n c e d M S si g n al o v er T F A ( 1 6 7, 1 8 5).  

 

2. 3. 6 Q u a d r u p ol e m ass a n al y z e rs i n a ta n d e m m ass s p e ct r o m et e r s yst e m  

I n or d er t o o bt ai n str u ct ur al, m ass, a n d/ or q u a ntifi c ati o n i nf or m ati o n, t h e pr e c urs or i o n of 

i nt er est is a c c el er at e d o ut of t h e i o n s o ur c e a n d i nt o a v a c u u m w h er e t h e y c a n b e s el e ct e d o n t h e 

b asis of t h eir m ass usi n g a m ass a n al y z er a n d fr a g m e nt e d i n t h e c ollisi o n c ell ( 1 8 7). A s e c o n d 

m ass a n al y z er is t h e n us e d t o a n al y z e t h e fr a g m e nts l e a vi n g t h e c ollisi o n c ell. T h es e fr a g m e nt 

i o ns ar e w h at is us e d t o o bt ai n str u ct ur al, m ass a n d/ or q u a ntifi c ati o n i nf or m ati o n fr o m t h e 

ori gi n al s a m pl e. T h e c o m bi n ati o n of t w o or m or e a n al y z ers i n s e q u e n c e is r es p o nsi bl e f or t h e 

hi g h l e v els of s el e cti vit y a n d r es ol uti o n i n a M S/ M S e x p eri m e nt. A n al y z ers ar e a bl e t o 

disti n g uis h a n d s e p ar at e i o ns b as e d off t h eir m o v e m e nt t hr o u g h a m a g n eti c or el e ctri c al fi el d 

w hi c h is l ar g el y d et er mi n e d b y t h eir m ass- t o-c h ar g e r ati o ( m/ z r ati o). A q u a dr u p ol e m ass 

a n al y z er ( Fi g ur e 2. 5) is t h e m ost c o m m o nl y us e d a n al y z er i n a cli ni c al l a b or at or y s etti n g ( 1 8 4). 
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( +) D C v olt a g e 

(-) D C v olt a g e 

S o u r c e  

D et e ct o r  

Fi g u r e 2. 5: D e pi cti o n of a q u a d r u p ol e m ass a n al ys e r . I o ns tr a v el fr o m t h e s o ur c e t hr o u g h t h e 
t w o p airs of m et al r o ds i n a n os cill ati n g tr aj e ct or y i n t h e z- a xis  t o w ar ds t h e d et e ct or. M o difi e d fr o m 
s o ur c e 1 8 5.  

+  +  

- 

- 

A q u a dr u p ol e a n al y z er is c o m p os e d of a n ass e m bl y of f o ur p ar all el m et al r o ds ass e m bl e d i n t w o 

p airs at a n e q u al dist a n c e a p art ( 1 8 4, 1 9 2). T h e first t w o r o ds ar e s u bj e ct e d t o t h e s a m e a p pli e d 

v olt a g e, w hi c h is diff er e nt fr o m t h at of t h e s e c o n d p air of r o ds est a blis hi n g a t w o- di m e nsi o n al 

q u a dr u p ol e fi el d i n t h e x- y pl a n e ( 1 8 7, 1 9 2). T h e r es ulti n g el e ctri c al fi el d is d e p e n d e nt u p o n t h e 

r a di o fr e q u e n c y ( R F) a n d t h e dir e ct c urr e nt ( D C) v olt a g e w hi c h ar e a p pli e d t o t h e f o ur r o ds 

( 1 9 2). T h e R F p ot e nti al c h a n g es i n a c y cli c al m a n n er fr o m p ositi v e t o n e g ati v e ( 1 8 8). T h e 

el e ctri c fi el d c a us es i o ns t o tr a v el f or w ar d i n t h e z dir e cti o n wit h os cill at or y m oti o n i n t h e x- y 

pl a n e as i o ns ar e attr a ct e d b y o n e s et of r o ds a n d r e p uls e d b y t h e s e c o n d s et ( 1 8 7, 1 9 2 ). C h a n g es 

t o t h e D C a n d R F v olt a g es c an r es ult i n st a bl e tr aj e ct ori es t h at s el e ct f or d esir a bl e m/ z r ati os t h at 

tr a v el al o n g t h e z-a xis t o r e a c h t h e d et e ct or w hil e u n d esir a bl e i o ns wit h u nst a bl e tr aj e ct ori es will 

c olli d e wit h t h e q u a dr u pl e r o ds, b e c o m e n e utr ali z e d a n d f ail t o r e a c h t h e d et e ct o r (1 8 7 , 1 8 8, 1 9 2). 

P ositi v e r o ds a ct as a hi g h -p ass filt er f or h e a vi er i o ns w hil e t h e n e g ati v e r o ds a ct as a l o w -p ass 

filt er f or li g ht er i o ns ( Fi g ur e 2. 6) ( 1 8 8). I o ns wit h a p arti c ul ar m/ z r ati o t h at d o n ot c olli d e wit h 

t h e q u a dr u pl e r o ds will tr a v el t h e w h ol e a n al yz er l e n gt h a n d m o v e o n t o t h e n e xt st e ps w hi c h c a n 

b e d et e cti o n, fr a g m e nt ati o n a n d e ntr y i nt o a s e c o n d m ass a n al y z er.  
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t r a ns mitt e d 

- R o ds  + R o ds  

Fi g u r e 2. 6: Di a g r a m s h o wi n g h o w p ositi v e r o ds a ct as a “ hi g h -p ass filt e r ” ( hi g h m ass es p ass 
t h r o u g h) a n d n e g ati v e r o ds a ct as a “l o w- p ass filt e r ” (l o w m ass es p ass t h r o u g h).  T o g et h er, t h e 
q u a dr u p ol e is a bl e t o a ct as a m ass filt er a n d s el e ct f or o nl y i o ns wit h a d esir a bl e m/ z r ati o. A d a pt e d a n d 
m o difi e d fr o m s o ur c e 1 8 5. 

Hi g h m/ z 
c ut off  

L o w  m/ z c ut 
off  

Hi g h  
m/ z 
cl e ars  

L o w m/ z 
cl e ars  
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A t a n d e m q u a dr u p ol e s yst e m ( k n o w n as M S/ M S or a “tri pl e q u a d ”) c o nt ai ns t hr e e 

q u a dr u p ol es s et u p i n a li n e ar arr a n g e m e nt ( Fi g ur e 2. 8 ). I n a tri pl e- q u a d, o nl y t h e first a n d t hir d 

q u a dr u p ol es ar e m ass- s el e cti v e ( 1 9 4). I n a t a n d e m e x p eri m e nt, t h e a n al yt e of i nt er est ( k n o w n as 

t h e pr e c urs or i o n) fr o m t h e i o n s o ur c e is m ass-s el e ct e d i n t h e first q u a dr u p ol e ( Q 1 or M S 1) a n d 

c olli d es wit h a n i n ert g as ( c o m m o nl y ar g o n or h eli u m) i n t h e s e c o n d q u a dr u p ol e c ollisi o n c ell 

Fi g u r e 2. 7: M ulti pl e r e a cti o n m o nit o ri n g.  I n t h e first q u a dr u p ol e ( Q 1), t h e a n al yt e of 
i nt er est e d is s el e ct e d b as e d off t h e m ass-t o-c h ar g e r ati o a n d will p ass i nt o t h e c ollisi o n c ell 
( Q 2), w hil e ot h er c o m p o u n ds of diff eri n g m ass-t o-c h ar g e r ati o will c olli d e wit h t h e r o ds i n Q 1. 
I n t h e c ollisi o n c ell, t h e a n al yt e will c olli d e wit h a n i n ert g as ( e. g. ar g o n or nitr o g e n) a n d c a us e 
fr a g m e nt ati o n. T h e fr a g m e nts ar e t h e n f urt h er s el e ct e d i n t h e t hir d q u a dr u p ol e ( Q 3), wit h t h e 
s el e ct e d m ass t o c h ar g e fr a g m e nts r e a c hi n g t h e d et e ct or. A d a pt e d a n d m o difi e d f r o m s o ur c e 
1 9 3. 
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( Q 2). T h e c ollisi o n c ell is w h er e t h e pr e c urs or i o ns t h at p ass e d t hr o u g h Q 1 ar e fr a g m e nt e d b y t h e 

g as, t his pr o c ess is r ef err e d t o as c ollisi o n -i n d u c e d diss o ci ati o n ( CI D) ( 18 8 ). T h er e is n o D C 

v olt a g e i n Q 2 a p pli e d, o nl y R F p ot e nti al, t h er ef or e i o ns of all m/ z v al u es ar e tr a ns mitt e d ( 1 8 1). 

O n c e fr a g m e nt ati o n h as o c c urr e d i n Q 2, t h e n e wl y f or m e d fr a g m e nt e d d a u g ht er i o ns fr o m CI D 

ar e p ass e d i nt o t h e t hir d a n d fi n al q u a dr u p ol e m ass a n al y z er ( Q 3 or M S 2), t o pr o vi d e str u ct ur al 

a n d q u a ntifi c ati o n i nf or m ati o n ( 1 8 8 ). T he p o w er of t h e t a n d e m M S/ M S s yst e m is t h at w h e n Q 1 

i s s et t o filt er f or o nl y o n e m/ z r ati o, it filt ers o ut all ot h er i o ns wit h diff er e nt m/ z r ati os. T his is 

eff e cti v el y a p urifi c ati o n st e p usi n g t h e M S s yst e m w hi c h i n cr e as es s yst e m s e nsiti vit y, r es ol uti o n 

a n d a v oi ds h a vi n g t o d o a d diti o n al ti m e- c o ns u mi n g a n d c o m pl e x s a m pl e p urifi c ati o n b ef or e M S 

a n al ysis ( 1 8 8 ).  

 

 

2. 3. 7 D at a A c q uisiti o n M o d es i n T a n d e m Q u a d r u p ol e S yst e ms  

T a n d e m q u a dr u p ol e s yst e ms off er a r a n g e of m o d es f or d at a a c q uisiti o ns, t h e y ar e 

d es cri b e d b el o w a n d s u m m ari z e d i n T a bl e 2. 1:  

 

Q 1 S c a n: T h e first q u a dr u p ol e s c a ns c o nti n u o usl y t h o u g h a s p e cifi e d m/ z r ati o r a n g e. All 

i o ns f alli n g i nt o t his r a n g e will p ass t hr o u g h Q 1 a n d i nt o t h e d et e ct or. A Q 1 s c a n is us ef ul t o 

d et er mi n e c o m p o n e nts wit hi n a mi xt ur e or i d e ntif yi n g p ot e nti al pr e c urs or i o ns f or s el e cti o n f or 

CI D a n d d et e cti o n i n Q 3. T h er e is n o CI D fr a g m e nt ati o n i n a Q 1 s c a n. 

So
ur

ce
 

De
te

ct
or

 

Q 1/ M S 1  Q 2  Q 3/ M S 2  

C ollisi o n g as  

Fi g u r e 2. 8: Di a g r a m of a t ri pl e q u a d r u p ol e s yst e m ( M S/ M S).  Q 1 a n d Q 3 ar e m ass a n al y z ers 
als o r ef err e d t o as M S 1 a n d M S 2, r es p e cti v el y. Q 2 is t h e c ollisi o n c ell. A d a pt e d a n d m o difi e d 
fr o m s o ur c e 1 8 7. 
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 Pr e c urs or -i o n s c a n ( p ar e nt s c a n): Q 1 will s c a n c o nti n u o usl y o v er a s et r a n g e of m/ z r ati os 

t o s h o w p ot e nti al pr e curs or i o ns. Q 3 is st ati c a n d will a n al y z e t h e u ni q u e pr o d u ct i o ns r es ulti n g 

fr o m CI D fr a g m e nt ati o n. T h e diff er e n c e b et w e e n a pr e c urs or s c a n a n d a Q 1 s c a n is t h at 

fr a g m e nt ati o n of i o ns o c c urs. O nl y pr e c urs or i o ns t h at g e n er at e t h e pr o d u ct i o ns of i nt er est will 

a p p e ar i n t h e r es ulti n g m ass s p e ctr u m. T his is a us ef ul s c a n m o d e w h e n att e m pti n g t o i d e ntif y 

c o m p o u n ds wit h si mil ar p ol ariti es a n d str u ct ur es ( 1 8 8 ). 

 

Pr o d u ct- i o n s c a n ( d a u g ht er s c a n): Q 1 is st ati c all o wi n g f or o nl y i o ns t h at h a v e b e e n 

c h os e n b y t h e M S o p er at or wit h a s p e cifi c m/ z r ati o t o p ass t hr o u g h Q 2 a n d i nt o Q 3 t o s c a n 

diff er e nt CI D fr a g m e nt e d pr o d u ct i o ns ( 1 8 7 ). Q 3 is s et t o s c a n a n d a n al yz e all of t h e fr a g m e nts 

fr o m Q 2 ( k n o w n as pr o d u ct i o ns). T his s c a n m o d e is us ef ul f or i d e ntif yi n g a mi n o a ci d s e q u e n c es 

of k n o w n or u n k n o w n p e pti d es a n d st u d yi n g m ol e c ul ar str u ct ur e ( 1 8 7).  

 

N e utr al -l oss s c a n: All pr e c urs ors t h at u n d er g o t h e l oss of a c o m m o n n e utr al i o n fr a g m e nt 

fr o m CI D ar e m o nitor e d ( 1 7 5). Q 1 a n d Q 3 s c a n si m ult a n e o usl y at a c o nst a nt diff er e n c e i n m/ z 

r ati o t h at c orr el at es wit h t h e m ass of t h e s p e cifi e d n e utr al (1 8 7 ). T his s c a n h as si mil ar us es t o t h e 

pr e c urs or s c a n f or t h e i d e ntifi c ati o n of si mil arl y r el at e d c o m p o u n ds i n a mi xt ur e. A n e x a m pl e of 

t his is t h e n e utr al l oss of 1 0 2 D a fr o m m ost b ut yl at e d a mi n o a ci ds ( 1 8 7).  

 

S el e ct e d -r e a cti o n m o nit ori n g ( S RM):  T h e M S is s et t o m o nit or t h e i nt e nsit y of s p e cifi c 

m/ z v al u es r at h er t h a n s c a n ni n g o v er a pr e d efi n e d m ass r a n g e a n d r e c or di n g f ull m ass s p e ctr a 

( 1 8 9, 1 9 5). SI M o nl y m o nit ors t h e m ass es of i nt er est a n d alt er n ati v el y “j u m ps ” b et w e e n t h e 

d esir e d m ass es ( 1 8 5 ). R a pi d c h a n g es b et w e e n m/ z v al u es f or w hi c h t h e c h ar a ct eristi c i o ns ar e 

e x p e ct e d all o ws f or t h e SI M m o d e t o b e us e d f or q u a ntit ati v e a n al ysis. SI M is us e d t o i ntr o d u c e 

s el e cti vit y i nt o a n a n al ysis a n d i m pr o v e s e nsiti vit y.  

 

M ulti pl e -r e a cti o n m o nit ori n g ( M R M): A n M R M e x p eri m e nt is c o n d u ct e d b y k e e pi n g 

b ot h Q 1 a n d Q 3 st ati c f or a s el e ct e d p air of pr e c urs or a n d pr o d u ct i o ns ( 1 8 8, 1 8 9). As t h e n a m e 

i m pli es, M R M is a bl e t o m o nit or m or e t h a n o n e r e a cti o n at a ti m e, m e a ni n g m ulti pl e pr e c urs or 

a n d m ulti pl e pr o d u ct i o ns c a n b e s el e ct e d. T his s c a n m o d e off ers t h e hi g h est s p e cifi cit y a n d 
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s e nsiti vit y o ut of all p ossi bl e s c a n m o d es a n d is t h e m ost c o m m o nl y us e d m o d e f or q u a ntit ati v e 

m e as ur e m e nts of a n al yt es i n c o m pl e x s a m pl es.   

 

 

 

 

 

 

 

 

S c a n M o d e  Q 1  O p e r ati o n  Q 2 O p e r ati o n Q 3 O p e r ati o n  

Q 1 s c a n  
 

S c a ns s p e cifi e d r a n g e  N/ A  N/ A  

P r e c u rs o r -i o n s c a n S c a ns o v er s p e cifi e d 
r a n g e f or p ot e nti al 
pr e c urs or i o ns ( m 1 ) 

CI D  St ati c ( n o s c a n)  

P r o d u ct -i o n s c a n St ati c ( n o s c a n) CI D  S c a ns o v er s p e cifi e d 
r a n g e f or pr o d u ct i o ns 

(m 2 ) 

N e ut r al -l oss s c a n S c a n s p e cifi e d r a n g e  CI D  S p e cifi e d s c a n r a n g e 
s hift e d b y m ass c h ar g e  

S el e ct e d -r e a cti o n  
m o nit o ri n g ( S R M)  

M o nit ors o nl y s el e ct e d 
pr e c urs or ( m 1 ) 

CI D  M o nit ors o nl y s el e ct e d 
pr o d u ct ( m 2 ) 

M ulti pl e -r e a cti o n 
m o nit o ri n g ( M R M)  

St ati c ( n o s c a n), s el e ct 
pr e c urs or i o ns ( m 1 ) 

CI D  St ati c ( n o s c a n), s el e ct 
pr o d u ct i o ns ( m 2 ) 

T a bl e 2. 1 S u m m a r y of M S s c a n m o d es c a p a bl e of b ei n g p e rf o r m e d o n a t y pi c al t ri pl e 
q u a d r u pl e m ass s p e ct r o m et e r.  T a bl e a d a pt e d a n d m o difi e d fr o m s o ur c e 1 8 9.  

* M ass es b ef or e fr a g m e nt ati o n = m 1  a n d m as s es aft er CI D fr a g m e nt ati o n = m 2 . T his e x pr essi o n c a n b e 
r e pr es e nt e d a s m 1 = m 2  +  n w h er e n is e q ui v al e nt t o t h e diff er e n c e b et w e e n m 1  a n d  m2 . 
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2. 4 O bj e cti v e of M et h o d D e v el o p m e nt  

T h e o bj e cti v e of t h e w or k d es cri b e d i n C h a pt er 2 “ M et h o d D e v el o p m e nt ” w as ai m e d 

t o w ar d d e v el o pi n g a r o b ust, s e nsiti v e a n d r e pr o d u ci bl e bi o a n al yti c al m et h o d f or t h e d et e cti o n of 

a n o v el b o n e-t ar g eti n g p ar at h yr oi d h or m o n e c o nj u g at e ( B P- P T H). T h e t hr e e- p art m et h o d w as 

o pti mi z e d i n t h e st a g es of: 1) Pr ot ei n pr e ci pit ati o n a n d s oli d -p h as e e xtr a cti o n , 2) H P L C 

c hr o m at o gr a p hi c s e p ar ati o n c o n diti o ns a n d 3) M S a n al ysis. T h es e t hr e e p h as es ar e 

i nt er c o n n e ct e d a n d o pti mi z ati o n i n e a c h p h as e w as d o n e c ar ef ull y t o e ns ur e c o m p ati bilit y wit h 

s u bs e q u e nt p h as es. C o n diti o ns a n d p ar a m et ers w er e v ari e d b et w e e n t h es e t hr e e p h as es u ntil a 

s uit a bl e m et h o d f or d et e cti o n w as d e v el o p e d.  

 

2. 5 V ali d ati o n E x p e ri m e nts a n d A c c e pt a bl e C rit e ri a  

T h e m et h o d w as p arti all y v ali d at e d a c c or di n g t o t h e E ur o p e a n M e di ci n e A g e n c y ( E M A) 

g ui d eli n e o n b i o a n al yti c al m et h o d v ali d ati o n  ( 19 5 ). M et h o d v ali d ati o n w as p erf or m e d i n r at 

pl as m a. T h e f oll o wi n g s u b- s e cti o ns d es cri b e t h e v ali d ati o n e x p eri m e nts a n d t h eir a c c e pt a bl e 

crit eri a as p er t h e E M A  g ui d eli n es f or c hr o m at o gr a p hi c ass a ys ( 1 9 5).  

 

2. 5. 1 Q u alit y c o nt r ol ( Q C) s a m pl es  

Q u alit y c o ntr ol ( Q C) s a m pl es w er e  pr e p ar e d i n t h e s a m e bi ol o gi c al m atri x as t h e st u d y 

s a m pl es a n d ar e us e d t o ass ess pr e cisi o n a n d a c c ur a c y of t h e ass a y a n d s a m pl e st a bilit y. Q C 

s a m pl es s h o ul d b e pr e p ar e d fr es h a n d fr o m s e p ar at e s t a n d ar d s ol uti o ns f or a c c ur a c y a n d 

pr e cisi o n e x p eri m e nts. C o n c e ntr ati o ns of Q C s a m pl es s h o ul d a d e q u at el y c o v er t h e r a n g e 

d et er mi n e d b y t h e c ali br ati o n c ur v e. F or v ali d ati o n of a c c ur a c y a n d pr e cisi o n r u ns, f o ur Q Cs ar e 

r e q uir e d; l o w er li mit of q u a ntifi c ati o n ( L L O Q), l o w ( L: wit hi n t hr e e ti m es t h e L L O Q), mi d ( M: 

mi d -r a n g e) a n d hi g h ( H: hi g h r a n g e). F or all ot h er v ali d ati o n e x p eri m e nts o nl y a L, M a n d H ar e 

r e q uir e d (1 9 5 ).  

 

2. 5. 2 C ali b r ati o n c u r v e  

A fr es h c ali br ati o n c ur v e will b e pr e p ar e d o n e v er y v ali d ati o n d a y. T h e c ali br ati o n c ur v e 

c o nsists of a bl a n k ( n o a n al yt e, n o I S), a z er o c ali br at or ( bl a n k pl us I S), a n d si x, n o n- z er o 
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c ali br at or l e v els t h at a d e q u at el y c o v er t h e q u a ntifi c ati o n r a n g e (i n cl u di n g L L O Q) ( 1 9 5). 

C ali br at ors will b e pr e p ar e d fr o m pl as m a s ol uti o ns. T h e si m pl est r e gr essi o n m o d el t h at 

d e m o nstr at es a s uit a bl e c o n c e ntr ati o n -r es p o ns e r el ati o ns hi p will b e us e d. 

 

2. 5. 3 S el e cti vit y  

T h e s el e cti vit y of a bi o a n al yti c al ass a y is d efi n e d as t h e c a p a bilit y t o diff er e nti at e t h e 

a n al yt e of i nt er est fr o m e n d o g e n o us c o m p o u n ds i n t h e bi ol o gi c al m atri x. S el e cti vit y of t h e 

m et h o d is ass ess e d b y a n al y zi n g bl a n k s a m pl es ( e. g. pl as m a) fr o m si x diff er e nt s o ur c es of 

pl as m a. E a c h  b at c h of m atri x w as s pi k e d wit h a diff er e nt c o n c e ntr ati o n f or t h e a n al yt e of i nt er est 

a n d t h e I S t h at b ot h e x c e e d e d 2 0 % of t h e L L O Q. T h e s el e cti vit y of t h e m et h o d is d e e m e d 

a c c e pt a bl e if bl a n k a n d z er o c ali br at ors ar e fr e e of i nt erf eri n g or c o - el uti n g p e a ks at t h e r et e nti o n 

ti m es (t R) of t h e t ar g et a n al yt e a n d t h e I S. T h e I S r es p o ns e i n t h e bl a n k c a n n ot e x c e e d 5 % of t h e 

a v er a g e I S r es p o ns es of t h e c ali br at ors a n d Q Cs ( 1 9 5).  

 

2. 5. 4 S p e cifi cit y  

 S p e cifi cit y is t h e m et h o ds a bilit y  n ot t o d et e ct p ot e nti al i nt erf eri n g c o m p o u n ds fr o m t h e 

bi ol o gi c al m atri x. S p e cifi cit y c a n b e d et er mi n e d b y a n al y zi n g dr u g- fr e e pl as m a fr o m at l e ast si x 

diff er e nt pl as m a b at c h es wit h a d diti o n of I S a n d wit h o ut. T h e s p e cifi cit y of t h e ass a y is d e e m e d 

a c c e pt a bl e if t h er e ar e n o c o - el uti n g p e a ks wit h ar e as of m or e t h a n 2 0 % of t h e a n al yt e p e a k ar e a 

t h e L L O Q (1 9 5).  

 

2. 5. 5 M at ri x e ff e ct 

I n a d diti o n t o s el e cti vit y a n d s p e cifi cit y e x p eri m e nts t o d et er mi n e a n y p ot e nti al m atri x 

i nt erf er e n c e, m atri x c o m p o n e nts m a y aff e ct t h e a n al yt e si g n al i n M S a n al ysis t hr o u g h 

s u p pr essi o n or e n h a n c e m e nt. M atri x eff e cts c a n si g nifi c a ntl y i nfl u e n c e a n al ysis p erf or m a n c e f or 

b ot h i d e ntifi c ati o n a n d q u a ntifi c ati o n of t h e a n al yt e of i nt er est ( 1 8 4 ). C al c ul ati n g t h e M atri x 

Eff e ct ( M E) c a n d et er mi n e if t h e m atri x h as n o i o ni z ati o n eff e ct or s u g g est if m atri x c o m p o n e nts 

ar e c a usi n g i o n e n h a n c e m e nt or i o n s u p pr essi o n. P ost- e xtr a cti o n a d diti o n i n v ol v es s pi ki n g t h e 

a n al yt e at L a n d H Q C l e v els a n d t h e I S i n tri pli c at e i nt o pr o c ess e d bl a n k m atri x (t o e x cl u d e 
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e xtr a cti o n r e c o v er y) a n d t h e s a m e Q C l e v els of a n al yt e a n d I S i nt o p ur e s ol uti o n. T h e M E is 

c al c ul at e d b y t h e f oll o wi n g e q u ati o n ( 1 9 8 ): 

M at ri x  Eff e ct  ( M E ) = 
( A − B )

A
× 1 0 0                                                                                    E q u ati o n 1  

A M E ~ 0 % i n di c at es t h at t h er e is n o m atri x eff e ct. A n M E > 0 % d e m o nstr at es a n i o n -s u p pr essi o n 

eff e ct a n d a n M E < 0 % m e a ns i o n -e n h a n c e m e nt is o c c urri n g ( 1 9 8).  

2. 5. 6 S e n siti vit y a n d li n e a rit y 

T o d et er mi n e li n e arit y a n d s e nsiti vit y of t h e m et h o d, a c ali br ati o n c ur v e of at l e ast si x 

c o n c e ntr ati o n l e v els n e e ds t o b e fr es hl y pr e p ar e d o n e v er y v ali d ati o n d a y. T h e c ali br ati o n c ur v es 

s h o ul d c o v er t h e c o n c e ntr ati o n r a n g e t h at is e x p e ct e d i n t h e bi o a n al yti c al st u d y a n d b e pr e p ar e d 

i n t h e s a m e bi ol o gi c al m atri x as st u d y s a m pl es. T h e si m pl est m o d el t h at is a bl e t o d es cri b e t h e 

c o n c e ntr ati o n -r es p o ns e r el ati o ns hi p s h o ul d b e a p pli e d t o t h e c ur v e, as w ell as a n a p pr o pri at e 

w ei g hti n g s c h e m e (if r e q uir e d) a n d r e gr essi o n e q u ati o n. A bl a n k ( n o a n al yt e, n o I S), a z er o-

c ali br at or ( bl a n k pl us I S) a n d si x, n o n- z er o c ali br at or l e v els (i n cl u di n g t h e L L O Q) will b e us e d. 

If n o n-z er o c ali br at ors ar e ± 1 5 % of t h e t h e or eti c al c o n c e ntr ati o ns a n d t h e L L O Q is ± 2 0 % of t h e 

t h e or etic al c o n c e ntr ati o n i n e a c h r u n, t h e n t h e c ali br ati o n c ur v e is d e e m e d a c c e pt a bl e ( 1 9 5).  

 

T h e l o w er li mit of q u a ntifi c ati o n ( L L O Q) is t h e l o w est n o n z er o c o n c e ntr ati o n o n t h e c ali br ati o n 

c ur v e t h at c a n b e m e as ur e d wit h a c c e pt a bl e a c c ur a c y ( ± 2 0 % of n o mi n al c o n c e ntr ati o n) a n d 

pr e cisi o n ( ± 2 0 % c o effi ci e nt of v ari ati o n ( C V)) fr o m ≥  fi v e r e pli c at es i n at l e ast t hr e e r u ns. T h e 

L L O Q d et er mi n es t h e s e nsiti vit y of t h e ass a y. T h e a n al yt e r es p o ns e at t h e L L O Q s h o ul d b e ≥  

fi v e ti m es t h e a n al yt e r es p o ns e of t h e z er o c ali br at or (si g n al-t o-n ois e r ati o). Si g n al -t o-n ois e r ati o 

at t h e L L O Q is d et er mi n e d b y t h e p e a k si g n al di vi d e d b y t h e u p p er n ois e l e v el ( 1 9 5).  

A M E ~ 0 % i n di c at es t h at t h er e is n o m atri x eff e ct. A n M E > 0 % d e m o nstr at es a n i o n

A: p e a k ar e a of a n al yt e i n p ur e s ol uti o n.  
B: p e a k ar e a of a n al yt e s pi k e d i nt o pr o c ess e d bl a n k m atri x 
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2. 5. 7 A c c u r a c y a n d p r e cisi o n  

I ntr a- d a y a n d i nt er-d a y a c c ur a c y a n d pr e cisi o n s h o ul d b e d et er mi n e d at e a c h 

c o n c e ntr at i o n l e v el usi n g t h e p er c e nt err or a n d c o effi ci e nt of v ari ati o n ( C V) of f o ur Q C s a m pl es 

( L L O Q, L, M, H) fr o m t hr e e s e p ar at e a n al yti c al b at c h es o n e a c h v ali d ati o n d a y (fi v e r e pli c at es 

p er Q C l e v el). C o n c e ntr ati o ns w er e c al c ul at e d fr o m t h e fr es hl y pr e p ar e d c a li br ati o n c ur v e d uri n g 

e a c h v ali d ati o n d a y. A c c ur a c y a n d pr e cisi o n w er e c al c ul at e d f or e a c h c o n c e ntr ati o n l e v el usi n g 

t h e f oll o wi n g e q u ati o ns: 

A c c u r a c y  ( % ) =  
M e a s u r e d  c o n c e nt r ati o n

N o mi n al  c o n c e nt r ati o n
  ×  1 0 0             E q u ati o n 2  

 

P r e ci si o n  ( % ) =  
S D  of  m e a s u r e d  c o n c e nt r ati o n s

M e a n  of  m e a s u r e d  c o n c e nt r ati o n s
  ×  1 0 0                      E q u ati o n 3  

 

I ntr a- d a y a n d i nt er-d a y a c c ur a c y a n d pr e cisi o n ar e d e e m e d a c c e pt a bl e if t h e a c c ur a c y wit hi n -r u n 

a n d b et w e e n r u ns ar e ± 1 5 % of n o mi n al c o n c e ntr ati o n ( e x c e pt ± 2 0 % at L L O Q) a n d wit hi n -r u n 

a n d b et w e e n r u n pr e cisi o n is ± 1 5 % C V ( e x c e pt ± 2 0 % at L L O Q) ( 1 9 5).  

 

2. 5. 8 R e c o v e r y  

R e c o v er y s h o ul d b e ass ess e d b y d et er mi ni n g t h e e xtr a cti o n r e c o v er y of t h e a n al yt e a n d 

t h e I S fr o m r at pl as m a b y c o m p ari n g p e a k ar e a r ati os of e xtr a ct e d Q Cs (l o w, m e di u m a n d hi g h) 

t o t h e p e a k ar e as of t h e s a m e Q C l e v els s pi k e d i nt o e xtr a ct e d bl a n k pl as m a s ol uti o ns. T hr e e 

r e pli c at es of e a c h c o n c e ntr ati o n l e v el ar e r e q uir e d . R e c o v er y c a n b e b el o w 1 0 0 % a n d is 

a c c e pt a bl e if t h e e xt e nt of r e c o v er y of a n a n al yt e is c o nsist e nt a n d r e pr o d u ci bl e ( 1 9 5 ). T h e 

f oll o wi n g e q u ati o n w as us e d t o d et er mi n e t h e e xtr a cti o n r e c o v er y: 

 
 

 R e c o v e r y  ( % ) =  
M e a n  p e a k  a r e a  i n bi ol o gi c al  m at ri x

M e a n  p e a k  a r e a  of  a n al y t e  s pi k e d  i nt o e x t r a ct e d  pl a s m a
  ×  1 0 0         E q u ati o n 4  

 

2. 5. 9 St a bilit y  

St a bilit y e x p eri m e nts t o d et er mi n e t h e c h e mi c al st a bilit y of t h e a n al yt e n e e d t o b e 

p erf or m e d u n d er a m ultit u d e of c o n diti o ns i n diff eri n g e n vir o n m e nts t o r efl e ct t h e c o n diti o ns 

e x p eri e n c e d d uri n g s a m pl e c oll e cti o n, h a n dli n g a n d pr e p ar ati o n ( b e n c ht o p st a bilit y), a n al ysis a n d 
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st or a g e. I n t his v ali d ati o n st u d y, all st a bilit y e x p eri m e nts w er e p erf or m e d usi n g l o w a n d hi g h Q C 

s a m pl es i n tri pli c at e u n d er v ari o us c o n diti o ns. I m m e di at el y aft er t h e a p pli c ati o n of t h e st a bilit y 

c o n diti o ns, t h e st or e d Q C s a m pl es ar e pr e p ar e d al o n gsi d e c ali br ati o n st a n d ar ds t o g e n er at e a 

fr es h c ali br ati o n c ur v e a n d ar e a n al y z e d t o g et h er. St o c k s ol uti o n st a bilit y w as  a c c ess e d b y 

c o m p aris o n of p e a k ar e as  of st o c k s ol uti o ns aft er t h e s p e cifi e d st or a g e c o n diti o n  t o i niti al 

m e as ur e m e nts . S a m pl es ar e d et er mi n e d t o b e st a bl e if t h e a c c ur a c y ( % n o mi n al) at e a c h l e v el is 

± 1 5 % ( 1 9 5 ). T h e t est e d c o n diti o ns ar e s u m m ari z e d i n T a bl e 2. 2  b el o w. 

 

 

2. 6 I nt e r n al S t a n d a r d 

I nt er n al st a n d ar ds (I S) ar e fr e q u e ntl y us e d i n H P L C a n d L C-M S/ M S bi o a n al ysis. A n 

i nt er n al st a n d ar d is a c h e mi c al s u bst a n c e t h at is a d d e d i n a c o nst a nt a m o u nt t o t h e c ali br ati o n 

st a n d ar ds, bl a n ks, a n d st u d y s a m pl es. D uri n g t h e s a m pl e pr e p ar ati o n a n d a n al ysis of bi ol o gi c al 

s a m pl es, v ari ati o ns a n d/ or l oss es s u c h as, e v a p or ati o n l oss, tr a nsf er l oss, a ds or pti o n l oss, 

E x p e ri m e nt  T e m p e r at u r e  Ti m e  C o n diti o n 
Mi mi c k e d  

S h ort -t er m st a bilit y 2 5  ° C u n d er w hit e 
li g ht 

5  hr  B e n c ht o p c o n diti o ns 
(s a m pl e h a n dli n g 
a n d pr e p ar ati o n)  

 
L o n g- t er m st a bilit y 

 
- 8 0 ° C 

 
3 0 a n d 6 0 d a ys 

 
St or a g e c o n diti o ns 
i n fr e e z er 

P ost -pr e p ar ati v e 
st a bilit y 

4 ° C 4 8 hr St or a g e c o n diti o ns 
i n fri d g e b et w e e n 
s a m pl e pr e p ar ati o n 
a n d m e as ur e m e nt  

A ut o -s a m pl er 
st a bilit y 

1 5 ° C 4 8 hr 
 

St or a g e c o n diti o ns 
i n t h e a ut os a m pl er 
d uri n g a n al ysis  

 
Fr e e z e/ T h a w 
st a bilit y 

 
- 8 0 ° C t o R T  

 
3 c y cl es

 
Fr e e zi n g a n d 
t h a wi n g of s a m pl es 

 
St o c k s ol uti o n 
st a bilit y 

 
4 ° C 

 
5 d a ys 

 
St or a g e c o n diti o ns 
i n fri d g e 

T a bl e 2. 2: S u m m a r y t a bl e of c o n diti o ns us e d f o r st a bilit y e x p e ri m e nts.  
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i nj e cti o n v ari ati o n, a n d M S v ari ati o ns s u c h as i o n s u p pr essi o n or e n h a n c e m e nt m a y o c c ur ( 1 9 9). 

Diff er e n c es i n m atri x eff e cts a n d e xtr a cti o n effi ci e n c y i n c urr e d b y t h e a n al yt e b et w e e n 

c ali br at ors a n d s a m pl es s h o ul d b e i d e nti c al t o t h e diff er e n c e i n c urr e d b y t h e I S. B y usi n g a n I S 

wit h si mil ar p h ysi o c h e mi c al pr o p erti es as t h e a n al yt e a n d usi n g t h e a n al yt e/I S r es p o ns e r ati os f or 

q u a ntit ati o n, t h es e v ari ati o ns a n d l oss es t h at m a y o c c ur d uri n g s a m pl e pr e p ar ati o n, i nj e cti o n a n d 

i o ni z ati o n c a n b e c orr e ct e d ( 1 9 9). Ulti m at el y, t h e m ai n p ur p os e of i nt er n al st a n d ar ds is t o 

i m pr o v e t h e a c c ur a c y a n d pr e cisi o n of q u a ntit ati o n as w ell as t h e r o b ust n ess of t h e m et h o d ( 1 9 9).  

 I n g e n er al, t h e c h e mi c al pr o p erti es of t h e s el e ct e d I S s h o ul d b e as cl os e as p ossi bl e t o t h e 

t ar g et a n al yt e s o t h at v ari ati o ns a n d l oss es c a n b e a c c ur at el y c orr e ct e d f or. M ost i m p ort a ntl y, t h e 

h y dr o p h o bi cit y a n d i o ni z ati o n pr o p erti es of t h e I S s h o ul d b e k e pt as si mil ar t o t h e a n al yt e of 

i nt er est as f e asi bl e (1 9 9 ).  Si mil ar p h ysi o c h e mi c al pr o p erti es all o w f or a n I S t o b e a d d e d as e arl y 

as p ossi bl e i n t h e bi o a n al ysis pr o c e d ur e, a n d tr a c k t h e a n al yt e of i nt er est i n all t hr e e st a g es of 

bi o a n al ysis ( e x tr a cti o n, c hr o m at o gr a p hi c s e p ar ati o n, a n d M S d et e cti o n) t o pr o vi d e t h e m ost 

a c c ur at e c orr e cti o ns ( 1 9 9 ).  

It is r e c o m m e n d e d t o us e a st a bl e-l a b el (is ot o pi c l a b el) wit h a m ass of 4 or 5 D a hi g h er 

t h a n t h e a n al yt e w h e n e v er p ossi bl e t o r e d u c e is ot o pi c i nt erf er e n c e (2 0 0 ). W h e n st a bl e-l a b el I Ss 

ar e n ot p ossi bl e, a str u ct ur al a n al o g c a n b e us e d t h at is n ot e x o g e n o us a n d o bs er v e d i n t h e 

s a m pl es, b ut c a n b e r es ol v e d fr o m t h e a n al yt e b y M S. If usi n g a str u ct ur al a n al o g, k e y c h e mi c al 

str u ct ur e a n d f u n cti o n alit y ( e. g. - C O O H, -O H, -N H 2 ) s h o ul d b e t h e s a m e as t h e a n al yt e of 

i nt er est (1 9 9). I d e all y, a str u ct ur al a n al o g s h o ul d b e fr o m t h e s a m e t h er a p e uti c cl ass.  

 

2. 6. 1 h P T H ( 1 -3 4) as a n int e r n al s t a n d a r d 

D u e t o t h e u ni q u e n ess of o ur c ust o m s y nt h esi z e d B P- P T H, t h er e ar e n o a v ail a bl e is ot o pi c 

l a b els or ot h er v er y si mil ar str u ct ur al a n al o gs o n t h e m ar k et f or p ur c h as e. O ur l a b is n ot e q ui p p e d 

wit h t h e e x p ertis e or e q ui p m e nt t o s y nt h esi z e a n is ot o pi c l a b el or str u ct ur al a n al o g t o us e as a n I S 

f or m et h o d d e v el o p m e nt. F urt h er m or e, c o ntr a cti n g t h e s y nt h esis of c ust o m p e pti d es t o e xt er n al 

gr o u ps is v er y e x p e nsi v e a n d is a l e n gt h y pr o c ess. T h e cl os est c o m p o u n d w hi c h c o ul d b e us e d as 

a n I S w as d et er mi n e d t o b e t h e p e pti d e h or m o n e h P T H ( 1- 3 4) as it s h ar es t h e s a m e a mi n o a ci d 

s e q u e n c e as  t h e p e pti d e m oi et y of t h e B P- P T H c o nj u g at e. D u e t o t h e si mil ar si z e a n d p ol arit y of 

h P T H ( 1 - 3 4) t o t h e B P- P T H c o nj u g at e, it w as h y p ot h esi z e d t h at it s h o ul d b e h a v e si mil arl y i n 

s a m pl e e xtr a cti o n, c hr o m at o gr a p h y s e p ar ati o ns a n d i n M S a n al ysis. h P T H ( 1- 3 4) w o ul d b e a bl e 
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t o b e a d d e d e arl y i n t h e e xtr a cti o n pr o c ess dir e ctl y t o pl as m a, i m pr o vi n g t h e a c c ur a c y of 

c orr e cti o ns usi n g t h e I S. As h P T H ( 1- 3 4) l a c ks t h e B P m oi et y, it li k el y will n ot h a v e t h e s a m e 

r et e nti o n ti m e as B P- P T H. T h o u g h n ot h a vi n g a n is ot o pi c ally l a b el e d I S is a li mit ati o n of t his 

st u d y, h P T H ( 1- 3 4) is c o nsi d er e d a str u ct ur al a n al o g of B P - P T H a n d b el o n gs t o t h e s a m e 

t h er a p e uti c cl ass, s atisf yi n g t h e r e c o m m e n d ati o ns f or a n I S. 

2. 7 I nst r u m e nt ati o n a n d S oft w a r e  

Li q ui d c hr o m at o gr a p h y ( L C) w as p erf or m e d o n a S hi m a d z u L C s yst e m c o nsisti n g of a 

D G U -2 0 A S R d e g ass er, N e x er a X 2 L C - 3 0 A D bi n ar y gr a di e nt p u m p, N e x er a X 2 SI L-3 0 A C 

a ut os a m pl er a n d a C T O - 2 0 A C c ol u m n o v e n ( S hi m a d z u, K y ot o, J a p a n). T h e L C s yst e m w as 

c o u pl e d t o a L C M S- 8 0 5 0 tri pl e q u a dr u p ol e m ass s p e ctr o m et er ( S hi m a d z u, K y ot o, J a p a n). 

A n al yti c al c ol u m n w as a bi o Z e n P S- C 1 8  ( 1 5 0 m m x 2. 1 m m I. D. 3 µ m p arti cl e si z e) wit h g u ar d 

c ol u m n ( 4 x 2. 0 0 m m I. D.) ( T orr a n c e, C alif or ni a, U S A). A n al yti c al d at a w as c oll e ct e d a n d 

pr o c ess e d usi n g L a b S ol uti o ns s oft w ar e ( v er. 5. 9 1). S oli d p h as e e xtr a cti o n w as c arri e d o ut usi n g a 

2 0 p ositi o n Pr o m e g a V a c- M a n ® v a c u u m m a nif ol d ( M a dis o n, Wis c o nsi n, U S A) t o a p pl y p ositi v e 

pr ess ur e. A n E p p e n d orf 5 4 1 5 D b e n c ht o p c e ntrif u g e w as us e d f or all c e ntrif u g ati o n ( H a m b ur g, 

G er m a n y).  

2. 8 C h e mi c als   

B P - P T H w a s s y nt h esi z e d b y C P C S ci e ntifi c I n c. ( S u n n y v al e, C alif or ni a, U S A).  

T eri p ar ati d e ( h u m a n P T H ( 1- 3 4) a c et at e s alt) w as p ur c h as e d fr o m B a c h e m ( T orr a c e, C alif or ni a, 

U S A) . Wat er ( L C -M S gr a d e), a c et o nitril e ( A C N) ( L C - M S gr a d e), m et h a n ol ( L C-M S gr a d e, a n d 

f or mi c a ci d ( 9 9. 0 + %, L C-M S gr a d e) w er e p ur c h as e d fr o m Fi s h er S ci e ntifi c ( Pitts b ur g h, P A, 

U S A). A m m o ni u m a c et at e ( ≥ 9 8 %), s o di u m h y dr o xi d e ( N a O H), a n d 1. 0 N h y dr o c hl ori c a ci d 

w er e p ur c h as e d fr o m Si g m a- Al dri c h C a n a d a C o. ( O a k vill e, O nt ari o, C a n a d a). Dr u g- fr e e S pr a g u e 

D a wl e y r at pl as m a ( K 2  E D T A) w as p ur c h as e d fr o m I n n o v ati v e R es e ar c h I n c. ( N o vi, MI, U S A). 

O asis ® w e a k a ni o n e x c h a n g e ( W A X) c artri d g e ( 6 0 m g, 3 c c) w er e p ur c h as e d fr o m W at ers 

C or p or ati o n ( M ass a c h us etts, U S A). Str at a - X ™ c artri d g es ( 6 0 m g, 3 c c a n d 3 0 m g, 1 c c) w er e 

p ur c h as e d fr o m P h e n o m e n e x ( T orr a n c e, C alif or ni a, U S A). 
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 2. 9 St o c k S ol uti o ns  

 

 2. 9. 1 P r e p a r ati o n of B P -P T H st o c k, st a n d a r d a n d w o r ki n g 

s ol uti o ns  

 A S t o c k s ol uti o n of B P- P T H ( 9 0. 5 % p ur e) w as pr e p ar e d b y diss ol vi n g pr o p er a m o u nts of 

a c c ur at el y w ei g h e d l y o p hili z e d B P- P T H ( e q uili br at e d t o r o o m t e m p er at ur e) i n d ei o ni z e d w at er t o 

cr e at e a c o n c e ntr ati o n of 5 0 0 µ g/ m L . T h e st o c k s ol uti o n w as s u bs e q u e ntl y st or e d at 4 ° C a n d 

pr ot e ct e d fr o m li g ht. T h e st o c k s ol uti o n ( 5 0 0 µ g/ m L ) w as f urt h er dil ut e d t o 5 0 0 n g/ m L wit h 

d ei o ni z e d w at er usi n g s eri al dil uti o ns  t o cr e at e t hr e e st a n d ar d st o c k s ol uti o ns. St a n d ar d st o c k 

s ol uti o ns w er e t h e n  f urt h er dil ut e d wit h d ei o ni z e d t o cr e at e w or ki n g st a n d ar d s ol uti o ns at 5 0, 7 5, 

1 0 0, 1 2 5, 2 0 0, a n d 2 5 0 n g/ m L t o b e us e d f or c ali br at or a n d Q C s a m pl es. S ol uti o ns w er e st or e d i n 

p ol y pr o p yl e n e t u b es a n d k e pt at 4 ° C u ntil r e q u ir e d. S e e T a bl e 2. 3 f or a s u m m ar y of B P -P T H 

st o c k, st a n d ar d  a n d w or ki n g s ol uti o ns. 

  1 X P B S a n d 0. 9 % s ali n e s ol uti o n w er e b ot h t est e d as p ot e nti al s ol v e nts f or B P -P T H. 

D es pit e b ei n g hi g hl y s ol u bl e i n b ot h s ol uti o ns, 1 X P B S a n d 0. 9 % s ali n e s ol uti o ns c a us e d i o n-

s u p pr essi o n a n d r e d u c e d s e nsiti vit y d uri n g M S a n al ysis si g nifi c a ntl y, wit h 1 X P B S c a u si n g 

gr e at er s e nsiti vit y s u p pr essi o n t h a n 0. 9 % s ali n e s ol uti o n ( d at a n ot s h o w n). T h er ef or e, d ei o ni z e d 

w at er w as c h os e n as a s ol v e nt f or B P -P T H.  

 

2. 9. 2 P r e p a r ati o n of h P T H ( 1 -3 4) int e r n al s t a n d a r d (I S) st o c k s ol uti o ns  

h P T H ( 1 - 3 4) 5 0 0 µ g/ m L st o c k s ol uti o n ( 9 9. 0 1 % p ur e) w as pr e p ar e d i n d ei o ni z e d w at er 

a n d st or e d at 4 ° C. h P T H ( 1 - 3 4) w as all o w e d t o e q uili br at e t o r o o m t e m p er at ur e b ef or e b ei n g 

w ei g h e d. T h e st o c k s ol uti o n w as dil ut e d usi n g s eri al dil uti o ns t o 1 2 5 n g/ m L ( w or ki n g s ol uti o n)  

a n d 2 5 µ L w as a d d e d t o 2 5 0 µ L of B P -P T H s pi k e d pl as m a t o cr e at e a fi n al c o n c e ntr ati o n of 1 2. 5 

n g/ m L. T h e I S w or ki n g s ol uti o n w as st or e d at 4 ° C i n p ol y pr o p yl e n e t u b es. S e e T a bl e 2. 3 f or a 

s u m m ar y of h P T H ( 1- 3 4) st o c k a n d w or ki n g s ol uti o ns. 
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2. 9. 3 P r e p a r ati o n of c ali b r ati o n s t a n d a r ds a n d q u alit y c o nt r ol ( Q C) 

s a m pl es  

All c ali br ati o n st a n d ar ds a n d q u alit y c o ntr ol ( Q C) s a m pl es w er e pr e p ar e d fr o m fr es hl y pr e p ar e d 

st o c k st a n d ar d s ol uti o ns i n d ei o ni z e d w at er. 2 5 µ L of c ali br at or or Q C l e v el is a d d e d t o 2 2 5 µ L 

of K 2  E D T A tr e at e d r at pl as m a. F o ur Q C l e v els w er e us e d: L L O Q ( 5 n g/ m L), l o w ( 2 x L L O Q, 

7. 5 n g/ m L), m e di u m ( 1 2. 5 n g/ m L) a n d hi g h ( 2 0 n g/ m L). Q C s a m pl es w er e s n a p fr o z e n usi n g 

li q ui d nitr o g e n a n d st or e d at - 8 0 ° C u ntil us e ( a p pr o x. 1 w e e k). O n e a c h v ali d ati o n d a y, w or ki n g 

st a n d ar d s ol uti o ns ar e us e d t o cr e at e t h e c ali br ati o n st a n d ar ds i n pl as m a. Q C s a m pl es us e d i n 

l o n g-t er m st a bilit y e x p eri m e nts or fr e e z e/t h a w e x p eri m e nts w er e st or e d at - 8 0 ° C, u ntil us e. All 

s a m pl es w er e cr e at e d wit h pr e -w ett e d pi p ett e ti ps ( 3 X b ef or e dis p e nsi n g). 

 

 

 

S ol uti o n T y p e  P u rit y [  %]  S ol v e nt  St o r a g e 
C o n diti o n  

C o n c e nt r ati o n 
( n g/ m L) 

B P -P T H St o c k 
S ol uti o n 

9 0. 5 0  D ei o ni z e d w at er  4 ° C or -8 0 ° C 
( pr ot e ct e d fr o m 
li g ht) 

5 0 0, 0 0 0  

B P -P T H St a n d ar d 
S ol uti o ns  

9 0. 5 0  D ei o ni z e d w at er  4 ° C ( pr ot e ct e d 
fr o m li g ht) 

5 0 0  

B P -P T H w or ki n g 
s ol uti o ns 

9 0. 5 0  D ei o ni z e d w at er  4 ° C ( pr ot e ct e d 
fr o m li g ht) 

5 0, 7 5, 1 0 0, 1 2 5, 
2 0 0, 2 5 0  

 
h P T H( 1 - 3 4) 
i nt er n al st a n d ar d 
st o c k s ol uti o n  

 
9 9. 0 1 

 
D ei o ni z e d w at er  

 
4 ° C ( pr ot e ct e d 
fr o m li g ht) 

 
5 0 0, 0 0 0 

 
h P T H ( 1 - 3 4) 
i nt er n al st a n d ar d 
w or ki n g s ol uti o n  

 
9 9. 0 1 

 
D ei o ni z e d w at er  

 
4 ° C ( pr ot e ct e d 
fr o m li g ht) 

 
 1 2 5 

S ol uti o n T y p e P u rit y [  %] S ol v e nt St o r a g e C o n c e nt r ati o n 

T a bl e 2. 3: S u m m a r y of st o c k, st a n d a r d, a n d w o r ki n g s ol uti o ns f o r B P -P T H a n d t h e i nt e r n al 
st a n d a r d (I S).  
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2. 1 0 A nti c o a g ul a nt  

K 2  E D T A as a n a nti c o a g ul a nt w as s el e ct e d o v er ot h er a nti c o a g ul a nt tr e at e d pl as m a o n t h e 

b asis of Y a n g et al’s r e c o m m e n d ati o ns a n d fi n di n gs ( 1 7 4). All pl as m a us e d i n t h e m et h o d 

d e v el o p m e nt a n d v ali d ati o n e x p eri m e nts us e d K 2  E D T A tr e at e d pl as m a. E D T A -tr e at e d pl as m a is 

pr ef er a bl e o v er ot h er a nti c o a g ul a nts s u c h as h e p ari n, as it pr o d u c es cl e a n er pl as m a, w hi c h is 

b ett er s uit e d f or S P E pr o c e d ur es ( 1 7 4 ). M or e i m p ort a ntl y, Y a n g et al. c o n cl u d e d t h at, ED T A 

c o ntri b ut es t o a n i n cr e as e i n d eri v ati z ati o n yi el d a n d b ett er r e pr o d u ci bilit y ( 1 7 4). T h e p ositi v e 

eff e cts of E D T A c a n b e attri b ut e d t o E D T A h el pi n g pr e v e nt c o m pl e xi n g of B P c o m p o u n ds wit h 

e n d o g e n o us c ati o ns, i n cr e asi n g t h e a m o u nt of fr e e a n al yt e c a p a bl e of i nt er a cti n g wit h t h e s or b e nt 

d uri n g t h e S P E pr o c ess ( 1 7 4 ).  

C ali b r at o r L e v el  S ol v e nt  St o r a g e C o n diti o ns  C o n c e nt r ati o n 
( n g/ m L) 

Bl a n k  K 2  E D T A tr e at e d 
pl as m a  

Fr es hl y pr e p ar e d  0  

Z er o c ali br at or  K 2  E D T A tr e at e d 
pl as m a  

Fr es hl y pr e p ar e d  1 2 .5  of I S o nl y  

1  K 2  E D T A tr e at e d 
pl as m a  

Fr es hl y pr e p ar e d  5. 0  

2  K 2  E D T A tr e at e d 
pl as m a  

Fr es hl y pr e p ar e d  7. 5  

3  K 2  E D T A tr e at e d 
pl as m a  

Fr es hl y pr e p ar e d  1 2. 5  

4  K 2  E D T A tr e at e d 
pl as m a  

Fr es hl y pr e p ar e d  1 5. 0  

5  K 2  E D T A tr e at e d 
pl as m a  

Fr es hl y pr e p ar e d  2 0. 0  

6  K 2  E D T A tr e at e d 
pl as m a  

Fr es hl y pr e p ar e d  2 5. 0  

Q C L e v el  S ol v e nt  St o r a g e C o n diti o n  C o n c e nt r ati o n 
( n g/ m L) 

L L O Q  K 2  E D T A tr e at e d 
pl as m a  

-8 0 ° C  5. 0  

L o w  K 2  E D T A tr e at e d 
pl as m a  

-8 0 ° C  7. 5  

M e di u m  K 2  E D T A tr e at e d 
pl as m a  

-8 0 ° C  1 2. 5  

Hi g h  K 2  E D T A tr e at e d 
pl as m a  

-8 0 ° C  2 0  

T a bl e 2. 4: S u m m a r y of q u alit y c o nt r ol  ( Q C) s a m pl es a n d c ali b r ati o n st a n d a r ds. 
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2. 1 1 G e n e r al sa m pl e p r e p a r ati o n, d e ri v ati z ati o n a n d e xt r a cti o n 

w o r kfl o w  

T h e I S w or ki n g s ol uti o n is a d d e d t o a n ali q u ot of s pi k e d pl as m a s a m pl es c o nt ai ni n g B P-

P T H a n d u n d er g o es pr ot ei n pr e ci pi t ati o n usi n g a n a c et o nitril e s ol uti o n c o nt ai ni n g a m m o ni u m 

h y dr o xi d e. Tr e at e d s a m pl es ar e t h e n c e ntrif u g e d a n d t h e s u p er n at a nt is c oll e ct e d f or f urt h er 

p urifi c ati o n. S u p er n at a nt is dil ut e d wit h w at er a n d l o a d e d o nt o a pr e- c o n diti o n e d p ol y m er s oli d 

p h as e e xt r a cti o n c artri d g e t h at w as w as h e d wit h m et h a n ol a n d c o n diti o n e d wit h t h e w at er . A 

v a c u u m m a nif ol d is us e d t o a p pl y p ositi v e pr ess ur e t o cr e at e c o ntr oll e d fl o w r at e t hr o u g h t h e 

S P E c artri d g e. Aft er s a m pl e l o a di n g, t h e c artri d g e w as f urt h er w as h e d wit h  a w at er/ m et h a n ol 

s ol uti o n t o r e m o v e i m p uriti es. T h e a n al yt e a n d I S w er e el ut e d wit h t h e a d diti o n of a n 

a c et o nitril e/ w at er s ol uti o n wit h fl o w t hr o u g h b ei n g c oll e ct e d i n a mi cr o c e ntrif u g e t u b e. T h e 

el u at e  is t h e n tr a nsf err e d t o a gl ass vi al t o b e i nj e ct e d o nt o t he L C -M S/ M S s yst e m.  

2. 1 2 P r ot ei n P r e ci pit ati o n  

C h a m b ers et al. h a v e r e p ort e d a hi g hl y o pti mi z e d pr ot ei n pr e ci pit ati o n ( P P T) str at e g y f or 

t h e is ol ati o n of h P T H ( 1- 3 4) wit h a p pr o xi m at el y 9 5 % r e c o v er y ( 2 0 1). A m o difi e d v ersi o n of 

t h eir pr ot ei n pr e ci pit ati o n str at e g y w as us e d t o is ol at e b ot h t h e I S a n d B P- P T H. 2 5 µ L of i nt er n al 

st a n d ar d ( 1 2 5  n g/ m L) w as a d d ed t o 2 5 0 µ L of E D T A tr e at e d r at pl as m a c o nt ai ni n g B P -P T H 

(st a n d ar d c ur v e p oi nt, Q C or s a m pl e) a n d mi x e d i n a 1. 5 m L mi cr o c e ntrif u g e t u b e. T h e fi n al I S 

c o n c e ntr ati o n w as 1 2. 5 n g/ m L. 2 5 0 µ L of A C N c o nt ai ni n g 5 % a m m o ni u m h y dr o xi d e ( 1: 1 r ati o 

of pl as m a: A C N/ 5 % N H 4 O H) a n d c e ntrif u g e d at 4 0 0 0 r p m f or 1 5 mi n. T h e s u p er n at a nt w as t h e n 

c oll e ct e d a n d tr a nsf err e d t o a n ot h er mi cr o c e ntrif u g e t u b e c o nt ai ni n g 1 m L of w at er a n d mi x e d. 

T h e mi x e d s ol uti o n w as t h e n l o a d e d o nt o a p ol y m er S P E c artri d g e f or f urt h er p urifi c ati o n. 

2. 1 3 S P E C a rt ri d g e S el e cti o n  

Pr ot ei n pr e ci pit ati o n st u di es f or t h e is ol ati o n of h P T H ( 1 - 3 4) b y C h a m b ers et al. h a v e 

s h o w n t h at pr ot ei n pr e ci pit ati o n  al o n e is n ot e n o u g h t o is ol at e h P T H ( 1- 3 4) t o q u a ntif y d o w n t o 

t h e s u b-n g/ m L l e v el ( 2 0 1 ). C h a m b ers et al. h a v e s h o w n t h at e n d o g e n o us pr ot ei ns r e m ai ni n g aft er 

P P T r e d u ci n g s e nsiti vit y, t h er ef or e, it is r e c o m m e n d e d t o us e a l o w s or b e nt b e d- m ass S P E f or 

f urth er p urifi c ati o n. h P T H ( 1 - 3 4) h as b e e n s u c c essf ull y e xtr a ct e d usi n g p ol y m eri c b as e d S P E 
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s or b e nts i n p u blis h e d st u di es b ef or e ( 2 0 1- 2 0 3). T h e p ol ar n at ur e of h P T H ( 1- 3 4) all o ws it t o b e 

w ell r et ai n e d i n t h e p ol y m eri c s or b e nt.  

As B Ps a n d B P - c o nj u g at e d c o m p o u nds ar e cl assifi e d as str o n gl y a ci di c c o m p o u n ds d u e 

t o t h eir p h os p h o ni c a ci d gr o u ps, it is r e c o m m e n d e d t o us e a w e a k-a ni o n e x c h a n g e  ( W A X) 

c ol u m n r at h er t h a n a p ol y m eri c s or b e nt. As B P - P T H is a c o nj u g at e of b ot h a B P a n d h P T H( 1-

3 4),  W A X c ol u m ns a n d p ol y m eri c s or b e nt c ol u m ns w er e c o m p ar e d t o d et er mi n e w hi c h s or b e nt 

t y p e pr o vi d e d o pti m al r et e nti o n of B P- P T H a n d t h e I S. A W at ers O asis ® W A X c artri d g e ( 1 c c, 

6 0 m g, 6 0 µ m, 8 0 Å) a n d a P h e n o m e n e x Str at a- X ™ p ol y m eri c c artri d g e ( 3 c c, 6 0 m g, 3 3 µ m)  

w er e c o m p ar e d. S a m pl es c o nt ai ni n g eit h er B P- P T H or h P T H ( 1 -3 4) i n pl as m a w er e s u bj e ct e d t o 

t h e pr ot ei n pr e ci pit ati o n pr o c e d ur e d es cri b e d i n s e cti o n 2. 1 2 a n d t h e n l o a d e d o nt o b ot h W A X 

a n d p ol y m eri c c artri d g es t o d et er mi n e p er c e nt r e c o v er y of t h e a n al yt es 

 

2. 1 3 . 1 S P E u si n g a p ol y m e ri c St r at a -X ™ c a rt ri d g e  

A P h e n o m e n e x Str at a- X ™ p ol y m eri c r e v ers e d p h as e ( 3 c c, 6 0 m g, 3 3 µ m) S P E c artri d g e 

w as us e d f or f urt h er p urifi c ati o n aft er P P T. S ol uti o ns of 1 0 0 0 n g/ m L of B P- P T H i n pl as m a a n d 

1 0 0 0 n g/ m L of h P T H ( 1- 3 4) i n pl as m a w er e pr e p ar e d. S a m pl es u n d er w e nt pr ot ei n pr e ci pit ati o n 

as d es cri b e d i n s e cti o n 2. 1 2.  T h e s u p er n at a nt w as dil ut e d a n d l o a d e d o nt o a pr e- c o n diti o n e d 

Str at a - X ™ S P E c artri d g e t h at h a d b e e n c o n diti o n e d wit h 2 m L of m et h a n ol a n d 2 m L of 

d ei o ni z e d w at er. A v a c u u m m a nif ol d w as us e d t o a p pl y p ositi v e a n d c o nsist e nt pr ess ur e f or 

el uti o n. S or b e nt b e ds w er e w as h e d wit h 2 m L of 5 % m et h a n ol i n w at er a n d el ut e d wit h 5 0 0 µ L 

of 6 0/ 4 0 ( v/ v ) A C N: H2 O wit h 2 % f or mi c a ci d. El u e nt w as c oll e ct e d f or a n al ysis i n L C -M S/ M S. 

P e a k ar e as fr o m M S s p e ctr a  w er e us e d t o q u a ntif y p er c e nt r e c o v er y. T h e e x p eri m e nt w as 

c o n d u ct e d i n r e pli c at es of 3 ( n = 3).  

 
 

2. 1 3 . 2 S P E u si n g a w e a k a ni o n e x c h a n g e O asis ® c a rt ri d g e  

A W at ers  O asis ® W A X ( 3 c c, 6 0 m g, 6 0µ m, 8 0 Å) S P E c artri d g e w as us e d f or f urt h er 

p urifi c ati o n aft er P P T.  S ol uti o ns of 5 0 0 n g/ m L of B P- P T H i n pl as m a a n d 5 0 0 n g/ m L of h P T H 

( 1-3 4) i n pl as m a w er e pr e p ar e d. S a m pl es u n d er w e nt pr ot ei n pr e ci pit ati o n as d es cri b e d i n s e cti o n 

2. 1 2. T h e s u p er n at a nt w as dil ut e d a n d p H a dj ust e d t o 4. 0 usi n g 2 5 µ L of 1. 0 M H Cl. T h e 

s u p er n at a nt w as l o a d e d o nt o a pr e- c o n diti o n e d W A X S P E c artri d g e t h at h a d b e e n c o n diti o n e d 
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wit h 2 m L of m et h a n ol a n d 2 m L of d ei o ni z e d w at er. A v a c u u m m a nif ol d w as us e d t o a p pl y 

p ositi v e a n d c o nsist e nt pr ess ur e f or el uti o n. S or b e nt b e ds w er e w as h e d wit h 2 m L of 2 5 m M 

a m m o ni u m a c et at e ( p H 6. 0 -7. 0) a n d el ut e d wit h 5 0 0 µ L of 5 % N H 4 O H i n m et h a n ol ( p H 9. 0).  

El u e nt w as c oll e ct e d f or a n al ysis i n L C -M S/ M S. P e a k ar e as fr o m M S s p e ctr a w er e us e d t o 

q u a ntif y p er c e nt r e c o v er y. T h e e x p eri m e nt w as c o n d u ct e d i n r e pli c at es of 3 ( n = 3).  

 

2. 1 3 . 3 A dj u sti n g S P E c a rt ri d g e s o r b e nt s i z e 

T o i m pr o v e r e c o v er y f urt h er, t h e s or b e nt si z e of t h e Str at a- X ™ p ol y m eri c S P E c artri d g e 

w as r e d u c e d fr o m 3 c c a n d 6 0 m g t o 1 c c a n d 3 0 m g. T h e 3 0 m g s or b e nt is b ett er s uit e d f or pl as m a 

s a m pl es of a p pr o xi m at el y 2 5 0 µ L w h er e as t h e 6 0 m g s or b e nt is s uit e d f or pl as m a s a m pl es of 

a p pr o xi m at el y 5 0 0 µ L. A s m all er s or b e nt si z e r e q uir es l ess v ol u m e of t h e el uti o n s ol v e nt ( 2 5 0 

µ L i nst e a d of 5 0 0 µ L), w hi c h r e d u c es dil uti o n of t h e s a m pl es all o wi n g f or l o w er q u a ntifi c ati o n 

li mits. E x p eri m e nt al c o n diti o ns w er e i d e nti c al t o t h os e d es cri b e d i n s e cti o n 2. 1 3. 1, f or t h e 6 0 m g 

p ol y m eri c c artri d g es, wit h t h e o nl y c h a n g e b ei n g v ol u m e of el uti o n f or t h e 3 0 m g p ol y m eri c 

c artri d g es b ei n g p erf or m e d wit h 2 5 0 µ L of 6 0/ 4 0 ( v/ v ) A C N: H2 O wit h 2 % f or mi c a ci d.  

 

2. 1 4 O pti mi z e d e xt r a cti o n w o r kfl o w of B P -P T H a n d I S  

T h e o pti mi z e d e xtr a cti o n of B P- P T H a n d t h e I S c o nsist e d of pr ot ei n pr e ci pit ati o n usi n g a 1: 1 

r ati o of a c et o nitril e wit h 5 % a m m o ni u m h y dr o xi d e t o pl as m a. C e ntrif u g ati o n f or 1 5 mi n at 4 0 0 0 

r p m w as p erf or m e d. T h e s u p er n at a nt w as c oll e ct e d a n d dil ut e d wit h 1 m L of d ei o ni z e d w at er a n d 

l o a d e d i n t w o st e ps ( ~7 5 0  µ L p er st e p) o nt o a pr e c o n diti o n e d Str at a- X ™ p ol y m eri c S P E 

c artri d g e. B P- P T H a n d t h e I S w er e el ut e d usi n g 2 5 0 µ L of 6 0/ 4 0 ( A C N: H 2 O) wit h 2 % f or mi c 

a ci d. El u e nt w as tr a nsf err e d t o a gl ass vi al a n d 1 5 µ L i nj e ct e d o nt o t h e L C- M S/ M S. A s u m m ar y 

of t h e w or kfl o w i s pr es e nt e d i n Fi g ur e 2. 9. 
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2. S oli d P h a s e E xt r a cti o n  
P h e n o m e n e x Str at a -X p ol y m eri c r e v ers e d p h as e ( 1 c c, 3 0 m g, 

3 3 µ m)  

C o n diti o n a n d E q uili b r at e  
1 m L m et h a n ol a n d 1 m L w at er  

L o a d Dil ut e d S a m pl e  
~ 1. 5 m L i n t w o st e p s, a p pr o xi m at el y 7 5 0 µ L e a c h st e p  

W a s h  
1 m L of 5 % m et h a n ol i n w at er  

El ut e  
2 5 0 µ L of 6 0/ 4 0 ( v/ v ) A C N: H2 O wit h 2 % f or mi c a ci d  

3. L C -M S/ M S A n al y sis  
C oll e ct el u e nt a n d tr a n sf er 2 0 0 µ L t o vi al f or a n al ysis.  

C o n diti o n a n d E q uili b r at e
1 m L m et h a n ol a n d 1 m L w at er

El ut e
) A C N: H2

W a s h
1 m L of 5 % m et h a n ol i n w at er

1. P r ot ei n P r e ci pit ati o n  
 

A d diti o n of I S  
2 5 µ L of I S a d d e d t o 2 5 0  µ L of r at pl as m a (st a n d ar d c ur v e p oi nt, Q C or s a m pl e).  

P r ot ei n P r e ci pit ati o n  
2 5 0 µ L of a c et o nitril e c o nt ai ni n g 5 % a m m o ni u m h y dr o xi d e w as a d d e d. A 1: 1 r ati o of m o difi e d 

a c et o nitril e t o pl as m a.  

C e nt rif u g ati o n  
1 5 mi n at 4 0 0 0 r p m.  

Dil ut e S u p e r n at a nt  
C oll e ct s u p er n at a nt a n d dil ut e wit h 1 m L w at er  

2. S oli d P h a s e E xt r a cti o n

Fi g u r e 2. 9 : S u m m a r y of a n al yt e a n d I S pl as m a e xt r a cti o n w o r kfl o w.   
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2. 1 5 O pti mi z ati o n of R P -H P L C C h r o m at o g r a p hi c C o n diti o ns  

C hr o m at o gr a p hi c s e p ar ati o n of t h e I S a n d a n al yt e of i nt er est ( B P- P T H) fr o m t h e 

r e m ai ni n g pl as m a c o m p o u n ds pr es e nt i n t h e e xtr a ct e d s a m pl es is r e q uir e d t o i m pr o v e t h e 

a c c ur a c y, s e nsiti vit y, r e pr o d u ci bilit y a n d f urt h er p urif y t h e s a m pl e b ef or e M S/ M S a n al ysis. T h e 

ai m of o pti mi zi n g t h e c hr o m at o gr a p hi c c o n diti o ns w as t o d e v el o p a r a pi d R P- H P L C m et h o d t h at 

i s c a p a bl e of r et ai ni n g b ot h d eri v ati z e d B P-P T H a n d h P T H ( 1 - 3 4) fr o m r at pl as m a o n a R P-

c ol u m n pri or t o M S/ M S a n al ysis.   

 

2. 1 5 . 1 M et al-f r e e L C- M S/ M S ha r d w a r e  f o r t h e d e t e cti o n of B P-

c o nt ai ni n g c o m p o u n ds  

A n al ysis of B P c o m p o u n ds a n d B P- c o nt ai ni n g c o m p o u n ds is s e v er el y i m p a ct e d b y 

pr o bl e ms wit h c arr y o v er a n d l o w s e nsiti vit y d u e t o st ai nl ess st e el p arts pr es e nt i n L C -M S/ M S 

h ar d w ar e t h at s h o w a hi g h affi nit y f or p h os p h o ni c a ci d c o nt ai ni n g c o m p o u n ds. If a n al y zi n g n o n-

d eri v ati z e d B P - c o nt ai ni n g c o m p o u n ds, it is r e c o m m e n d e d t o us e m et al-fr e e h ar d w ar e t hr o u g h o ut 

t h e e ntir et y of t h e fl o w p at h. T o a c hi e v e a m et al-fr e e fl o w p at h, all st ai nl ess-st e el t u bi n g w as 

r e pl a c e d with P E E K ( p ol y et h er et h er k et o n e) p ol y m er t u bi n g a n d a tit a ni u m c ol u m n ( n o affi nit y 

f or p h os p h o ni c a ci d gr o u ps) w as us e d. T h e a ut os a m pl er n e e dl e w as u n a bl e t o b e r e pl a c e d wit h a 

m et al -fr e e alt er n ati v e. 

 

2. 1 5 . 2 C ol u m n p h as e s el e cti o n  

I n a d diti o n t o r et ai ni n g t he a n al yt es of i nt er est, t h e c ol u m n c h os e n s h o ul d p oss ess a 

st ati o n ar y p h as e t h at is c o m p ati bl e wit h t h e M S. T his m e a ns t h at w h e n m o bil e p h as es p ass 

t hr o u g h t h e c ol u m n, t h er e is a l o w b a c k gr o u n d si g n al i n t h e M S as t o i n di c at e t h at t h er e is n o 

“ bl e e di n g ” of  t h e st ati o n ar y p h as e i nt o t h e M S.  

 T o s el e ct a s uit a bl e c ol u m n, t h e c ol u m n m ust b e a bl e t o pr o d u c e s h ar p, s y m m etri c al a n d 

t all p e a ks t h at ar e c o nsist e nt, n o s a m pl e c arr y o v er, effi ci e ntl y r et ai n t h e a n al yt e(s) of i nt er est a n d 

b e r e pr o d u ci bl e a cr oss m ulti pl e s a m pl es. F urt h er m or e, t h er e s h o ul d  b e n o “ bl e e di n g ” of t h e 

st ati o n ar y p h as e i nt o t h e M S.  
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F or a n al ysis of B P- c o nt ai ni n g c o m p o u n ds, a st ai nl ess- st e el fr e e c ol u m n is r e q uir e d t o 

a d dr ess pr o bl e m ati c c ol u m n bi n di n g iss u es. A tit a ni u m bi o Z e n ™ P e pti d e P S- C 1 8  c ol u m n w as 

s el e ct e d f or t his st u d y.  

 

2. 1 5 . 3 I niti al c h r o m at o g r a p hi c m et h o d d e v el o p m e nt  

I niti al c hr o m at o gr a p hi c m et h o d d e v el o p m e nt utili z e d t h e “ 6 0/ 6 0 ” d et er mi n ati o n m et h o d, 

w hi c h is us e d as a st arti n g p oi nt t o d et er mi n e t h e r et e nti o n ti m e a n d p e a k s h a p e w h e n 

c hr o m at o gr a p hi n g a n u n k n o w n. Usi n g a R P - C1 8  c ol u m n, t h e m aj orit y of p e pti d es s h o ul d el ut e 

w h e n t h e or g a ni c p h as e r e a c h es ~ 3 0 %. Fr o m t h e o ut c o m es of t h e 6 0/ 6 0 d et er mi n ati o n m et h o d, a 

f ast er c hr o m at o gr a p hi c m et h o d c a n b e a c hi e v e d o n c e t h e r et e nti o n ti m e a n d t h e c orr es p o n di n g % 

or g a ni c p h as e is k n o w n. Utili zi n g t h e 6 0/ 6 0 d et er mi n ati o n m et h o d all o ws f or r a pi d o pti mi z ati o n 

of m o bil e p h as e c o m p ositi o n ( mi xt ur e of A C N/ H 2 O) w h er e t h e c o m p o u n d s c a n b e r et ai n e d o n 

t h e st ati o n ar y p h as e b ut wit h mi ni mi z e d el uti o n ti m e. T h e 6 0/ 6 0 d et er mi n ati o n m et h o d c o nsist e d 

of gr a di e nt el uti o n usi n g d ei o ni z e d w at er wit h 0. 1 % f or mi c a ci d ( M o bil e p h as e A) a n d 

a c et o nitril e wit h 0. 1 % f or mi c a ci d ( M o bil e p h as e B) wit h a fl o w r at e of 0. 4 m L/ mi n. T h es e 

m o bil e p h as es w er e s el e ct e d b as e d o n s u c c essf ul r et e nti o n of B P c o m p o u n ds  a n d h P T H( 1- 3 4) 

wit h r e v ers e p h as e c ol u m ns usi n g A C N a n d w at er wit h 0. 1 % f or mi c a ci d. F or mi c a ci d w as us e d 

o v er T F A as it is c o m p ati bl e wit h M S.  F or mi c a ci d h as b e e n r e p ort e d t o i m pr o v e r es ol uti o n of 

p e pti d es b y a cti n g as a m o d er at e i o n p airi n g a g e nt ( 2 0 4 ). 

 

Gr a di e nt ti m e pr o gr a m w as 5 % B t o 6 0 % B fr o m 0. 0 mi n t o 6 0. 0 mi n. T h e d et e ct or us e d f or t h e 

d et er mi n ati o n of c hr o m at o gr a p hi c c o n diti o ns w as a n M S/ M S. T h e M S w as s et t o s c a n i n Q 1 a n d 

t h e t ot al i o n c hr o m at o gr a m ( TI C) pl ot w as us e d t o a n al y z e p e a k s h a p e a n d r et e nti o n ti m es. A 

TI C pl ot is a t y p e of Q 1 c hr o m at o gr a m t h at dis pl a ys t h e si g n al i nt e nsit y o v er t h e e ntir e s el e ct e d 

m/ z r a n g e pl ott e d as a f u n cti o n of ti m e. S e nsiti vit y w as als o a n al y z e d, wit h hi g h er TI C a m o u nts 

i n di c ati n g gr e at er s e nsiti vit y. 1 0 µ L of a 2 5 µ g/ m L s ol uti o n of B P- P T H or h P T H ( 1 - 3 4) i n 

d ei o ni z e d w at er w as i nj e ct e d i nt o t h e L C -M S/ M S s yst e m  s e p ar at el y. T h e o bs er v ati o ns ar e 

s u m m ari z e d b el o w i n T a bl e 2. 5. 
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T o i m pr o v e c hr o m at o gr a p hi c s e p ar ati o n a n d t h e effi ci e n c y of t h e m et h o d, n e w gr a di e nt m et h o ds, 

diff er e nt fl o w r at es a n d c ol u m n t e m p er at ur es w er e e x pl or e d t o a c hi e v e o pti m al s e p ar ati o n. 

R es ults fr o m t h e 6 0/ 6 0 m et h o d d et er mi n ati o n w er e us e d t o i m pr o v e t h e gr a di e nt m et h o d. M et h o d 

d e v el o p m e nt w as f o c us e d o n i m pr o vi n g t h e p e a k s h a p e of t h e B P- P T H p e a k  a n d si g nifi c a ntl y 

d e cr e asi n g r et e nti o n ti m e a n d f o c usi n g o n a n el uti o n.  M o bil e P h as e A c o nsist e d of d ei o ni z e d 

w at er wit h 0. 1 % f or mi c a ci d a n d M o bil e P h as e B c o nsist e d of a c et o nitril e wit h 0. 1 % f or mi c a ci d . 

T h e o bs er v ati o ns ar e s u m m ari z e d i n T a bl e 2. 6. 

A n al yt e  C ol u m n  St ati o n a r y 
P h as e  

G r a di e nt 
C o n diti o ns 
( % B/ mi n) 

Fl o w r at e 
( m L/ mi n) 

O bs e r v ati o ns  

B P -P T H  bi o Z e n P S -
C 1 8  ( 1 5 0 x 
2. 1 m m I. D. 
3 µ m), g u ar d 
c ol u m n ( 4. 0 0 
x 2. 0 0 m m 
I. D.). 

Al k yl 
c h ai n s o n 
sili c a 
s urf a c e  

5/ 0. 0 mi n, 
6 0/ 6 0 mi n.  

0. 4  A p p e ar a n c e of br o a d 
p e a k  wit h t aili n g  of 
m o d er at e i nt e n sit y 
b et w e e n r u n ti m e of 3 6  
a n d 3 7  mi n, 
c orr es p o n di n g wit h a  
M o bil e P h as e B % of 
~ 3 5 % -3 7 %.  

 
h P T H ( 1 -
3 4)  

 
bi o Z e n P S -
C 1 8  ( 1 5 0 x 
2. 1 m m I. D. 
3 µ m), g u ar d 
c ol u m n ( 4. 0 0 
x 2. 0 0 m m 
I. D.). 

 
Al k yl 
c h ai n s o n 
sili c a 
s urf a c e  

 
5/ 0. 0 mi n, 
6 0/ 6 0 mi n.  

 
0. 4  

 
S h ar p p e a k of str o n g 
i nt e n sit y wit h n o t aili n g 
at ~ 3 5 mi n, 
c orr es p o n di n g wit h a 
M o bil e P h as e B % of 
~ 3 3- 3 5 % 

      

T a bl e 2. 5:  O bs e r v ati o ns of i niti al m et h o d d e v el o p m e nt i n a n att e m pt t o c h r o m at o g r a p hi c all y 
i d e ntif y B P-P T H a n d h P T H ( 1 - 3 4). 
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2. 1 5. 4 O pti mi zi n g a n L C m et h o d f o r t h e se p a r ati o n of p l as m a e xt r a ct e d 

B P -P T H a n d h P T H ( 1 -3 4)  

D u e t o t h e sli g htl y diff er e nt c h e mi c al pr o p erti es a n d p ol arit y of h P T H ( 1 - 3 4) a n d B P-

P T H, a gr a di e nt el uti o n pr o gr a m w a s e x pl or e d i n a n eff ort t o r et ai n b ot h a n al yt es i n a n effi ci e nt 

m a n n er, t o all o w f or hi g h-t hr o u g h p ut d uri n g t h e e v e nt u al us e of cli ni c al or p h ar m a c o ki n eti c 

s a m pl es. I d e all y, t h e r et e nti o n f a ct or  ( c a p a cit y f a ct or f or t h e a n al yt es) s h o ul d b e gr e at er t h a n 0. 5 

a n d l ess t h a n 1 0 ( 2 0 5 ). 

   T o s h ort e n t h e el uti o n ti m e, v ari o us L C p ar a m et ers w er e e x pl or e d. T h e c ol u m n v ol u m e 

of t h e e m pt y bi o Z e n P S- C 1 8  c ol u m n i s 5 2 0 µ L. T h e v oi d v ol u m e ( V 0 ) of a c ol u m n is g e n er all y 

6 0- 7 0 % of t h e e m pt y c ol u m n, wit h t h e r e m ai ni n g 3 0- 4 0 % b ei n g t h e p a c ki n g m at eri al ( 2 0 6).  

 

V 0 = 0. 6 5 ×  C V e m pt y                                        E q u ati o n 5         

      

T 0 = V 0 /fl o w r at e                 E q u ati o n 6  

   

V oi d ti m e ( T 0 ) c a n b e c al c ul at e d usi n g E q u ati o n 6. It is us u all y r e c o m m e n d e d t o c h o os e 

c hr o m at o gr a p hi c c o n diti o ns w h er e a n al yt es of i nt er est el ut e wit h at l e ast 1. 5 v oi d v ol u m es i n 

or d er t o pr o vi d e s uffi ci e nt ti m e f or a n al yt es t o i nt er a ct wit h t h e st ati o n ar y p h as e ( 2 0 7). T o s atisf y 

t his r e c o m m e n d ati o n, t h e r e c o m m e n d e d mi ni m u m ti m e f or el uti n g t h e l e ast r et ai n e d a n al yt e wit h 

a 0. 4 m L/ mi n fl o w r at e is at l e ast 1. 3 mi n . 

R et e nti o n f a ct or ( k’) d efi n es h o w m u c h i nt er a cti o n t h e a n al yt e of i nt er est (s a m pl e p e a k) 

h as wit h t h e c ol u m n st ati o n ar y p h as e. Ess e nti all y, it is a f a ct or t h at d e m o nstr at es t h e r el ati v e ti m e 

i nt er a cti n g wit h t h e c ol u m n v ers us t h e m o bil e p h as e ( 2 0 8).  

 

  𝑘𝑘′ =
𝑡𝑡 𝑅𝑅 − 𝑡𝑡 0

𝑡𝑡 0
                   E q u ati o n 7  

tR = r et e nti o n ti m e of a n al yt e  

 

S el e cti vit y f a ct or ( a ) is t h e r ati o of t h e r et e nti o n f a ct ors of b ot h a n al yt e p e a ks. S el e cti vit y 

i s als o k n o w n as t h e s e p ar ati o n f a ct or a n d is a w a y t o c h ar a ct eri z e h o w w ell c hr o m at o gr a p hi c 

p e a ks ar e s e p ar at e d/r es ol v e d ( 2 0 8).  
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  𝑘𝑘 =
𝑡𝑡 𝑅𝑅 𝑡𝑡 − 𝑡𝑡 0

𝑡𝑡 𝑅𝑅 𝑅𝑅 − 𝑡𝑡 0
                   E q u ati o n 8  

 

tR B = r et e nti o n ti m e of a n al yt e B ( el uti n g aft er A)  

tR A = r et e nti o n ti m e of a n al yt e A ( el uti n g b ef or e B) 

 

R es ol uti o n ( R s) d es cri b es t h e s e p ar ati o n p o w er of t h e c o m pl et e c hr o m at o gr a p hi c s yst e m 

r el ati v e t o t h e a n al yt es i n t h e mi xt ur e (2 0 8). I n t h e p ast, t h e F D A r e q uir e d a R s > 2, b ut d o es n ot 

c urr e ntl y s p e cif y a r e q uir e d R s v al u e ( 2 0 8 ). 

 

  𝑅𝑅 𝑠𝑠 =
𝑡𝑡 𝑅𝑅 𝑅𝑅 − 𝑡𝑡 𝑅𝑅 𝑅𝑅

(
𝑊𝑊 𝑅𝑅 + 𝑊𝑊 𝑅𝑅

2
)
               E q u ati o n 9    

W B = wi dt h of p e a k at its b as e f or a n al yt e B  

W A = wi dt h of p e a k at its b as e f or a n al yt e A  

 

T a bl e 2. 6 s u m m ari z es  t h e v ari o us p ar a m et ers a n d c o n diti o ns e x pl or e d t o o pti mi z e t h e L C 

m et h o d.  A T I C pl ot of t h e M R M tr a nsiti o ns usi n g M et h o d # 1 a n d # 5 f or t h e s e p ar ati o n of 5 0 0 

n g/ m L of h P T H ( 1- 3 4) a n d B P- P T H i n pl as m a c a n b e s e e n i n Fi g ur e 2. 1 0. 
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As s h o w n i n T a bl e 2. 6, t h e m ost effi ci e nt c hr o m at o gr a p hi c m et h o ds t h at s atisfi e d 

c hr o m at o gr a p hi c r e c o m m e n d ati o ns w er e M et h o d # 3, M et h o d # 4 a n d M et h o d # 5. M et h o d # 5 w as 

s el e ct e d o v er t h e ot h er t w o s atisf a ct or y m et h o ds as it pr o d u c e d t h e s h ar p est p e a k s h a p e. T h e 

r et e nti o n f a ct ors ( k’) f or M et h o d # 5 w as 2. 7 6 a n d 2. 4 6 f or B P - P T H a n d t h e I S, r es p e cti v el y. B ot h 

a n al yt es el ut e d aft er 1. 3 mi n t o all o w f or a d e q u at e i nt er a cti o n wit h t h e st ati o n ar y p h as e. T h e 

r es ol uti o n v al u e of 2. 8 6 c o nfir ms t h at t h er e is s atisf a ct or y s e p ar ati o n b et w e e n t h e t w o a n al yt e 

M et h o d  G r a di e nt 
C o n diti o ns 
( % B/ mi n) of 
B P -P T H a n d 
I S. Fl o w r at e 
( 0. 4 m L/ mi n) 

t R of 
B P -
P T H 
a n d I S 
( mi n) 

R et e nti o n 
f a ct o rs 
( k’) of B P-
P T H a n d 
I S 

S el e cti vit y 
(a)  

R es ol uti o n 
(R s) 

C ol u m n 
T e m p e r at u r e 
(° C)  

O bs e r v ati o ns  

# 1 2 5/ 0. 1, 2 5/ 0. 5, 
4 0/ 4. 5 0, 
4 0/ 6. 0, 2 5/ 6. 0, 
2 5/ 8. 5 0  

2. 5 9  
1. 8 4  
(I S) 

2 . 0 7 
1. 1 8  (I S) 

1. 7 5  0. 9 0  4 0  E xtr e m el y br o a d B P -
P T H p e a k wit h 
m o d er at e i nt e nsit y. 
P e a k t aili n g o n b ot h 
si d es of p e a k.  

 
# 2 

 
2 5/ 0. 1, 2 5/ 0. 5, 
6 0/ 4. 5 0, 
6 0/ 6. 0, 2 5/ 6. 0, 
2 5/ 8. 5 0  

 
2. 4 2  
1. 8 4  
(I S) 

 
1. 8 6  
1. 1 8  (I S) 

 
1. 2 3  

 
1. 1 5  

 
4 0  

 
Br o a d B P -P T H p e a k 
wit h m o d er at e 
i nt e n sit y. 

 
# 3 

 
1 0/ 0. 1, 1 0/ 0. 5, 
9 5/ 4. 5 0, 
9 5/ 9. 0 , 
1 0/ 1 0. 0 , 
1 0/ 1 0 . 5 0 

 
2. 8 1  
2. 5 8  
(I S) 

 
2. 3 3  
2. 0 5  (I S) 

 
1. 1 3 

 
3. 0 1  

 
4 0  

 
N e arl y i d e nti c al p e a k 
s h a p e f or B P -P T H 
a n d I S as i n M et h o d 
4, b ut hi g h er p u m p 
pr ess ur e.  

 
# 4 

 
1 5/ 0. 1, 1 5/ 0. 5, 
9 5/ 4. 5 0, 
9 5/ 9. 0  
1 5/ 1 0. 0 , 
1 5/ 1 0. 5 0  

 
2. 8 5  
2. 6 0  
(I S) 

 
2. 3 8  
2. 0 8 (I S)  

 
1. 1 4 

 
2. 8 3  

 
4 0  

 
S y m m etri c al I S a n d 
B P -P T H p e a k s .  

 
# 5 

 
1 5/ 0. 1, 1 5/ 0. 5, 
9 5/ 4. 5 0, 
9 5/ 9. 0  
1 5/ 1 0. 0 , 
1 5/ 1 0. 5 0  

 
2. 7 6 
2. 4 6  
(I S) 

 
2. 2 7  
1. 9 1  (I S) 

 
1. 1 9 

 
2. 8 6  

 
6 0  

 
S y m m etri c al p e a k s, 
b ut s h a rp er t h a n 
M et h o d # 4.  

* 1 5 µ L of a n e xtr a ct e d pl as m a s a m pl e c o nt ai ni n g 5 0 0 n g/ m L of b ot h  B P -T P H a n d t h e I S w as i nj e ct e d i nt o t h e L C -
M S/ M S s y st e m f or all e x p eri m e nt al r u n s.  
* * R et e nti o n f a ct ors, s el e cti vit y a n d r es ol uti o n w er e c al c ul at e d u si n g E q u ati o n s 7, 8 a n d 9.  
 
 

T a bl e 2. 6:  S u m m a r y of c h r o m at o g r a p hi c m et h o ds a n d t h ei r c o r r es p o n di n g p a r a m et e rs us e d t o 
s e p a r at e B P -P T H a n d t h e I S.  
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p e a ks of B P -P T H  a n d t h e I S. M et h o d # 5 w as  us e d f or all s u bs e q u e nt L C-M S/ M S e x p eri m e nts  

i n v ol vi n g B P-P T H  i n t his c h a pter .  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

h P T H ( 1 -3 4) (I S) ( 1. 8 4 mi n ) 

B P -P T H ( 2. 5 9  mi n)  

Fi g u r e 2. 1 0:  H P L C s e p a r ati o n of B P -P T H a n d i nt e r n al st a n d a r d . I) M et h o d # 1 a n d 
II) M et h o d #5, fr o m a 5 0 0 n g/ m L e xtr a ct e d pl as m a s a m pl e, usi n g a bi o Z e n P S- C 1 8  ( 1 5 0 x 
2. 1 m m I. D. 3 µ m) c ol u m n.  
  

B P -P T H ( 2. 7 6  mi n)  

h P T H ( 1 -3 4) (I S)  ( 2.4 6  mi n)  

I)  

I I ) 



 8 1  

2. 1 5. 5 O pti mi z e d L C c o n diti o ns a n d p a r a m et e rs  

T h e o pti mi z e d L C c o n diti o ns a n d p ar a m et ers c o nsist e d of usi n g t h e f oll o wi n g gr a di e nt 

pr o gr a m ( % B/ mi n): 1 5/ 0. 1, 1 5/ 0. 5, 9 5/ 4. 5 0, 9 5/ 9. 0, 1 5/ 1 0. 0, 1 5/ 1 0. 5 0. Fl o w w as di v ert e d a w a y 

fr o m t h e M S d et e ct or fr o m 0. 0 t o 1. 5 0 mi n a n d fr o m 5. 0 0 mi n t o 1 0. 0 0 mi n t o pr e v e nt d et e ct or 

c o nt a mi n ati o n. M o bil e p h as e A c o nsist e d of d ei o ni z e d w at er wit h 0. 1 % f or mi c a ci d a n d m o bil e 

p h as e B c o nsist e d of a c et o nitril e wit h 0. 1 % f or mi c a ci d. T h e fl o w r at e w as 0. 4 m L/ mi n, c ol u m n 

t e m p er at ur e w as m ai nt ai n e d at 6 0 ° C, a ut os a m pl er t e m p er at ur e w as 1 5 ° C, a n d i nj e cti o n v ol u m e 

f or all s a m pl es w as 1 5 µ L. A  bi o Z e n P S- C 1 8  ( 1 5 0 x 2. 1 m m I. D. 3 µ m) c ol u m n wit h g u ar d 

c ol u m n ( 4. 0 0 x 2. 0 0 m m I. D.) w as us e d f or all r u ns.  

 

2. 1 6 O pti mi z ati o n of M S/ M S f o r Q u a ntit ati o n  

Li q ui d c hr o m at o gr a p h y ( L C) w as p erf or m e d o n a S hi m a d z u L C s yst e m c o nsisti n g of a 

D G U -2 0 A S R d e g ass er, N e x er a X 2 L C - 3 0 A D bi n ar y gr a di e nt p u m p, N e x er a X 2 SI L-3 0 A C 

a ut os a m pl er a n d a C T O - 2 0 A C c ol u m n o v e n ( S hi m a d z u, K y ot o, J a p a n). T h e L C s yst e m w as 

c o u pl e d t o a L C M S- 8 0 5 0 tri pl e q u a dr u p ol e m ass s p e ctr o m et er ( S hi m a d z u, K y ot o, J a p a n). 

A n al yti c al d at a w as c oll e ct e d a n d pr o c ess e d usi n g L a b S ol uti o ns s o ft w ar e ( v er. 5. 9 1).  

 

2. 1 6 . 1 D et e r mi n ati o n of io ni z ati o n m o d e f o r B P -P T H a n d t h e I S  

D et er mi ni n g w hi c h i o ni z ati o n m o d e a n d/ or t h e p ol arit y t o b e us e d f or t h e d et e cti o n of t h e 

I S a n d B P- P T H w as t h e first st e p i n d e v el o pi n g a n M S m et h o d. El e ctr os pr a y i o ni z atio n ( E SI) 

a n d at m os p h eri c pr ess ur e c h e mi c al i o ni z ati o n ( A P CI) ar e t h e m ost c o m m o n i o ni z ati o n m o d es f or 

c o u pli n g L C t o t a n d e m m ass s p e ctr o m etr y ( M S/ M S) ( 2 0 9). E SI is m ost a p pr o pri at el y us e d f or 

a n al y zi n g p ol ar a n d i o ni z a bl e c o m p o u n ds a n d is c o m m o nl y us e d f or t h e d et e cti o n of p e pti d es 

a n d c ar b o h y dr at es, w hil e A P CI is us e d f or n o n p ol ar m ol e c ul es wit h l o w m ol e c ul ar w ei g hts 

( 2 0 9). C o nsi d eri n g t h e p ol arit y a n d si z e of b ot h B P-P T H a n d h P T H ( 1 - 3 4), E SI w as s el e ct e d as 

t h e i o ni z ati o n m o d e f or M S a n al ysis i n t his t h esis. F urt h er m or e, all r e p ort e d lit er at ur e i n v ol vi n g 

t h e d et e cti o n of h P T H ( 1 - 3 4) a n d B P c o m p o u n d s h a v e us e d E SI m o d e.  
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2. 1 6 . 2 S el e cti n g p r e c u rs o r io ns f o r B P -P T H a n d t h e I S  

E x a mi ni n g t h e Q 1 fr a g m e nt ati o n p att er n f or B P- P T H a n d t h e I S a s uit a bl e pr e c urs or i o n 

c a n b e s el e ct e d t o b e us e d i n d e v el o pi n g t h e M R M tr a nsiti o n. T h e m ost s uit a bl e pr e c urs or i o n 

n e e ds t o b e st a bl e, c orr es p o n d t o t h e t h e or eti c al m ass of t h e a n al yt e of i nt er est a n d pr ef er a bl y b e 

t h e m ost a b u n d a nt fr a g m e nt ( hi g h est a bs ol ut e i nt e nsit y) of all t h e fr a g m e nts t h at m a y c orr es p o n d 

t o t h e a n al yt e of i nt er est. 

Dir e ct i nj e cti o ns ( n o c ol u m n) of 1 0 0 0 n g/ m L s ol uti o ns of B P- P T H a n d h P T H ( 1 - 3 4) 

usi n g a n is o cr ati c el uti o n pr o gr a m of 5 0/ 5 0 A C N: H 2 O wit h 0. 1 % F A at 0. 4 m L/ mi n w as 

c o n d u ct e d t o d et er mi n e s uit a bl e pr e c urs or i o ns f or B P- P T H a n d h P T H ( 1 - 3 4). T h e r el ati v e 

i nt e nsiti es of t h e p e a ks w er e m e as ur e d, wit h t h e m ost i nt e ns e p e a k r e c ei v e a n i nt e nsit y of 1 0 0. 

T h e m ost i nt e ns e i o ns w er e s el e ct e d as pr e c urs or i o ns f or f urt h er d e v el o p m e nt of t h e M R M 

tr a nsiti o n m et h o d.  
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Fi g u r e 2. 1 1 : M S s p e ct r a s h o wi n g r el ati v e i nt e nsiti es of p r e c u rs o r i o ns f o r B P-P T H a n d 
h P T H ( 1 - 3 4). I) M S s p e ctr a of B P - P T H pr e c urs or i o ns. T h e m ost i nt e ns e pr e c urs or i o n ( 9 7 9. 2 5 
m/ z) c orr es p o n ds t o + 6 c h ar g e s p e ci es of B P - P T H, gi vi n g a m ass err or of - 1 0. 2 1 p p m fr o m t h e 
t h e or eti c al m ass. II) T h e m ost i nt e ns e pr e c urs or i o n ( 6 8 7. 3 0 m/ z) c orr es p o n ds t o t h e + 6-c h ar g e 
s p e ci es of h P T H ( 1 - 3 4), gi vi n g a m ass err or of - 4 3. 6 5 p p m fr o m t h e t h e or eti c al m ass. T h e 
9 7 9. 2 5 i o n (r o u n d e d t o 9 7 9. 3 0) a n d t h e 6 8 7. 3 0 m/ z pr e c urs or i o ns w er e s el e ct e d f or f urt h er 
M R M d e v el o p m e nt.  
 

+ 6  

+ 7  

+ 5  

I)  

R el ati v e I nt e n sit y ( %)  

+ 6  

+ 5  

+ 4  

I I ) 

R el ati v e I nt e n sit y ( %)  
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R es ult s  

T h e m ost i nt e ns e pr e c urs or i o n ( 9 7 9. 2 5 m/ z) c orr es p o n ds t o + 6 c h ar g e d s p e ci es of B P-

P T H, gi vi n g a m ass err or of - 1 0. 2 1 p p m fr o m t h e t h e or eti c al m ass. T h e m ost i nt e ns e pr e c urs or 

i o n ( 6 8 7. 3 0 m/ z) c orr es p o n ds t o t h e + 6 c h ar g e d s p e ci es of h P T H ( 1- 3 4), r es ulti ng i n a m ass err or 

of - 4 3. 6 5 p p m. T h e 9 7 9. 2 5 (r o u n d e d t o 9 7 9. 3) a n d 6 8 7. 3 0 m/ z i o ns w er e s el e ct e d as Q 1 

pr e c urs or i o ns f or f urt h er M R M d e v el o p m e nt. T h e Q 1 s p e ctr a of b ot h a n al yt es is s h o w n i n 

Fi g ur e 2. 1 1, t h e s el e ct e d pr e c urs or i o ns f or f urt h er m et h o d d e v el o p m e nt ar e s u m m ari z e d i n T a bl e 

2. 7. 

2. 1 6. 3 Est a blis hi n g a n d o pti mi zi n g t h e M R M tr a nsiti o n f o r B P -P T H 

a n d t h e I S  

Aft er s el e cti o n of s uit a bl e pr e c urs or i o ns, s uit a bl e pr o d u ct i o ns ( Q 3 fr a g m e nts) n e e d t o b e 

d et er mi n e d t o est a blis h a n M R M tr a nsiti o n f or B P - P T H a n d t h e I S. Fr a g m e nt ati o n p att er ns n e e d 

t o b e o bs er v e d i n Q 1 ( pr e c urs or i o ns) a n d i n Q 3 ( pr o d u ct i o ns) i n or d er t o s el e ct f or pr e c urs or 

a n d pr o d u ct i o ns t o b e gi n t h e pr o c ess of o pti mi zi n g t h e M R M tr a nsiti o ns. Usi n g M R M 

tr a nsiti o ns, t h e s e nsiti vit y of q u a ntifi c ati o n a n d d et e cti o n c a n b e v astl y i m pr o v e d.  

“ F ull y A ut o m at e d M R M O pti mi z ati o n ” pr o gr a m i n L a b S ol uti o ns s of t w ar e ( v er. 5. 9 1) 

w as utili z e d f or r a pi d a n d a ut o m at e d o pti mi z ati o n t o o bt ai n t h e o pti m al c ollisi o n e n er g y ( C E) 

b et w e e n t h e r a n g e of 1 0 t o 5 0 e V.  Ultr a - hi g h p urit y ar g o n g as is us e d as t h e c ollisi o n g as f or t h e 

L C M S - 8 0 5 0 tri pl e q u a dr u p ol e m ass s p e ctr o m et er. T h e M R M o pti mi z ati o ns w er e c o n d u ct e d at 

l o w ( 5 0 k P a), m e di u m ( 1 2 5 k P a), a n d hi g h ( 2 7 0 k P a) CI D g as pr ess ur e t o d et er mi n e o pti m al C E 

A n al yt e  C h a r g e ( z)  P r e c u rs o r I o n ( m/ z)  

B P -P T H  + 6  
+ 5  

9 7 9. 2 5  
1 1 7 5. 1 0 ( q u alifi er i o n)  

 
h P T H ( 1- 3 4) 

 
+ 6  

 
6 8 7. 3 0 
8 2 4. 6 0 ( q u alifi er i o n)  

A n al yt e

T a bl e 2. 7:  Q 1 s c a ns t o s el e ct s uit a bl e p r e c u rs o r i o ns of B P -P T H a n d I S usi n g 
E SI + f o r f u rt h e r M R M m et h o d d e v el o p m e nt.  
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t o g e n er at e st a bl e a n d hi g h i nt e nsit y pr o d u ct i o ns. T his e x p eri m e nt w as d o n e t o d et er mi n e if 

t h er e is a n y r el ati o ns hi p b et w e e n CI D g as pr ess ur e a n d C E.  

  T h e a ut o m at e d st e ps of L a b S ol uti o ns ( v er. 5. 9 1) “ F ull y A ut o m at e d M R M O pti mi z ati o n ” 

pr o gr a m is o utli n e d i n Fi g ur e 2. 1 2 . P ar a m et ers f or t h e o pti mi z e d M R M tr a nsiti o n f or t h e I S a n d 

B P -P T H ar e s u m m ari z e d i n T a bl e 2. 1 0. 

R es ults   

M R M o pti mi z ati o n at hi g h CI D g as pr ess ur e ( 2 7 0 k P a) pr o d u c e d t h e m ost i nt e ns e 

pr o d u ct i o n fr a g m e nts f or b ot h t h e I S a n d B P- P T H. At l o w CI D pr ess ur e ( 5 0 k P a), t h er e w as n o 

CI D i n d u c e d fr a g m e nt ati o n of t h e 9 7 9. 2 5 m/ z pr e c urs or i o n ( 9 7 9. 2 5   9 7 9. 2 5). T h eir a p p e ar e d 

t o b e a r el ati o ns hi p b et w e e n CI D g as pr ess ur e a n d t h e i nt e nsit y of t h e pr o d u ct i o n f or b ot h t h e I S 

a n d B P- P T H. As CI D g as pr ess ur e i n cr e as e d, t h e i nt e nsit y of t h e c orr es p o n di n g pr o d u ct i o n als o 

i n cr e as e d. T a bl e 2. 8 s u m m ari z es t h e  r es ults of t h e CI D g as pr ess ur e e x p eri m e nt. N o CI D g as 

pr ess ur e e x c e e di n g 2 7 0 k P a w as t est e d as t h e L C - M S 8 0 5 0 h as a CI D g as pr ess ur e li mit of 2 7 0 

k P a.  

 

 

 

 

 

 

I n p ut pr e c urs or 
i o n ( m/ z v al u es) S e ar c h f or 

pr o d u ct i o ns  C E o pti mi z ati o n  
V olt a g e 
o pti mi z ati o n  O pti mi z e d M R M 

m et h o d est a blis h e d  

Fi g u r e 2. 1 2: P at h w a y of t h e o p e r ati o ns a n d s e q u e n c e p e rf o r m e d b y L a b S ol uti o ns 
“ F ul ly A ut o m at e d M R M O pti mi z ati o n ” p r o g r a m.  
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CI D g as p r ess u r e  M R M t r a nsiti o ns  I nt e nsit y of p r o d u ct i o n ( c ps)  

L o w ( 5 0 k P a)  9 7 9. 2 5    9 7 9. 2 5  
6 8 7. 3 0   6 7 5. 2 0 
 

N/ A  
2. 5 3 x 1 0 3  

M e di u m ( 1 2 5 k P a)  9 7 9. 2 5    4 9 0. 9 5  
6 8 7. 3 0  1 5 9. 3 5 
 

7. 4 6 x 1 0 4  

5. 0 3 x 1 0 4 

Hi g h ( 2 7 0 k P a) 9 7 9. 2 5    4 9 0. 9 5  
6 8 7. 3 0   1 5 9. 1 0  

5. 3 5 x 1 0 5  

2. 3 6 x 1 0 5  

T a bl e 2. 8: S u m m a r y of M R M o pti mi z ati o ns f o r B P -P T H a n d I S p r o d u ct i o ns 
c o n d u ct e d at l o w, m e di u m, a n d hi g h CI D g as p r ess u r es .  
 

Fi g u r e 2. 1 3 : O pti mi z e d M R M t r a nsiti o n of  e xt r a ct e d 5 0 0 n g/ m L of  B P -P T H a n d h P T H ( 1 -
3 4) f r o m r at pl as m a.   
 

h P T H ( 1 -3 4) (I S)  ( 2.4 6  mi n)  

B P -P T H ( 2. 7 6  mi n)  
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2. 1 6. 4 M a s s s p e ct r o m et r y of h P T H ( 1 -3 4)  

As t h e m/ z 1 5 9. 1 0 pr o d u ct i o n of t h e m/ z 6 8 7. 3 0 pr e c urs or i o n w as t h e m ost i nt e ns e 

pr o d u ct i o n g e n er at e d usi n g L a b S ol uti o ns “ F ull y A ut o m at e d M R M O pti mi z ati o n ” pr o gr a m, it 

w as us e d f or m et h o d v ali d ati o n. D es pit e a c hi e vi n g s uit a bl e li n e arit y (r 2  > 0. 9 9 5) o n t h e first 

v ali d ati o n r u n, l ar g e b a c k gr o u n d i nt erf er e n c e w as o bs er v e d usi n g t h e 6 8 7. 3 0   1 5 9. 1 0 tr a nsiti o n 

aft er t h e  el uti o n of t h e I S p e a k. It is r e c o m m e n d e d f or p e pti d e m et h o d d e v el o p m e nts t o a v oi d 

usi n g fr a g m e nts b el o w m/ z 2 0 0 as t h es e i o ns us u all y c orr es p o n d t o i m m o ni u m i o ns t h at r es ult i n 

hi g h b a c k gr o u n d d u e t o e n d o g e n o us i nt erf er e n c e a n d l a c k of s p e cifi cit y ( 2 1 0 ). T h e thr e e  m ost 

a b u n d a nt pr o d u ct i o ns g e n er at e d f or t h e m/ z 6 8 7. 3 0 pr e c urs or i o n b y L a b S ol uti o ns s oft w ar e w er e  

m/ z 1 5 9. 1 0, 1 1 0. 1 0 a n d 8 6. 0 5. T h es e fr a g m e nts c orr es p o n d t o t h e i m m o ni u m i o ns of tr y pt o p h a n, 

histi di n e, a n d is ol e u ci n e/l e u ci n e  a mi n o a ci d r esi d u es, r es p e cti v el y ( 2 1 1).  

 T o i m pr o v e s p e cifi cit y of t h e m et h o d, t h e c ollisi o n e n er gi es w as o pti mi z e d usi n g t h e 

r e p ort e d y i o n fr a g m e nts a b o v e m/ z 7 0 0 f or h P T H ( 1- 3 4) b y C h a m b ers et al ( 2 0 1). T h e M R M 

tr a nsiti o ns 6 8 7. 3 0   7 8 7. 2 5 a n d 8 2 4. 6 0   9 8 3. 8 0 h a d o pti mi z e d c ollisi o n e n er gi es of 2 0 a n d 2 8 

e V. T h e 7 8 7. 2 5 a n d 9 8 3. 6 0 pr o d u ct i o ns c orr es p o n d t o 5 + y 3 2 a n d 4 + y 3 2 i o ns, r es p e cti v el y. T h e 

8 2 4. 6 0   9 8 3. 8 0 tr a nsiti o n w as l o w i nt e nsit y a n d pr o d u c e d p o or p e a k s h a p e a n d w as t h er ef or e 

n ot us e d i n t h e o pti mi z e d M R M. Usi n g t h e y i o n fr a g m e nt ( 6 8 7. 3 0   7 8 7. 2 5) gr e atl y i m pr o v e d 

s p e cifi cit y a n d r e d u c e d b a c k gr o u n d si g n al al m ost  e ntir el y. A c o m p aris o n b et w e e n t h e t w o t est e d 

M R Ms c a n b e s e e n i n Fi g ur e 2. 1 4. 
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h P T H ( 1 -3 4) (I S) ( 2. 4 7 mi n)  

h P T H ( 1 -3 4) (I S) ( 2. 5 1 mi n)  

Fi g u r e 2. 1 4 : C h r o m at o g r a ms of t h e I S usi n g t w o diff e r e nt M R M t r a nsiti o ns. I) C hr o m at o gr a m 
of t h e M R M tr a nsiti o n 6 8 7. 3 0   1 5 9. 1 0. T his tr a nsiti o n c orr es p o n ds t o t h e tr y pt o p h a n i m m o ni u m 
i o n as a pr o d u ct i o n a n d r es ult e d i n hi g h b a c k gr o u n d si g n al d u e t o i nt erf er e n c e fr o m e n d o g e n o us 
pr ot ei ns. II) C hr o m at o gr a m of t h e M R M tr a nsiti o n 6 8 7 . 3 0   7 8 7. 2 5. T his tr a nsiti o n c orr es p o n ds 
t o t h e 5 + y 3 2 i o n of t h e pr e c urs or i o n. B a c k gr o u n d si g n al w as si g nifi c a ntl y r e d u c e d usi n g t his 
tr a nsiti o n. I S c o n c e ntr ati o n w as 1 2. 5 n g/ m L 
 

I)  

I I) 

6 8 7 . 3 0   1 5 9. 1 0  

6 8 7 . 3 0   7 8 7. 2 5  
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2. 1 6. 5 O pti mi z e d M R M m et h o d  

A m ulti pl e x e d M R M m et h o d w as s u c c essf ull y d e v el o p e d a n d M S p ar a m et ers w er e 

o pti mi z e d f or t h e d et e cti o n of B P- P T H a n d t h e I S. T h e tr a nsiti o n us e d f or q u a ntifi c ati o n w as 

9 7 9. 2 5   4 9 0. 9 5 wit h a q u alifi er tr a nsiti o n of 1 1 7 5. 1 0   4 9 0. 9 5 usi n g c ollisi o n e n er gi es of 3 5 

e V a n d 4 0 e V r es p e cti v el y. T h e pr o d u ct i o n f or t h es e tr a nsiti o ns w as i d e ntifi e d t o b e t h e B P 

m oi et y of t h e B P- P T H c o nj u g at e ( C 1 4 H 2 5 N 2 O 9 S 2 P 2
+  ( z = 1)). T h e tr a nsiti o n f or t h e I S w as 6 8 7. 3 0 

  7 8 7. 2 5 wit h a c ollisi o n e n er g y of 2 0 e V. T h e o pti mi z e d M S p ar a m et ers ar e s u m m ari z e d i n 

T a bl e 2. 9 a n d t h e s u m m ar y of t h e m ulti pl e x e d M R M tr a nsiti o ns ar e s u m m ari z e d i n T a bl e 2. 1 0. 

M S  P a r a m et e r   

I o nis ati o n M o d e E SI +  

CI D g as pr ess ur e ( k P a)  2 7 0. 0 0  

CI D g as  ar g o n  

I nt erf a c e v olt a g e ( k V) 4. 0 0  

N e b uli zi n g g as fl o w ( L/ mi n)  2 . 0 0  

I nt erf a c e t e m p er at ur e (° C)  3 0 0. 0 0  

D es ol v ati o n li n e t e m p er at ur e (° C)  2 5 0 . 0 0 

H e at bl o c k t e m p er at ur e ( ° C)  3 0 0. 0 0  

Dr yi n g g as fl o w ( L/ mi n)  1 0 . 0 0  

H e ati n g g as fl o w ( L/ mi n)  1 0. 0 0  

D w ell ti m e ( m s e c)  1 0 0. 0 0  

T a bl e 2. 9:  M S p a r a m et e rs o f t h e o pti mi z e d M R M t r a nsiti o ns f o r B P-P T H a n d t h e I S.   
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2. 1 7 T h e O pti mi z e d M et h o d  

T h e o pti mi z e d m et h o d c o nsist e d of usi n g pr ot ei n pr e ci pit ati o n c o u pl e d wit h s oli d- p h as e 

e xtr a cti o n usi n g a p ol y m eri c Str at a - X ™ c artri d g e. T h e el u e nt w as c oll e ct e d, a n d 1 5 µ L w as 

l o a d e d o nt o t h e L C-M S/ M S s yst e m. A tit a ni u m -li n e d r e v ers e-p h as e C 1 8  c ol u m n ( A bi o Z e n P S-

C 1 8  ( 1 5 0 x 2. 1 m m I. D. 3 µ m) c ol u m n wit h g u ar d c ol u m n ( 4. 0 0 x 2. 0 0 m m I. D.)) w as us e d  f or t h e 

s e p ar ati o n of B P - P T H a n d t h e I S. T h e L C m et h o d c o nsist e d of gr a di e nt el uti o n usi n g t h e 

f oll o wi n g gr a di e nt pr o gr a m ( % B/ mi n): 1 5/ 0. 1, 1 5/ 0. 5, 9 5/ 4. 5 0, 9 5/ 9. 0, 1 5/ 1 0. 0, 1 5/ 1 0. 5 0. Fl o w 

w as di v ert e d a w a y fr o m t h e M S d et e ct or fr o m 0. 0 t o 1. 5 0 mi n a n d fr o m 5. 0 0 mi n t o 1 0. 5 0 mi n t o 

pr e v e nt d et e ct or c o nt a mi n ati o n.  T o pr e v e nt s a m pl e c arr y -o v er, aft er e a c h i nj e cti o n, 4 0 µ L o f 

A C N w as i nj e ct e d i nt o t h e s a m pl e l o o p t o r e m o v e a n y B P- P T H t h at m a y b e o n t h e e xt er n al 

p orti o ns of t h e s a m pl e n e e dl e. M o bil e p h as e A c o nsist e d of d ei o ni z e d w at er wit h 0. 1 % f or mi c 

a ci d a n d m o bil e p h as e B c o nsist e d of a c et o nitril e wit h 0. 1 % f or mi c a ci d. T h e fl o w r at e w as 0. 4 

m L/ mi n, c ol u m n t e m p er at ur e w as m ai nt ai n e d at 6 0 ° C, a ut os a m pl er t e m p er at ur e w as 1 0 ° C. 

M R M m o d e w as us e d f or q u a ntifi c ati o n wit h t h e f oll o wi n g tr a nsiti o ns: + 6 pr e c urs or f or B P- P T H 

9 7 9. 2 5   4 9 0. 9 5 a n d usi n g t h e + 5 pr e c urs or as a q u alifi er i o n 1 1 7 5. 1 0   4 9 0. 9 5. T h e c ollisi o n 

e n er gi es f or t h es e tr a nsiti o ns w as 3 5 a n d 4 5 e V, r es p e cti v el y. T h e M R M tr a nsiti o ns f or t h e I S 

us e d t h e + 6 pr e c urs or of h P T H ( 1- 3 4) 6 8 7. 3 0   7 8 7. 2 5 wit h c ollisi o n e n er g y of 2 0 e V . T h e 

M S/ M S s yst e m c o nsist e d of a L C M S- 8 0 5 0 tri pl e q u a dr u p ol e m ass s p e ctr o m et er a n d t h e i nt erf a c e 

v olt a g e, i nt erf a c e t e m p er at ur e, d es ol v ati o n li n e t e m p er at ur e, dr yi n g g as fl o w a n d CI D g as 

pr ess ur e w as 4. 0 k V, 3 0 0 ° C, 2 5 0 ° C, 1 0 L/ mi n, a n d 2 7 0 k P a, r es p e cti v el y. A n al yti c al d at a w as 

c oll e ct e d a n d pr o c ess e d usi n g L a b S ol uti o ns s oft w ar e ( v er. 5. 9 1).  

A n al yt e  M R M T r a nsiti o ns  C ollisi o n e n e r g y 
( e V) 

Q 1 P r e Bi as 
( e V) 

Q 3 P r e Bi as 
( e V) 

B P -P T H  9 7 9. 2 5   4 9 0. 9 5  
1 1 7 5. 1 0   4 9 0. 9 5 
( q u alifi er tr a nsiti o n) 

3 5  
4 5 

2 2  
4 2 

2 6  
1 8 

 
h P T H ( 1 - 3 4) 

 
6 8 7. 3 0   7 8 7. 2 5 
 

 
2 0 
 

 
2 0 
 

 
2 8 

 

A n al yt e M R M T r a nsiti o ns C ollisi o n e n e r g y Q 1 P r e Bi as Q 3 P r e Bi as 

T a bl e 2. 1 0:  M ulti pl e x e d M R M s u m m a r y f o r B P -P T H a n d I S  
 
 

* T h e 4 9 0. 9 5 pr o d u ct i o n fr a g m e nt fr o m B P -P T H c orr es p o n d s t o C 1 4 H 2 5 N 2 O 9 S 2 P 2
+  ( z = 1) p orti o n of t h e B P-

P T H c o m p o u n d. T his p orti o n is t h e B P m oi et y of t h e B P -P T H c o m p o u n d.  
* * A l ess i nt e n s e pr o d u ct fr a g m e nt of 2 4 6. 1 0 w as als o o b s er v e d fr o m B P -P T H. T his fr a g m e nt c orr es p o n d s t o 
C 1 4 H 2 5 N 2 O 9 S 2 P 2

2 +  ( z = 2). 
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R e s ults & Dis c ussi o n  
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2. 1 8 R e s ults  

 

2. 1 8 . 1 S P E c o m p a ris o n of  a p ol y m e ri c St r at a -X ™ c a rt ri d g e  wit h a w e a k 

a ni o n e x c h a n g e O asis ® c a rt ri d g e.  

 T h e p e a k ar e a of h P T H( 1 -3 4) t h at u n d er w e nt e xtr a cti o n usi n g t h e p ol y m eri c Str at a -X ™ 

c artri d g e w as ar bitr aril y d efi n e d as 1 0 0 % r e c o v er y as it yi el d e d t h e l ar g est p e a k ar e a c o m p ar e d 

t o t h e ot h er e x p eri m e nt al tr e at m e nts. All ot h er tr e at m e nt gr o u ps w er e c o m p ar e d t o t h e r el ati v e 

p e a k ar e a of h P T H ( 1- 3 4) e xtr a ct e d fr o m pl as m a usi n g t h e p ol y m eri c c artri d g e. F or b ot h B P-

P T H a n d h P T H ( 1 - 3 4), e xtr a cti o n usi n g p ol y m eri c c artri d g es si g nifi c a ntl y o ut p erf or m e d 

e xtr a cti o n usi n g t h e w e a k a ni o n e x c h a n g e c a rtri d g es ( p < 0. 0 0 1). Fi n di n gs ar e s u m m ari z e d i n 

Fi g ur e 2. 1 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fi g u r e 2. 1 5:  R el ati v e p e a k a r e a of B P -P T H a n d h P T H ( 1 -3 4) usi n g t w o diff e r e nt S P E 
s o r b e nt t y p es aft e r p r ot ei n p r e ci pit ati o n . R e c o v er y f or b ot h a n al yt es w as si g nifi c a ntl y 
hi g h er ( p < 0. 0 0 0 1) w h e n usi n g t h e Str at a- X ™ p ol y m eri c s or b e nt i n c o m p aris o n t o t h e O asis ® 
W A X s or b e nt. R e c o v er y f or h P T H ( 1- 3 4) w as t h e hi g h est ( 1 0 0) a n d t h e p e a k ar e as of t h e 
a n al yt es i n b ot h gr o u ps w er e c o m p ar e d t o t h e a v er a g e p e a k ar e a of h P T H ( 1- 3 4) e xtr a ct e d 
usi n g t h e p ol y m eri c s or b e nt. V al u es r e pr es e nt m e a n ±  st a n d ar d d e vi ati o n (n = 3 r e pli c at es), 
* * * p < 0. 0 0 1 
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2. 1 8 . 2 A dj u sti n g S P E c a rt ri d g e s o r b e nt si z e  

T h e p e a k ar e a of h P T H( 1 - 3 4) t h at u n d er w e nt e xtr a cti o n usi n g t h e 3 0 m g p ol y m eri c 

s or b e nt si z e w as ar bitr aril y d efi n e d as 1 0 0 % r e c o v er y as it yi el d e d t h e l ar g est p e a k ar e a 

c o m p ar e d t o t h e ot h er e x p eri m e nt al tr e at m e nts. All ot h er tr e at m e nt gr o u ps w er e c o m p ar e d t o t h e 

r el ati v e p e a k ar e a of h P T H ( 1- 3 4) e xtr a ct e d fr o m pl as m a usi n g t h e 3 0 m g s or b e nt si z e. F or b ot h 

B P -P T H a n d h P T H ( 1 - 3 4), r el ati v e p e a k ar e as w er e si g nifi c a ntl y l ar g er w h e n usi n g t h e 3 0 m g 

s or b e nt si z e c o m p ar e d wit h t h e 6 0 m g s or b e nt si z e ( p < 0. 0 0 1). As 3 0 m g s or b e nt si z e r e q uir es 

el uti o n wit h 2 5 0 µ L of el uti o n a g e nt i n c o m p aris o n t o 5 0 0 µ L, m e a ni n g t h e c oll e ct e d s a m pl es 

fr o m t h e 3 0 m g s or b e nts s h o ul d h a v e a p pr o xi m at el y d o u bl e t h e c o n c e ntr ati o n. T h e a p pr o xi m at e 

5 0 % diff er e n c e i n r el ati v e p e a k ar e as b et w e e n t h e t w o s or b e nt si z es is c o nfir m at or y of t his 

pri n ci pl e. Fi n di n gs ar e s u m m ari z e d i n Fi g ur e 2. 1 6. 
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Fi g u r e 2. 1 6 : R el ati v e p e a k a r e a of B P-P T H a n d h P T H ( 1 -3 4) usi n g t w o diff e r e nt S P E 
s o r b e nt b e d m ass f o r a p ol y m e ri c St r at a - X™ c a rt ri d g e. R e c o v er y f or b ot h a n al yt es w as 
si g nifi c a ntl y hi g h er ( p < 0. 0 0 0 1) w h e n usi n g t h e 3 0 m g s or b e nt b e d m ass i n c o m p aris o n t o t h e 
6 0 m g s or b e nt b e d m ass. R e c o v er y f or h P T H ( 1- 3 4) w as t h e hi g h est ( 1 0 0) a n d t h e p e a k ar e as 
of t h e a n al yt es i n b ot h gr o u ps w er e c o m p ar e d t o t h e a v er a g e p e a k ar e a of h P T H ( 1 - 3 4) 
e xtr a ct e d usi n g t h e 3 0 m g s or b e nt b e d m ass. V al u es r e pr es e nt m e a n ±  st a n d ar d d e vi ati o n 
(n = 3 r e pli c at es), * * * p < 0. 0 0 1.  
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2. 1 8 . 3 P a rti al M et h o d V ali d ati o n  

T h e o pti mi z e d m et h o d o utli n e d i n s e cti o n 2. 1 7 u n d er w e nt p arti al  m et h o d v ali d ati o n t o 

d et er mi n e if t h e m et h o d is s uit a bl e f or q u a ntif yi n g B P- P T H i n r at pl as m a f or f ut ur e 

p h ar m a c o ki n eti c st u di es. T h e m et h o d w as p arti all y v ali d at e d  i n a c c or d a n c e t o t h e E M A 

g ui d eli n e o n bi o a n al yti c al m et h o d v ali d ati o n t o d et er mi n e a c c e pt a bilit y  ( 1 9 5). T h e li n e arit y, 

a c c ur a c y a n d pr e cisi o n, s p e cifi cit y/s el e cti vit y, st a bilit y i n v ari o us c o n diti o ns, a n d s e nsiti vit y w as 

e v al u at e d.  

C o m pl et e m et h o d v ali d ati o n w as pr e v e nt e d d u e t o irr e v ersi bl e cl o g gi n g of t h e R P- C 1 8  

c ol u m n w hi c h is e x p l ai n e d f urt h er i n s e cti o n 2. 3. 1 2. F ull v ali d ati o n will b e p erf or m e d aft er t h e 

p u bli c ati o n of t his t h esis wit h a n e w c ol u m n. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fi g u r e 2. 1 7 : H P L C s e p a r ati o n of B P -P T H ( 2 0 n g/ m L) a n d i nt e r n al st a n d a r d ( 1 2. 5 n g/ m L) 
f r o m a n e xt r a ct e d pl as m a s a m pl e usi n g t h e o pti mi z e d m et h o d c o n diti o ns. T h e m et h o d 
ulti m at el y s uff er e d fr o m p o or p e a k s h a p e d u e t o p e a k t aili n g t h at b e c a m e m or e si g nifi c a nt at t h e 
hi g h e r c o n c e ntr ati o n l e v els of B P-P T H. T h e I S is als o s us c e pti bl e t o m o d er at e p e a k t aili n g (l ess 
e xt e nsi v e t h a n B P- P T H).  

h P T H ( 1 -3 4) (I S) ( 2. 5 1 mi n)  

B P -P T H ( 2.8 0  mi n)  
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2. 1 8 . 4 S el e cti vit y/ S p e cifi cit y  

T h e bi o a n al yti c al m et h o d is s ai d t o b e s el e cti v e if it is c a p a bl e of diff er e nti ati n g t h e I S 

a n d t h e a n al yt e of i nt er est fr o m e n d o g e n o us c o m p o u n ds pr es e nt i n t h e m atri x ( 1 9 5 ). T h e m et h o d 

n e e ds t o b e s el e cti v e e n o u g h t o disti n g uis h t h e a n al yt e at t h e L L O Q wit h c o nfi d e n c e fr o m 

e n d o g e n o us c o m p o u n ds  t h at m a y c o el ut e at or n e ar t h e r et e nti o n ti m e of t h e a n al yt e. F or 

s p e cifi cit y t o b e s atisfi e d, t h e m et h o d m ust b e c a p a bl e of m e as uri n g t h e a n al yt e “ u n e q ui v o c all y: 

i n t h e pr es e n c e of ot h er c o m p o u n ds ( 1 9 5). It is r e c o m m e n d e d t o ass ess s el e cti vit y b y 

i n di vi d u all y e v al u ati n g f or i nt erf er e n c e usi n g at l e ast si x i n di vi d u al s o ur c es of pl as m a ( 1 9 5). I n 

t his st u d y, p o ol e d pl as m a ( 1 0 0 m L t ot al) fr o m a n u n dis cl os e d a m o u nt of S pr a g u e D a wl e y r ats 

w as us e d f or all e x p eri m e nts. A d diti o n al s o ur c es st at e t h at if t h e bi o a n al yti c al m et h o d is c a p a bl e 

of m ai nt ai ni n g s el e cti vit y a cr oss all r u ns, t h e n f e w er t h a n si x pl as m a s o ur c es m a y b e us e d ( 2 1 2). 

H o w e v er, t his is n ot st at e d wit hi n t h e g ui d eli n es of t h e E M A.  

 

R es ults  

O v er t h e c o urs e of all v ali d ati o n r u ns, t h e s el e cti vit y of t h e ass a y s atisfi e d t h e E M A r e q uir e m e nts 

f or s el e cti vit y b y s u c c essf ull y diff er e nti ati n g t h e I S a n d B P- P T H fr o m e n d o g e n o us c o m p o n e nts 

at t h e L L O Q. As p er E M A g ui d eli n es, at t h e L L O Q, i nt erf eri n g c o m p o n e nt r es p o ns e is l ess t h a n 

2 0 % of t h e B P- P T H r es p o ns e a n d l ess t h a n 5 % f or t h e I S. E M A crit eri a w as als o m et w h e n 

a n al y zi n g a 2. 5 n g/ m L s a m pl e of B P- P T H, f urt h er d e m o nstr ati n g t h at t h e d e v el o p e d 

bi o a n al yti c al m et h o d is wit hi n a c c e pt a bl e E M A crit eri a. C hr o m at o gr a ms; I) s h o w a bl a n k pl as m a 

s a m pl e, II) a bl a n k pl a s m a s a m pl e wit h I S, III) a 2. 5 n g/ m L B P -P T H e xtr a ct e d pl as m a s a m pl e, 

a n d I V) a n e xtr a ct e d pl as m a s a m pl e of B P -P T H at t h e L L O Q. T h e s p e ctr a’s d e m o nstr at e d t h e 

s el e cti vit y/s p e cifi cit y of t h e bi o a n al yti c al m et h o d i n pl as m a.  
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Fi g u r e 2. 1 8 : C h r o m at o g r a ms of e xt r a ct e d bl a n k r at pl as m a (I) a n d B P -P T H e xt r a ct e d f r o m 
r at pl as m a at 2. 5 (II), a n d 5. 0 n g/ m L, s u p e ri m p os e d o v e r diff e r e nt bl a n k pl as m a e xt r a cts t o 
s h o w a v e r a g e e n d o g e n o us i nt e rf e r e n c e.  
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2. 1 8 . 5 C a r r y -o v e r  

D uri n g i niti al m et h o d d e v el o p m e nt w h e n w or ki n g wit h hi g h c o n c e ntr ati o ns ( 5 0 0 n g/ m L), 

a l ar g e c arr y - o v er eff e ct w as o bs er v e d f or b ot h B P- P T H a n d t h e I S. T h o u g h t h e c arr y-o v er eff e ct 

w as m u c h m or e pr o n o u n c e d at hi g h c o n c e ntr ati o ns w ell o utsi d e of t h e u p p er li mit of 

q u a ntifi c ati o n, e xt e nsi v e c ol u m n w as h/ e q uili br ati o n st e ps a n d a ut os a m pl er n e e dl e w as h es w er e 

e m pl o y e d. T h e a ut os a m pl er n e e dl e w as h es w er e p erf or m e d as a n e xtr a pr e c a uti o n t o r e d u c e B P -

P T H c arr y -o v er b et w e e n r u ns fr o m t h e a ut os a m pl er n e e dl e, as a bi oi n ert n e e dl e w as n ot a v ail a bl e 

f or us e i n t his st u d y. 

Aft er e a c h a n al yti c al r u n, a n i nj e cti o n of 4 0 µ L of A C N fr o m a s e p ar at e w as h vi al w as 

us e d t o mi ni mi z e a n y B P- P T H t h at m a y b e a d h eri n g t o t h e o utsi d e of t h e a ut os a m pl er n e e dl e. 

T h e w as h m et h o d c o nsist e d of gr a di e nt el uti o n usi n g t h e f oll o wi n g gr a di e nt pr o gr a m ( % B/ mi n): 

9 5/ 0. 0, 9 5/ 3. 5 , 1 5/ 4. 5, 1 5/ 5. 0 0. M o bil e p h as e A w as d ei o ni z e d w at er wit h 0. 1 % F A a n d m o bil e 

p h as e B w as A C N wit h 0. 1 % F A.  

Aft er e xt e nsi v e c ol u m n a n d a ut os a m pl er n e e dl e w as h es, c arr y -o v er w as r e d u c e d 

s u bst a nti all y. C arr y - o v er i n a bl a n k pl as m a s a m pl e f oll o wi n g t h e hi g h est c o n c e ntr ati o n st a n d ar d, 

w as  d et er mi n e d t o b e 5. 4 1 % of t h e a v er a g e L L O Q r es p o ns e. T his is i n a c c or d a n c e wit h E M A 

g ui d eli n es t h at st at e t h at c arr y - o v er s h o ul d n ot e x c e e d 2 0 % of t h e L L O Q r es p o ns e.    

 

2. 1 8 . 6 Li n e a rit y  

T h e m et h o d is d e e m e d t o b e li n e ar if t h e a n al yt e r es p o ns e is r el at e d t o t h e c o n c e ntr ati o n 

of t h e a n al yt e i n a pr o p orti o n al m a n n er wit hi n t h e d et er mi n e d c ali br ati o n c ur v e r a n g e. T h e 

c ali br ati o n c ur v e w as g e n er at e d b y pl otti n g t h e r ati o of t h e p e a k ar e a of t h e a n al yt e o v er t h e r ati o 

of t h e p e a k ar e a f or t h e i nt er n al st a n d ar d, a g ai nst c o n c e ntr ati o n.  

Li n e arit y c a n b e ass ess e d vis u all y if t h e c ali br ati o n c ur v e f or ms a li n e ar li n e i n cr e asi n g 

a w a y fr o m t h e L L O Q c o n c e ntr ati o n. St atisti c all y, li n e arit y is d et er mi n e d b y c al c ul ati n g t h e 

c orr el ati o n c o effi ci e nt  of r e gr essi o n (r2 ) a n d s h o ws t h e y-v al u e v ari a n c e  fr o m t h e li n e ar 

r e gr essi o n li n e. T h e l ar g er t h e v ari a n c e fr o m t h e li n e ar r e gr essi o n li n e, t h e l o w er t h e r2  v al u e will 

b e. T h e r 2 v al u e i s b et w e e n 0 a n d 1. 0, wit h a r 2  v al u e r e pr es e nti n g a “ p erf e ct ” fit wit h n o y - v al u e 

d e vi ati o n, i n di c ati n g t h at t h e a n al yt e si g n als ar e w ell c orr el at e d wit h t h e a ct u al c o n c e ntr ati o n of 

t h e a n al yt es.  
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R es ults  

As t h e m et h o d d es cri b e d i n t his c h a pt er will e v e nt u all y b e us e d f or p h ar m a c o ki n eti c 

st u di es, o ur g o al w as t o a c hi e v e t h e l o w est l e v els of q u a ntifi c ati o n t h at w e c o ul d w hil e 

g e n er ati n g a li n e ar c ali br ati o n c ur v e. F or e xtr a ct e d pl as m a s a m pl es, t h e c ur v e w as d et er mi n e d t o 

o nl y b e li n e ar o v er a v er y n arr o w r a n g e ( 5 n g/ m L t o 2 5 n g/ m L). O utsi d e of t his r a n g e, t h e c ur v e 

b e c a m e q u a dr ati c. T h e m e a n c orr el ati o n c o effi ci e nt of r e gr essi o n  (r2 ) w as 0. 9 9 6. T o d et er mi n e if 

a n y w ei g hti n g w as r e q uir e d, t h e r esi d u al err ors  of t h e c ali br ati o n c ur v e w er e pl ott e d. T h e 

r esi d u al err ors w er e r a n d o ml y distri b ut e d wit h n o a p p ar e nt tr e n d, i n di c ati n g t h at a n u n w ei g ht e d 

li n e ar r e gr essi o n w as a p pr o pri at e a n d t h e d at a c a n b e m o d el e d wit h a str ai g ht-li n e r el ati o ns hi p. 

T o e v al u at e t h e r es p o ns e -c o n c e ntr ati o n r el ati o ns hi p o utsi d e of t h e n arr o w li n e ar r a n g e, a 

c ali br ati o n c ur v e fr o m 2. 5 n g/ m L t o 1 0 0 n g/ m L usi n g t hr e e r e pli c at es p er c o n c e ntr ati o n l e v el  i n 

n e at s ol uti o n ( wit h o ut I S) w as cr e at e d. A q u a dr ati c fit wit h 1/ x w ei g hti n g w as a p pli e d wit h  a n 

r2 = 0. 9 9 8. C h a m b ers et al. p erf or m e d m et h o d v ali d ati o n o n h P T H ( 1- 3 4) usi n g L C- M S/ M S a n d 

w er e r e q uir e d t o utili z e a q u a dr ati c fit wit h 1/ x w ei g hti n g ( 1 8 7). C h a m b ers et al. e xt e nsi v el y 

e x pl or e d p ot e nti al r e as o ns f or r e q uiri n g a q u a dr ati c fit. T h e y e x pl or e d s a m pl e c arr y - o v er, 

i nt erf er e n c e at a n al yt e r et e nti o n ti m e, s hift i n c h ar g e st at e distri b uti o n wit h i n cr e asi n g a n al yt e 

c o n c e ntr ati o n a n d s h all o wi n g t h e gr a di e nt a n d c o n cl u d e d t h es e w er e n ot r e as o ns e x pl ai ni n g t h e 

n e e d f or q u a dr ati c fit ( 1 8 7). As w e ar e w or ki n g wit h a m o difi e d v ari a nt of h P T H( 1- 3 4), t h eir 

e x pl a n ati o ns f or t h e q u a dr ati c fit c a n n ot b e e ntir el y a p pli e d t o e x pl ai n t h e e x p o n e nti al r es p o ns e 

of B P - P T H. P ot e nti al e x pl a n ati o ns f or t his tr e n d n e e d t o b e e v al u at e d i n f urt h er st u di es.   

T h e r 2  v al u e g r e at er t h a n 0. 9 9 i n b ot h c as es s u g g est t h at t h e a n al yt e r es p o ns e is c orr el at e d 

wit h t h e a ct u al c o n c e ntr ati o n of B P- P T H. O v er t h e d efi n e d r a n g e of 5 t o 2 5 n g/ m L fr o m 

e xtr a ct e d pl as m a s a m pl es o n e c a n dir e ctl y pr e di ct t h e c o n c e ntr ati o n of B P -P T H.  
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Fi g u r e 2. 1 9 : R e p r es e nt ati v e st a n d a r d c u r v e of B P -P T H e xt r a ct e d f r o m r at pl as m a f r o m 5 t o 
2 5 n g/ m L (I) a n d i n n e at s ol uti o n (II) f r o m 2. 5 t o 1 0 0 n g/ m L.  
 

r2 = 0. 9 9 8  
Q u a dr ati c fit, 1/ x w ei g hti n g 

r2 = 0. 9 9 6  
 

I)  

I I) 



 1 0 0  

2. 1 8 . 7 A c c u r a c y a n d P r e cisi o n  

A c c ur a c y a n d pr e cisi o n w er e d et er mi n e d usi n g t h e f o ur Q C l e v els i n r e pli c at es of fi v e, pr e p ar e d 

fr o m s e p ar at e b at c h es o v er t w o s e p ar at e d a ys. A f ull v ali d ati o n of a c c ur a c y a n d pr e cisi o n is 

r e q uir e d b y E M A g ui d eli n es t o b e c o m pl et e d o v er t hr e e s e p ar at e d a ys fr o m t hr e e s e p ar at e 

b at c h es. A p arti al v ali d ati o n f or a c c ur a c y a n d pr e cisi o n w as p erf or m e d d u e t o irr e v ersi bl e 

c ol u m n cl o g gi n g mi d- w a y t hr o u g h t h e t hir d a n d fi n al v ali d ati o n r u n. Al o n gsi d e t h e fi v e 

r e pli c at es at e a c h Q C l e v el, a fr es h c ali br ati o n c ur v e w as als o g e n er at e d. C o n c e ntr ati o ns, p er c e nt 

err or ( a c c ur a c y) a n d p er c e nt c o effi ci e nt of v ari ati o n ( pr e cisi o n) f or t h e Q C s a m pl es w er e 

d et er mi n e d b y i nt er p ol ati n g fr o m t h e c ali br ati o n c ur v e. I ntr a d a y a n d i nt er- d a y ( 2 d a ys) a c c ur a c y 

a n d pr e cisi o n w as d et er mi n e d.  

2. 1 8. 7. 1 I nt r a - a n d int e r - d a y ac c u r a c y a n d p r e cisi o n  

T h e r es ults of t h e t w o a n al y z e d b at c h es o n s e p ar at e d a ys  ar e s h o w n i n T a bl e 2. 1 1.  T h e 

n o mi n al c o n c e ntr ati o n is t h e t h e or eti c al c o n c e ntr ati o n of t h e p r e p ar e d Q C s a m pl es. T h e m e a n 

i nt er- d a y err or a n d C V % i n r at pl as m a w as l ess t h a n 2. 2 5 % a n d 4. 7 0 %, r es p e cti v el y ( T a bl e 

2. 1 1). T h e v ali d ati o n d at a d e m o nstr at es a pr e cis e a n d a c c ur at e a n al yti c al m et h o d wit h l o w bi as. 

E M A g ui d eli n es st at e t h at % a c c ur a c y a n d p r e cisi o n ( C V %) f or all c o n c e ntr ati o n l e v els i n i ntr a-

d a y a n d i nt er- d a y b at c h es s h o ul d b e wit hi n 1 5 % of t h e n o mi n al c o n c e ntr ati o n, wit h t h e e x c e pti o n 

of t h e L L O Q b ei n g wit hi n 2 0 % ( 1 9 5 ). All r e pli c at es ( n = 5) f or e a c h Q C l e v el o v er t w o s e p ar at e 

d a ys c o nfir m t o t h e E M A g ui d eli n es. I n all c as es, i ntr a- d a y a n d i nt er- d a y err or a n d C V % w as 

l ess t h a n 1 0 %, w ell wit hi n E M A g ui d eli n es. T h e v ali d ati o n d at a d e m o nstr at es a n a c c ur at e a n d 

r eli a bl e bi o a n al yti c al m et h o d t o d et e ct B P-P T H i n r at pl as m a.  

As m e nti o n e d i n s e cti o n  2. 1 6. 5, o n e v ali d ati o n r u n w as p erf or m e d usi n g t h e 6 8 7. 3 0   

1 5 9. 1 0 tr a nsiti o n f or t h e I S. I n t his r u n, err or a n d C V % w as b el o w 1 5 % at all Q C l e v els a n d t h e 

c orr el ati o n c o effi ci e nt of r e gr essi o n w as 0. 9 9 5. U nf ort u n at el y, d u e t o usi n g a diff er e nt M R M 

tr a nsiti o n, t his d at a c a n n ot b e i n cl u d e d as t h e t hir d a n d fi n al d a y of v ali d ati o n.  

 

 

 

 

 



1 0 1

2. 1 8 . 8 D et e cti o n a n d Q u a ntifi c ati o n Li mit  

2. 1 8. 8. 1 Li mit of d et e cti o n ( L O D)  

T h e L O D is d efi n e d as t h e l o w est a m o u nt of a n al yt e t h at c a n b e d et e ct e d b y t h e ass a y. At 

t his c o n c e ntr ati o n, t h e r es p o ns e of t h e a n al yt e is n ot r e q uir e d t o b e q u a ntifi a bl e, o nl y d et e ct a bl e.  

T h e li mit of d et e cti o n c a n b e c al c ul at e d usi n g t h e r esi d u al st a n d ar d d e vi ati o n of t h e r e gr essi o n 

li n e (σ ) a n d t h e c ali br ati o n c ur v e sl o p e ( S) ( 2 1 3). E q u ati o n 1 1 c a n b e us e d t o d et er mi n e t h e 

L O D:  

𝑘𝑘 𝑡𝑡 𝑅𝑅 = 3. 3 (
σ

𝑡𝑡
)          E q u ati o n 1 1  

σ = st a n d ar d d e vi ati o n of r es p o ns e 

S = c ali br ati o n c ur v e sl o p e  

T h o u g h t h e e q u ati o n is b as e d o n t h e st a n d ar d d e vi ati o n of r es p o ns e a n d t h e c ali br ati o n c ur v e 

sl o p e, it is als o d eri v e d fr o m t h e “si g n al -t o- n ois e r ati o. ” At t h e L O D, t h e si g n al-t o- n ois e r ati o 

t h at is d e e m e d a c c e pt a bl e is b et w e e n 3 or 2: 1 (1 9 5 ).  

N o mi n al 
c o n c e nt r ati o n of 
B P -P T H ( n g/ m L)  

I nt r a d a y  I nt e r d a y  

M e a n ±  S D, n g/ m L ( C V %)  
 

M e a n ±  S D, 
n g/ m L  

C V ( %)  E r r o r ( %)  

5. 0  5. 5 1 ±  0. 3 0 
( 5. 4 0) 

 

4. 6 6 ±  0. 4 3 
( 9. 3 3) 

 

5. 0 8 ±  0. 3 7 
 

7. 3 5  1. 7 1  

7. 5  
 

7. 8 5 ±  0. 1 4 
( 1. 7 6) 

 

8. 3 5 ±  0. 3 2 
( 3. 7 9) 

 

8. 1 0 ±  0. 2 3 
 

2. 7 8  8. 0 4  

1 2. 5  1 1. 1 5 9 ±  0. 4 4 
( 3. 9 3) 

 

1 3. 4 6 ±  0. 3 2 
( 2. 4 0) 

 

1 2. 3 1 ±  0. 3 8  
 

3. 1 6  -1. 5 2  

2 0  2 0. 3 5 ±  0. 6 2 
( 3. 0 5) 

 

1 9. 9 1 ±  1. 5 6 
( 7. 8 5) 

 

2 0. 1 3 ±  1. 0 9 
 

5. 4 5  0. 6 5  

c o n c e nt r ati o n of 

T a bl e 2. 1 1:  V ali d ati o n d at a f o r i nt r a d a y a n d i nt e r -d a y a c c u r a c y a n d p r e cisi o n f o r B P -P T H i n r at 
pl as m a, n= 5  
 



 1 0 2  

F or E q u ati o n 1 1 t o b e a p pli e d, a f e w ass u m pti o ns h a v e t o b e m et. T h e c ali br ati o n c ur v e 

n e e ds t o s h o w li n e arit y i n t h e r a n g e of t h e a nti ci p at e d L O D, t h e r es p o ns e v al u es of t h e s a m pl es 

ar e r e q uir e d t o b e i n d e p e n d e nt a n d n or m all y distri b ut e d a n d t h er e is v ari a n c e h o m o g e n eit y i n t h e 

r a n g e of t h e c ali br ati o n c ur v e ( 2 1 3). I n m a n y c as es, t h es e c o n diti o ns c a n n ot b e p erf e ctl y 

s atisfi e d, s o t h e esti m at e d L O D s h o ul d b e c o nsi d er e d wit h a s m all d e gr e e of err or.  

 

R es ults  

Usi n g t h e c ali br ati o n c ur v e of e xtr a ct e d pl as m a s a m pl es wit h 5 r e pli c at es p er Q C l e v el 

a n d E q u ati o n 1 1, t h e L O D f or e xtr a ct e d pl as m a s a m pl es w as d et er mi n e d t o b e 1. 8 8 n g/ m L.   

  T o t est t h e a c c ur a c y of t his c al c ul ati o n, fi v e r e pli c at es of B P-P T H e xtr a ct e d fr o m r at 

pl as m a at 2. 5 n g/ m L w er e a n al y z e d. Fi g ur e 2. 2 1 s h o ws a c hr o m at o gr a m of B P- P T H e xtr a ct e d 

fr o m r at pl as m a at 2. 5 n g/ m L.  

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

D es pit e t h e c hr o m at o gr a m s h o wi n g a n i nt e ns e p e a k wit h a c c e pt a bl e  p e a k s h a p e, t h e ot h er 

4 r e pli c at es w er e si mil arl y i nt e ns e, b ut s uff er e d fr o m m u c h w ors e p e a k s h a p e. T h e p o or p e a k 

s h a p e of t h e ot h er r e pli c at es m a d e i nt e gr ati o n diffi c ult a n d i n a c c ur at e. I n n e at s ol uti o n, 

c o n c e ntr ati o ns l o w er t h a n 2. 5 n g/ m L ( 1. 0 n g/ m L, 0. 7 5 n g/ m L, a n d 0. 5 n g/ m L) w er e t est e d a n d 

n o pr o p orti o n al r el ati o ns hi p b et w e e n a n al yt e r es p o ns e a n d c o n c e ntr ati o n w as f o u n d.  

B P -P T H ( 2. 7 5 mi n)  

Fi g u r e 2. 2 0 : C h r o m at o g r a m of r at pl as m a e xt r a ct e d B P -P T H at 2. 5 n g/ m L.  
 



 1 0 3  

2. 1 8. 8. 2 Li mit of q u a ntifi c ati o n ( L O Q)  

T h e li mit of q u a ntifi c ati o n ( L O Q) als o r ef err e d t o as t h e L L O Q, is d efi n e d as t h e l o w est 

c o n c e ntr ati o n of a n al yt e t h at c a n b e a c c ur at el y q u a ntifi e d. T h e L O Q/ L L O Q is t h e l o w est 

c o n c e ntr ati o n v al u e o n t h e c ali br ati o n c ur v e. At t his c o n c e ntr ati o n, p e a ks s h o ul d b e a bl e t o b e 

u n e q ui v o c all y a n d d e m o nstr at e r e pr o d u ci bl e pr e cisi o n a n d a c c ur a c y ( 1 9 5). F ur t h er m or e, it is 

r e q uir e d t h at t h e r es p o ns e at t h e L O Q is at l e ast fi v e ti m es l ar g er t h a n t h e bl a n k r es p o ns e. T h e 

t y pi c all y a c c e pt e d si g n al-t o- n ois e r ati o is 1 0: 1 ( 1 9 5). A si mil ar e q u ati o n t o t h e L O D e q u ati o n c a n 

b e us e d t o c al c ul at e t h e esti m at e d L O Q.  

 T h e L O Q e q u ati o n r e q uir es t h e s a m e ass u m pti o ns as t h e L O D e q u ati o n a n d is als o b as e d 

o n t h e st a n d ar d d e vi ati o n of r es p o ns e ( σ ) a n d t h e sl o p e of t h e c ali br ati o n c ur v e ( S). E q u ati o n 1 2 

c a n b e us e d t o c al c ul at e t h e L O Q:  

 

𝑘𝑘 𝑡𝑡 𝑅𝑅 = 1 0 . 0 (
σ

𝑡𝑡
)                  E q u ati o n 1 2  

 

σ = st a n d ar d d e vi ati o n of r es p o ns e 

S = c ali br ati o n c ur v e sl o p e  

 

R es ults:  

Usi n g t h e c ali br ati o n c ur v e of e xtr a ct e d pl as m a s a m pl es wit h 5 r e pli c at es p er Q C l e v el 

a n d E q u ati o n 1 2, t h e L O Q f or e xtr a ct e d pl as m a s a m pl es w as d et er mi n e d t o b e 5. 6 9 n g/ m L.  T his 

c al c ul ati o n h as sli g ht dis cr e p a n ci es wit h t h e a ct u al r es ults o bt ai n e d i n t h e v ali d ati o n e x p eri m e nts. 

At 5. 0 n g/ m L, p e a ks w er e r e pr o d u ci bl e, u n a m bi g u o us a n d a bl e t o b e q u a ntifi e d wit h c o nfi d e n c e. 

E x p eri m e nt all y, t h e tr u e L L O Q is li k el y b et w e e n 3. 0 n g/ m L a n d 5. 0 n g/ m L.  

 

2. 1 8 . 9 R e c o v e r y  

R e c o v er y of t h e a n al yt e a n d I S fr o m r at pl as m a w ill b e ass ess e d b y c o m p ari n g p e a k ar e a 

r ati os of e xtr a ct e d Q Cs at L, M a n d H t o t h e p e a k ar e as of t h e s a m e Q C l e v els s pi k e d i nt o 

e xtr a ct e d bl a n k pl as m a s ol uti o ns. E q u ati o n 4 w ill b e us e d t o c al c ul at e t h e p er c e nt r e c o v er y at t h e 

t hr e e Q C l e v els. P er c e nt r e c o v er y of t h e i nt er n al st a n d ar d will o nl y b e ass ess e d at t h e i nt er n al 

st a n d ar d c o n c e ntr ati o n ( 1 2. 5 n g/ m L) a n d n ot L, M a n d H l e v els. D u e t o irr e v ersi bl e c ol u m n 



 1 0 4  

cl o g gi n g mi d- w a y t hr o u g h v ali d ati o n, r e c o v er y w as n ot a bl e t o b e d et er mi n e d. R e c o v er y f or B P-

P T H will b e d et er mi n e d wit h a n e w a n d m or e s uit a bl e a n al yti c al c ol u m n. 

 

2. 3. 1 0 M at ri x Eff e ct  

M atri x eff e ct is e v al u at e d t o d et er mi n e if t h e c o m p o n e nts i n t h e m atri x m a y alt er t h e 

i o ni z ati o n effi ci e n c y of B P- P T H t hr o u g h i o n s u p pr essi o n or e n h a n c e m e nt. I n a c c or d a n c e wit h 

E M A g ui d eli n es o n c al c ul ati n g m atri x eff e ct, E q u ati o n 1 will b e  us e d t o c al c ul at e m atri x eff e ct. 

T o ass ess m atri x eff e ct, t h e p e a k ar e a of t h e a n al yt e i n p ur e s ol uti o n is c o m p ar e d t o t h e p e a k ar e a 

of t h e a n al yt e s pi k e d i nt o pr o c ess e d bl a n k pl as m a. M atri x eff e ct will b e  e v al u at e d at b ot h t h e L 

a n d H Q C l e v els, i n r e pli c at es of t hr e e. D u e t o irr e v ersi bl e c ol u m n cl o g gi n g mi d- w a y t hr o u g h 

v ali d ati o n, m atri x eff e ct w as n ot a bl e t o b e d et er mi n e d. M atri x eff e ct will b e d et er mi n e d wit h a 

n e w a n d m or e s uit a bl e a n al yti c al c ol u m n.  

 

2. 1 8 . 1 1 St a bilit y  

S h ort-t er m st a bilit y e x p eri m e nts w er e p erf or m e d at v ari o us c o n diti o ns. T h es e i n cl u d e d 

p ost- pr e p ar ati v e st a bilit y ( 4 8 hr), a ut os a m pl er st a bilit y ( 4 8 hr), fr e e z e t h a w st a bilit y (t hr e e c y cl es 

of - 8 0 ° C t o R T), a n d st o c k s ol uti o n st a bilit y ( 8 hr at R T a n d 5 d a ys). D et er mi ni n g b e n c ht o p ( 8 

hr at R T) st a bilit y of pr o c ess e d s a m pl es w as pl a n n e d, b ut w as u n a bl e t o b e p erf or m e d d u e t o t h e 

c ol u m n iss u es e x pl ai n e d i n s e cti o n 2. 3. 1 5. L o n g-t er m ( 3 0 a n d 6 0 d a y) st a bilit y w as i n t h e pr o c ess 

of b ei n g c o n d u ct e d as t his t h esis w as p u blis h e d. As pr e vi o usl y c oll e ct e d p h ar m a c o ki n eti c 

s a m pl es h a v e b e e n st or e d at - 8 0 ° C, l o n g -t er m st a bilit y s a m pl es w er e st or e d i n - 8 0 ° C. All 

st a bilit y e x p eri m e nts w er e c arri e d o ut usi n g L a n d H c o n c e ntr ati o n v al u es i n r e pli c at es of t hr e e 

( e x c e pt f or I S st a bilit y, a 2 0 0 n g/ m L s ol uti o n w as t est e d, n = 3). 

 

T o ass ess st a bilit y of t h e a n al yt e a n d t h e I S i n v ar yi n g st or a g e c o n diti o ns, t h e i niti al p e a k ar e a 

r es p o ns e aft er pr e p ar ati o n ( T0 ) w as c o m p ar e d t o t h e r es p o ns e of t h e s a m e s a m pl e t h at h a d b e e n 

s u bj e ct e d  t o t h e c orr es p o n di n g st or a g e c o n diti o ns ( Tx ). Usi n g E q u ati o n 1 1, a p er c e nt r ati o w as 

c al c ul at e d t o ass ess s a m pl e st a bilit y:  

 

% 𝑘𝑘 𝑡𝑡 𝑅𝑅𝑡𝑡 𝑡𝑡 = �
𝑡𝑡 𝑅𝑅 𝑅𝑅 𝑡𝑡  𝑅𝑅 𝑠𝑠 𝑡𝑡 𝑅𝑅  𝑅𝑅 𝑡𝑡 𝑅𝑅 𝑅𝑅 𝑊𝑊 𝑅𝑅 𝑊𝑊 𝑅𝑅  𝑅𝑅 𝑜𝑜  𝑇𝑇 𝑥𝑥

𝑃𝑃 𝑃𝑃 𝑃𝑃 𝑃𝑃  𝐴𝐴 𝐴𝐴 𝑃𝑃 𝑃𝑃  𝑅𝑅 𝑃𝑃 𝑠𝑠 𝑅𝑅 𝑅𝑅 𝑅𝑅 𝑠𝑠 𝑃𝑃  𝑅𝑅 𝑜𝑜  𝑇𝑇 0
� ×  1 0 0 %          E q u ati o n 1 3 



1 0 5

T x =  R e s p o ns e aft er st or a g e c o n diti o ns  

T 0 =  R es p o ns e i m m e di at el y aft er pr e p ar ati o n  

 

2. 1 8. 1 1. 1 P ost -p r e p a r ati v e st a bilit y  

P ost -pr e p ar ati v e st a bilit y w as ass ess e d b y r e -a n al ysis of fr es hl y pr e p ar e d a n d m e as ur e d L 

a n d H Q C s a m pl es t h at h a d b e e n r efri g er at e d at 4 ° C f or 4 8 hr. T his st a bilit y c o n diti o n w as 

e v al u at e d t o d et er mi n e t h e st a bilit y of t h e a n al yt e a n d I S of a p ost- pr e p ar ati v e s a m pl e. S uit a bl e 

st a bilit y i n p ost- pr e p ar ati v e c o n diti o ns is d esir a bl e f or l ar g e b at c h st u di es, w h er e it m a y n ot b e 

f e asi bl e t o a n al y ze all s a m pl es i n a w or ki n g d a y, b ut o v er t h e c o urs e of a f e w w or ki n g d a ys 

i nst e a d. It is i m p er ati v e t h at if pr e p ar e d s a m pl es ar e n ot t o b e a n al y z e d i n a pr o m pt m a n n er, t h e n 

t h e p ost- pr e p ar ati v e st a bilit y c o n diti o ns n e e d t o b e k n o w n. 

 

R es ults  

R e -a n al y z e d s a m pl es w er e c o m p ar e d a g ai nst a fr es hl y g e n er at e d c ali br ati o n c ur v e t o d et er mi n e 

a n y p ot e nti al c o n c e ntr ati o n c h a n g es b et w e e n t h e i niti al a n d r e-a n al ysis of t h e s a m pl es aft er  4 8 hr 

st or a g e at 4  ° C. T h e m e a n c o n c e ntr ati o n of t h e r e pli c at es a ft er t h e tr e at m e nt c o n diti o ns w er e 

c o m p ar e d  t o t h e c ali br ati o n c ur v e. T h e a c c ur a c y d at a w as wit hi n 5 % of t h e n o mi n al 

c o n c e ntr ati o n f or b ot h t h e L a n d H Q C l e v els a n d t h e m e a n pr e cisi o n d at a f or b ot h 

c o n c e ntr ati o ns w as l ess t h a n 3. 5 %. T his d at a s h o ws t h at s a m pl es ar e st a bl e f or at l e ast 4 8 hrs i n 4 

° C c o n diti o ns. R es ults ar e s u m m ari z e d i n T a bl e 2. 1 2. 

 

 

 

 

St o r a g e 
c o n diti o n  

S a m pl e  N o mi n al 
c o n c e nt r ati o n 

( n g/ m L) 

M e a n 
c o n c e nt r ati o n 

( n g/ m L) 

S D  C V 
( %) 

A c c u r a c y 
( %) 

4 8 hr at 4  ° C  
 

L Q C  7. 5 0  7. 2 2  0. 2 6  3. 5 3  9 8. 8 4  

4 8 hr at 4  ° C  H Q C  
 

2 0 . 0 0 1 9. 0 4  0. 6 3  3. 3 3  9 5. 4 4  

c o n diti o n c o n c e nt r ati o n c o n c e nt r ati o n ( %) ( %)

T a bl e 2. 1 2:  P ost -p r e p a r ati v e st a bilit y f o r B P -P T H aft e r 4 8 h r i n 4 ° C, n= 3  
 



1 0 6

2. 1 8. 1 1. 2. A ut os a m pl e r st a bilit y  

A ut os a m pl er st a bilit y w as ass ess e d b y r e -a n al ysis of fr es hl y pr e p ar e d a n d m e as ur e d L a n d H Q C 

s a m pl es t h at h a v e b e e n st or e d o n t h e a ut os a m pl er f or 4 8 hr. T h e a ut os a m pl er t e m p er at ur e w as 

m ai nt ai n e d at 1 5 ° C. E v al u ati n g o n- i nstr u m e nt st a bilit y ( a ut os a m pl er) w as p erf or m e d t o 

d et er mi n e if a n y c h a n g es m a y o c c ur t o s a m pl es o v er t h e d ur ati o n of l o n g a n al yti c al r u ns (l ar g e 

b at c h es). As it is us u all y m ost effi ci e nt t o pr e p ar e all a n al yti c al s a m pl es at o n c e a n d t h e n r u n 

t o g et h er wit h n o-m a c hi n e i dl e ti m e, t h e st a bili t y of s a m pl es o n t h e a ut os a m pl er n e e ds t o b e 

d et er mi n e d.  

R es ults:  

T h e m e a n c o n c e ntr ati o ns aft er 4 8 hr i n t h e a ut os a m pl er at 1 5 ° C f or t hr e e r e pli c at es at b ot h Q C 

l e v els w as d et er mi n e d usi n g a fr es hl y g e n er at e d c ali br ati o n c ur v e. T h e a c c ur a c y d at a w as withi n 

5 % of t h e n o mi n al c o n c e ntr ati o n f or b ot h t h e L a n d H Q C l e v els. T h e m e a n pr e cisi o n f or b ot h 

t h e L a n d H Q C v al u es w as l ar g er t h a n t h e pr e cisi o n v al u es f or s a m pl es st or e d at 4 ° C f or 4 8 hr. 

T h e pr e cisi o n v al u es w er e 5. 2 5 % a n d 1 3. 7 8 % f or L a n d H Q C l e v els, r es p e cti v el y. T h e i n cr e as e 

i n C V % f or t h es e s a m pl es m a y i n di c at e t h at s a m pl es ar e l ess st a bl e wit h i n cr e asi n g t e m p er at ur e.  

As b ot h a c c ur a c y a n d pr e cisi o n ar e wit hi n 1 5 %, t h e d at a s h o ws t h at  s a m pl es ar e st a bl e f or at 

l e ast 4 8 hrs i n t h e a ut os a m pl er at 1 5 ° C. R es ults ar e s u m m ari z e d i n T a bl e 2. 1 3.  

 

 

 

 

 

St o r a g e 
c o n diti o n  

S a m pl e  N o mi n al 
c o n c e nt r ati o n 

( n g/ m L) 

M e a n 
c o n c e nt r ati o n 

( n g/ m L) 

S D C V 
( %) 

A c c u r a c y 
( %) 

4 8 hr at 1 5  
° C 

( a ut os a m pl er)
 

L Q C  7. 5 0  7. 7 3  0. 4 0  5. 2 5  1 0 3. 1 3  

4 8 hr at 1 5  
° C 

( a ut os a m pl er)

H Q C  
 

2 0 . 0 0 2 0. 9  2. 8 8  1 3. 7 8  9 5. 6 8  

( %) ( %)

T a bl e 2. 1 3:  A ut os a m pl e r st a bilit y f o r B P -P T H aft e r 4 8 h r at 1 5  ° C, n= 3  
 



1 0 7

2. 1 8. 1 1. 3 F r e e z e -t h a w st a bilit y 

T h e st a bilit y of t h e a n al yt e w as d et er mi n e d aft er t hr e e fr e e z e -t h a w c y cl es. S a m pl es w er e 

i niti all y st or e d at - 8 0 ° C f or a p pr o xi m at el y o n e w e e k a n d t h e n t h a w e d t o r o o m t e m p er at ur e. O n c e 

t h a w e d, s a m pl es w er e fr o z e n a g ai n f or at l e ast 1 2 hr at - 8 0 ° C. T his pr o c ess w as r e p e at e d a n 

a d diti o n al t w o ti m es f or a t ot al of t hr e e fr e e z e -t h a w c y cl es. Aft er t h e fi n al c y cl e, t h e s a m pl es 

w er e a n al y z e d a n d c o m p ar e d a g ai nst a fr es hl y g e n er at e d c ali br ati o n c ur v e.  

 

R es ults  

T h e m e a n c o n c e ntr ati o n of t h e r e pli c at es at t h e L a n d  H d et er mi n e d fr o m a fr es hl y g e n er at e d 

c ali br ati o n c ur v e w as us e d t o c o m p ar e st a bilit y aft er t hr e e fr e e z e -t h a w c y cl es. T h e l ar g e st a n d ar d 

d e vi ati o n a n d C V % v al u es f or b ot h t h e L a n d H Q C l e v els m a y s u g g est s a m pl e i nst a bilit y aft er 

t hr e e fr e e z e-t h a w c y cl es. T h e m e a n a c c ur a c y at t h e L Q C v al u e w as d et er mi n e d t o b e 1 1 3. 2 7 %, 

w hi c h m a y als o s u g g est i nst a bilit y. T h e m e a n a c c ur a c y f or t h e H Q C v al u e w as 9 5. 5 % w hi c h is 

a c c e pt a bl e, b ut l ar g e st a n d ar d d e vi ati o n a n d a hi g h C V % m a y i n di c at e i nst a bilit y. As B P- P T H is 

pr e d o mi n a ntl y a p e pti d e m ol e c ul e, it w o ul d b e l o gi c al t h at it w o ul d s uff er i nst a bilit y o v er 

r e p e at e d fr e e z e-t h a w c y cl es as p e pti d es ar e s us c e pti bl e t o t e m p er at ur e c h a n g es. A n ot h er 

e x pl a n ati o n f or t h es e r es ults is t h at t his e x p eri m e nt w as o n e of t h e l ast e x p eri m e nts t o b e 

c o n d u ct e d b ef or e t h e a n al yti c al c ol u m n b e c a m e irr e v ersi bl y cl o g g e d. T h er ef or e, t his e x p eri m e nt 

s h o ul d b e r e p e at e d i n t h e f ut ur e wit h a n e w c ol u m n. R es ults ar e s u m m ari z e d i n T a bl e 2. 1 4. 

 

 

 

 

St o r a g e 
c o n diti o n  

S a m pl e  N o mi n al 
c o n c e nt r ati o n 

( n g/ m L) 

M e a n 
c o n c e nt r ati o n 

( n g/ m L) 

S D C V 
( %) 

A c c u r a c y 
( %) 

3 fr e e z e -t h a w 
c y cl es ( - 8 0 
° C t o R T)  

 

L Q C  7. 5 0  8. 4 9  1. 3 5  1 5. 9 0  1 1 3. 2 7  

3 fr e e z e -t h a w 
c y cl es ( - 8 0 
° C t o R T)  

H Q C  
 

2 0 . 0 0 1 9. 1  3. 9 1  2 0. 4 6  9 5. 5  

T a bl e 2. 1 4:  F r e e z e -t h a w st a bilit y of B P-P T H , n= 3  
 



1 0 8

2. 1 8. 1 1. 4 St o c k sol uti o n st a bilit y 

St o c k s ol uti o n st a bilit y at L a n d H Q C c o n c e ntr ati o ns of t h e a n al yt e a n d of t h e I S w as ass ess e d at 

r o o m t e m p er at ur e f or 8 hr a n d 5 d a ys at 4 ° C st or a g e. Fr es h st o c k s ol uti o ns w er e pr e p ar e d i n 

d ei o ni z e d w at er a n d ass ess.  

 

R es ults  

St a bilit y w as ass ess e d b y d et er mi ni n g t h e p e a k r es p o ns e of t h e fr es hl y pr e p ar e d st o c k s ol uti o ns 

usi n g dir e ct i nj e cti o n. T h e i niti al p e a k ar e a r es p o ns e of t h e st o c k s ol uti o n ( T 0 ) w as c o m p ar e d t o 

t h e p e a k ar e a r es p o ns e c orr es p o n di n g t o t h e t est e d st a bilit y c o n diti o ns ( T 6 hr  a n d T5 d a ys ). E q u ati o n 

1 1 w as us e d t o c al c ul at e a p er c e nt r ati o b et w e e n i niti al r es p o ns e a n d aft er tr e at m e nt r es p o ns e. All 

of t h e s a m pl es h a d a d e vi ati o n of l ess t h a n 1 0 % fr o m t h eir i niti al c o n diti o ns. A d e vi ati o n of l ess 

t h a n 1 0 % s u g g ests t h at t h e st o c k s ol uti o ns ar e st a bl e u n d er t h es e c o n diti o ns. F or b ot h t h e I S a n d 

B P -P T H, t h e l ar g est d e vi ati o ns o c c urr e d aft er 8 hr r o o m t e m p er at ur e e x p os ur e. As b ot h of t h es e 

c o m p o u n ds ar e pr ot ei ns, t h e y s h o ul d b e k e pt o n i c e or i n t h e fri d g e w h e n n ot i n us e t o pr e v e nt 

d e gr a d ati o n.  

 

 

 

2. 1 8 . 12 L o n g -t e r m st a bilit y 

L o n g- t er m st a bilit y usi n g t hr e e r e pli c at es of L a n d H Q C s a m pl es i n pl as m a at - 8 0 ° C is 

c urr e ntl y o n - g oi n g at t h e ti m e of t his t h esis p u bli c ati o n. L o n g-t er m st a bilit y will b e ass ess e d f or a 

3 0- a n d 6 0- d a y p eri o d a n d c o m p ar e d a g ai nst a fr es hl y g e n er at e d c ali br ati o n c ur v e.   

St o r a g e c o n diti o n S a m pl e  % P e a k A r e a R es p o ns e  

8 hr at R T  L Q C  9 1. 7 3  

5 d a ys at 4 ° C  L Q C  9 8. 4 1  

8 hr at R T  H Q C  9 4. 5 3  

5 d a ys at 4 ° C  H Q C  1 0 4. 0 1  

8 hr at R T  I S 9 2. 1 2  

5 d a ys at 4 ° C  I S 1 0 3. 9 3  

T a bl e 2. 1 5:  St o c k s ol uti o ns st a bilit y of B P -P T H a n d t h e I S at 8 h r R T a n d 5 d a y s at 4 ° C . 
 



 1 0 9  

 

2. 1 8 . 13 S e n siti vit y  

M at h e m ati c all y, t h e  s e nsiti vit y of t h e m et h o d w a s d et er mi n e d t o b e 5. 6 9 n g/ m L a n d 1. 8 8 

n g/ m L at t h e L O Q a n d t h e L O D, r es p e cti v el y. E x p eri m e nt all y, t h e L O D is li k el y ~ 2. 5 n g/ m L 

a n d t h e L O Q b et w e e n 3. 0 a n d 5. 0 n g/ m L. F or t his m et h o d, t h e L O Q w as s et at 5. 0 n g/ m L.  

 

2. 1 8 . 14 C ol u m n P e rf o r m a n c e  

At t h e b e gi n ni n g of t h e t hir d a n d fi n al v ali d ati o n r u n, it w as o bs er v e d t h at c ol u m n b a c k- pr ess ur e 

w as el e v at e d fr o m t h e n or m al o p er ati n g pr ess ur e v al u es f or t his m et h o d. Mi d - w a y t hr o u g h t h e 

v ali d ati o n r u n, t h e b a c k- pr ess ur e c o nti n u e d t o ris e u ntil t h e m a x c ol u m n pr ess ur e li mit w as 

r e a c h e d ( 5 0 0 0 psi). T h e L C- M S/ M S fl o w p at h w as i ns p e ct e d f or p ot e nti al bl o c k a g es b ut n o n e 

w er e f o u n d. T h e b at c h w as u n a bl e t o b e c o nti n u e d as b a c k pr ess ur e b e c a m e s o si g nifi c a nt t h at 

t h e P E E K t u bi n g c o n n e ct e d t o t h e c ol u m n i nl et w as f alli n g o ut d u e t o t h e hi g h b a c k -pr ess ur e  

fr o m t h e c ol u m n.  

2. 1 8. 1 4. 1 C ol u m n w as h es  

T h e c ol u m n w as e xt e nsi v el y w as h e d o v er t h e c o urs e of t w o d a ys i n c o ns ult ati o n wit h 

m a n uf a ct ur e r e c o m m e n d ati o ns. W as h es c o nsist e d of o v er ni g ht w as h es wit h 9 5 % A C N at 6 0 ° C, 

9 5 % H 2 O w as h es, r e v ers al of t h e c ol u m n, ~ 4 0 c ol u m n v ol u m e w as h es wit h 9 5 % A C N a n d 0. 1 % 

T F A (str o n g w as h) a n d a 5 M ur e a w as h t o d e n at ur e a n d r e m o v e all pr ot ei ns. T h e g u ar d c ol u m n 

w as r e m o v e d a n d s o ni c at e d i n I P A a n d t h e filt er r e pl a c e d. T h e c ol u m n w a s t est e d i n t hr e e 

s e p ar at e L C s yst e ms wit h a n d wit h o ut g u ar d c ol u m n t o r ul e o ut a bl o c k a g e i n t h e L C- M S/ M S 

fl o w p at h or a g u ar d c ol u m n iss u e. I n all c as es, pr ess ur e w as c o nsist e nt a cr oss all L C s yst e ms 

a n d t h e c ol u m n r e m ai n e d cl o g g e d wit h n o dr o p-i n pr ess ur e.  

2. 3. 1 4. 2 I r r e v e rsi bl e c ol u m n cl o g gi n g  

It w as c o n cl u d e d t h at t h e s o ur c e of t h e irr e v ersi bl e c ol u m n cl o g gi n g w as t h e 

a c c u m ul ati o n of i o ni c i nt er a cti o ns b et w e e n t h e p ositi v el y c h ar g e d li g a n ds o n t h e s urf a c e of t h e 

c ol u m n a n d t h e n e g ati v el y c h ar g e d p h os p h at e gr o u ps of t h e B P m oi et y. T h e a c c u m ul ati o n of 

t h es e i nt er a cti o ns sl o wl y b uilt u p c ol u m n b a c k-pr ess ur e, l e a di n g t o a n e v e nt u al c o m pl et e 

bl o c k a g e.  



 1 1 0  

T h e P S - C1 8  c ol u m n w as i niti all y p ur c h as e d f or t h e a n al ysis of d eri v ati z e d B P-P T H 

( n e utr ali z e d p h os p h o ni c a ci d gr o u ps) a n d w as s uit a bl e f or t his a p pli c ati o n. Aft er f aili n g t o 

a c hi e v e a d e q u at e s e nsiti vit y wit h d eri v ati z e d B P -P T H, m et al -fr e e L C-M S/ M S w as e x pl or e d as 

a n  o pti o n. As l o w s e nsiti vit y, r e as o n a bl e r et e nti o n ti m e a n d a d e q u at e p e a k s h a p e w as est a blis h e d, 

m et h o d v ali d ati o n w as c o nti n u e d wit h t his c ol u m n. T h o u g h t h e c ol u m n p h as e is  C1 8 , t h e p h as e 

c o nt ai n e d p ositi v el y c h ar g e d s urf a c e li g a n ds , w hi c h w er e o v erl o o k e d. A p pr o xi m at el y 2 5 0 - 3 0 0 

i nj e cti o ns w er e p erf or m e d usi n g d eri v ati z e d B P- P T H, wit h n o c ol u m n cl o g gi n g iss u es. W h e n 

s wit c h e d t o n o n -d eri v ati z e d B P - P T H, t h e c ol u m n b e c a m e irr e v ersi bl y cl o g g e d o nl y aft er ~ 1 5 0 

i nj e cti o ns.  

I n a d diti o n t o c ol u m n cl o g gi n g, a n al ysis of e arli er r a n s a m pl es a p p e ar t o h a v e b ett er p e a k s h a p e 

wit h l ess p e a k t aili n g t h a n s a m pl es r a n l at er. T h e w ors e n e d p e a k s h a p e as t h e n u m b er of 

i nj e cti o ns i n cr e as e d c o ul d b e e x pl ai n e d b y t h e a c c u m ul ati o n of p h os p h at e gr o u ps bi n di n g t o t h e 

p ositi v e li g a n ds.  

2. 1 8. 1 4. 3 S el e cti n g a  suit a bl e r e pl a c e m e nt c ol u m n  

D u e t o t h e c h all e n g es of a n al y zi n g c o m p o u n ds c o nt ai ni n g p h os p h o ni c a ci d gr o u ps, 

r e g ul ar C 1 8 c ol u m ns will n ot w or k d u e t o bi n di n g of B P-P T H t o t h e m et al s urf a c es i n t h e 

c ol u m n. F or t his r e as o n, t h e n e w c o l u m n r e pl a c e m e nt n e e ds t o b e bi oi n ert. As a c c e pt a bl e 

s e p ar ati o n a n d M S s e nsiti vit y w as a c hi e v e d o n a P S- C 1 8 , a c ol u m n of si mil ar s p e cifi c ati o ns a n d 

p h as e w o ul d b e a g o o d st arti n g p oi nt w h e n s el e cti n g a n e w c ol u m n. As t h e p ositi v el y c h ar g e d 

li g a n ds pr es e nt i n t h e P S- C1 8  c ol u m n r es ult e d i n a s h ort c ol u m n lif e d u e t o irr e v ersi bl e cl o g gi n g, 

t h e n e w c ol u m n m ust n ot h a v e p ositi v el y c h ar g e d li g a n ds. 

  P er h a ps a m or e s uit a bl e c ol u m n t o t h e bi o Z e n P S- C1 8  c ol u m n i s t h e bi o Z e n X B- C1 8 . T hi s 

c ol u m n i s als o tit a ni u m li n e d  ( bi oi n ert) a n d c o nt ai ns t h e e x a ct s a m e p h as e as t h e P S- C1 8  c ol u m n, 

wit h o ut t h e p ositi v el y c h ar g e d li g a n ds. A n ot h er alt er n ati v e is P E E K or gl ass e d li n e d c ol u m ns 

fr o m diff er e nt m a n uf a ct ur ers. A bs e n c e of t h e p ositi v el y c h ar g e d li g a n ds w o ul d si g nifi c a ntl y 

i m pr o v e c ol u m n lif eti m e a n d pr e v e nt cl o g gi n g aft er o nl y ~ 1 5 0 i nj e cti o ns. A n i m p ort a nt 

disti n cti o n b et w e e n t h es e t w o c ol u m ns is t h eir diff er e n c es i n c ol u m n p a c ki n g. T h e P S- C 1 8  i s a 

f ull y p or o us c ol u m n, w hil e t h e X B- C1 8  c ol u m n i s a c or e-s h ell wit h a s oli d i n n er  c or e.  

  T h e diff er e n c es b et w e e n f ull y p or o us a n d c or e s h ell c ol u m ns will h a v e diff eri n g eff e cts 

o n c ol u m n p erf or m a n c e. F or L C- M S/ M S a p pli c ati o ns, d et er mi ni n g p arti cl e c h oi c e c a n oft e n b e 



 1 1 1  

a n al yt e s p e cifi c. C or e -s h ell c ol u m ns us u all y i m pr o v e r es ol uti o n r e q uir e d t o s e p ar at e is o m ers or 

t o s e p ar at e t h e t ar g et a n al yt e fr o m m atri x i nt erf er e n c e (2 1 4). T h e i m pr o v e d r et e nti o n a c hi e v e d b y 

a f ull y p or o us c ol u m n oft e n r es ults i n si g nifi c a nt s e nsiti vit y g ai ns, w hi c h m a y b e n e c ess ar y t o 

r e a c h l o w er l e v els of d et e cti o n ( 2 1 4 ).  

  I d e all y, t h e m ost s uit a bl e c ol u m n will b e a n o n- p ositi v el y c h ar g e d, bi oi n ert C 1 8 r e v ers e 

p h as e c ol u m n wit h s m all er  p arti cl e si z e, i nt er n al di a m et er a n d l e n gt h ( 2. 1 m m x 5 0 m m wit h 1. 7 

or 2. 6 µ m p arti cl e si z e) t o t h e P S- C1 8  c ol u m n. U si n g a c ol u m n of s m all er di m e nsi o ns will als o 

s p e e d u p t h e r e- e q uili br ati o n st e p.   

 

2. 1 8 . 15 Li mit ati o ns  

T h e l ar g est li mit ati o n e n c o u nt er e d w as t h e c ol u m n cl o g gi n g of t h e P S- C 1 8 c ol u m n aft er 

a p pr o xi m at el y ~ 1 5 0 i nj e cti o ns. T h e irr e v ersi bl e cl o g gi n g of t h e c ol u m n pr e v e nt e d t h e r e c o v er y, 

m atri x eff e ct, b e n c ht o p st a bilit y a n d fi n al i nt er - d a y a c c ur a c y a n d pr e cisi o n e x p eri m e nts fr o m 

b ei n g c o n d u ct e d t o f ull y v ali d at e t h e m et h o d. F urt h er m or e, t h e b uil d- u p of p h os p h at e gr o u ps 

o v er r e p e at e d i nj e cti o ns e x a c er b at e d t h e p e a k  t aili n g of t h e B P- P T H p e a k. A m or e s uit a bl e 

c ol u m n s h o ul d r e d u c e p e a k t aili n g.  

T h o u g h all m et al t u bi n g w as r e pl a c e d wit h P E E K t u bi n g a n d a tit a ni u m li n e d R P- C 1 8  

c ol u m n w as us e d f or all a n al yti c al r u ns, t h er e w as t w o s m all p orti o ns of t h e L C- M S/ M S fl o w 

p a t h t h at w er e m et al. U nf ort u n at el y, a bi oi n ert a ut os a m pl er n e e dl e c o m p ati bl e wit h t h e S hi m a d z u 

N e x er a X 2 SI L - 3 0 A C a ut os a m pl er ( K y ot o, J a p a n) w as n ot a v ail a bl e. T o a d dr ess t his 

s h ort c o mi n g a n d pr e v e nt B P- P T H c arr y - o v er fr o m t h e s a m pl e n e e dl e, e xt e nsi v e n e e dle w as h es 

w er e e m pl o y e d.  H o w e v er, t h es e w as h es e xt e n d e d a n al yti c al r u n ti m e a n d it w o ul d b e m or e 

effi ci e nt t o us e a bi oi n ert a ut os a m pl er n e e dl e a n d f or g o t h e pr e c a uti o n ar y a ut os a m pl er w as h es.  

 A n a d diti o n al li mit ati o n w as t h e u n a v ail a bilit y of a tit a ni u m l i n e d g u ar d c ol u m n 

c o m p ati bl e wit h t h e bi o Z e n P S - C1 8  a n al yti c al c ol u m n. D es pit e t h e g u ar d c ol u m n b ei n g s m all i n 

l e n gt h ( 4. 0 0 m m), t h er e w as li k el y u n w a nt e d bi n di n g of B P-P T H t o t h e m et al frits. A r o u g h t est 

t o d et er mi n e t h e e xt e nt of bi n di n g t o t h e m et al frits w as e m pl o y e d b y r u n ni n g a n e at s ol uti o n of 

B P - P T H wit h g u ar d c ol u m n, cl e a ni n g t h e c ol u m n a n d t h e n r u n ni n g t h e s a m e n e at s ol uti o n 

wit h o ut t h e m et al g u ar d c ol u m n. T hi s pr o c ess w as r e p e at e d t wi c e a n d t h er e w as n o n oti c e a bl e 

diff er e n c e i n p e a k ar e a r es p o ns e v al u es. F urt h er m or e, d uri n g c arr y- o v er st u di es, w h e n t h e g u ar d 



 1 1 2  

c ol u m n w as r e m o v e d a n d a bl a n k i nj e ct e d, t h e c arr y- o v er w as still pr es e nt. T his i n di c at e d t h at 

t h e g u ar d c ol u m n w as li k el y n ot t h e s o ur c e of c arr y- o v er a n d r at h er t h e c ol u m n w as.   

 A fi n al li mit ati o n e n c o u nt er e d w as t h e l a c k of a m or e s uit a bl e i nt er n al st a n d ar d. T h e 

p e pti d e m oi et y of t h e c o nj u g at e is i d e nti c al i n str u ct ur e t o t h e i nt er n al st a n d ar d us e d a n d 

t h er ef or e t h er e m a y b e a p ot e nti al “ a d diti v e ” eff e ct o n t h e I S p e a k r es p o ns e d u e t o m et a b olis m of 

t h e c o nj u g at e. As t h er e is c urr e ntl y n o i nf or m ati o n r e g ar di n g t h e e x a ct m et a b olit es of B P -P T H, 

t o pr e v e nt a n y a d diti v e eff e ct, it is m or e s uit a bl e t o us e a n I S t h at is n ot a p ot e nti al m et a b olit e of 

t h e p ar e nt dr u g. If h P T H ( 1-3 4) is a m et a b olit e  of t h e p ar e nt dr u g, t h e n t h er e w o ul d b e a n 

u n c o ntr oll a bl e  “ a d diti v e ” eff e ct o n t h e I S r es p o ns e, w hi c h u n d er mi n es t h e r e q uir e m e nts of a n I S 

t o b e c o nsist e nt a n d of k n o w n c o n c e ntr ati o n. F aili n g t o h a v e a c o nsist e nt I S w o ul d gr e atl y i m p a ct 

t h e a c c ur a c y of t h e d et e cti o n m et h o d. A m or e s uit a bl e I S w o ul d b e h P T H ( 1- 3 8), as it is n ot a 

p ot e nti al m et a b olit e of B P- P T H a n d w o ul d b e h a v e v er y si mil ar t o h P T H ( 1- 3 4) d uri n g  

e xtr a cti o n, c hr o m at o gr a p h i c s e p ar ati o n a n d M S a n al ysis.   

 

2. 1 8 . 1 6 F ut u r e Di r e cti o ns  

 T esti n g ot h er tit a ni u m or P E E K li n e d bi oi n ert c ol u m ns s h o ul d b e t h e first st e p t o w ar ds 

i m pr o vi n g t h e pr o p os e d m et h o d. F ull y p or o us vs. c or e-s h ell c ol u m ns s h o ul d als o b e c o m p ar e d i n 

a n att e m pt t o stri k e a b al a n c e b et w e e n a c c e pt a bl e M S s e nsiti vit y, effi ci e nt r u n ti m e, p e a k s h a p e 

a n d c ol u m n lif eti m e.  

  T h o u g h C h a m b ers et al. h a v e r e p ort e d a hi g hl y o pti mi z e d pr ot ei n pr e ci pit ati o n ( ~ 9 5 % 

r e c o v er y) str at e g y f or t h e r e c o v er y of h P T H ( 1- 3 4) i n pl as m a ( 1 8 7), r e c o v er y of B P- P T H a n d t h e 

I S n e e ds to b e d et er mi n e d wit hi n o ur l a b or at or y usi n g t h eir pr ot o c ol. It m a y als o b e w ort h w hil e 

t o e x p eri m e nt wit h a ci d m o difi e d a c et o nitril e a n d v ari ati o ns of t h e a m o u nt of or g a ni c s ol v e nt 

us e d  t o a c hi e v e t h e hi g h est p ossi bl e r e c o v er y of B P- P T H. T h o u g h B P-P T H is si mil ar t o h P T H 

( 1- 3 4), t h e pr es e n c e of t h e B P m oi et y m a y r e q uir e sli g ht v ari ati o ns t o C h a m b ers et al.’s 

o pti mi z e d pr ot o c ol t o m a xi mi z e r e c o v er y of B P- P T H.  

I n cr e asi n g t h e r e pr o d u ci bilit y a n d effi ci e n c y t hr o u g h o ut all m et h o d st a g es (s a m pl e 

pr e p ar ati o n, c hr o m a t o gr a p hi c s e p ar ati o n a n d M S a n al ysis) c a n al w a ys b e p erf or m e d, a n d s h o ul d 

b e p erf or m e d t o f urt h er r efi n e a n d o pti mi z e t h e ass a y. F or st u di es wit h l ar g e s a m pl es, it m a y b e 

m or e pr a cti c al t o us e a Str at a -X ™ 9 6 w ell S P E pl at e r at h er t h a n c artri d g es. Us e of a 9 6 w ell 
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pl at e f or e xtr a cti o n w o ul d gr e atl y i n cr e as e m et h o d effi ci e n c y. T h e Str at a -X ™ S P E pl at e r e q uir es 

l o w er el uti o n v ol u m es ( 2 0 0 µ L vs. 2 5 0 µ L) w hi c h w o ul d i n cr e as e m et h o d s e nsiti vit y.  

If l o w er l e v els of q u a ntifi c ati o n ar e r e q uir e d f or p h ar m a c o ki n eti c st u di es, tr a nsiti o ni n g 

t h e m et h o d t o a tri pl e q u a dr u p ol e M S i nstr u m e nt wit h hi g h er s e nsiti vit y or f urt h er c o n c e ntr ati o n 

of t h e S P E e xtr a ct m a y all o w f or l o w er l e v els of q u a ntifi c ati o n. P erf or mi n g dr y - d o w n or 

e v a p or ati o n of t h e e xtr a ct f or f urt h er c o n c e ntr ati o n c o ul d b e e x pl or e d. T his st e p s h o ul d b e 

e v al u at e d wit h c ar e as e v a p or ati o n of e xtr a cts c o nt ai ni n g p e pti d es oft e n r es ult i n l ar g e p e pti d e 

l oss d u e t o i n effi ci e nt r e-s ol u bili z ati o n a n d a ds or pti o n t o s urf a c es ( 2 1 0).  

A n e w f ull m et h o d v ali d ati o n will b e p e rf or m e d i n t h e c o mi n g w e e ks aft er t his t h esis h as 

b e e n p u blis h e d usi n g a n e w a n al yti c al c ol u m n. 

 

2. 1 8 . 17 C o n cl usi o ns  

  W e h a v e d e v el o p e d a L C- M S/ M S m et h o d f or t h e d et e cti o n of B P-P T H i n r at pl as m a f or 

f ut ur e p h ar m a c o ki n eti c e x p eri m e nts. T h e m et h o d h a d s atisf a ct or y a c c ur a c y a n d pr e cisi o n 

b et w e e n wit h a c c e pt a bl e li n e ar r es p o ns e (r 2 = 0. 9 9 6) b et w e e n 5. 0 n g/ m L a n d 2 5. 0 n g/ m L. T h e 

e x p eri m e nt all y d et er mi n e d L O D w as 2. 5 n g/ m L. h P T H ( 1- 3 4) w as us e d as a n i nt er n al st a n d ar d 

d uri n g m et h o d v ali d ati o n a n d d e v el o p m e nt. A c o m bi n ati o n of pr ot ei n pr e ci pit ati o n a n d s oli d-

p h as e e xtr a cti o n usi n g a p ol y m eri c s or b e nt r es ult e d i n a n al yti c al s a m pl es wit h l o w l e v els of 

pl as m a i nt erf er e n c e.  S a m pl e pr e p ar ati o n w as r el ati v el y effi ci e nt, wit h 3 0 s a m pl es b ei n g 

pr e p ar e d i n u n d er 1 hr. D es pit e a c hi e vi n g s uit a bl e v ali d ati o n p ar a m et ers, t h e P S - C1 8  c ol u m n 

pr o v e d t o b e u ns uit a bl e f or l ar g e s a m pl e b at c h es at it h as a s h ort lif eti m e of 1 5 0 - 2 0 0 i nj e cti o ns 

b ef or e b e c o mi n g irr e v ersi bl y cl o g g e d d u e t o i o ni c i nt er a cti o ns b et w e e n t h e a n al yt e a n d p ositi v el y 

c h ar g e d li g a n ds.   
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C h a pt e r T h r e e  

Att e m pti n g t o e n h a n c e B P -P T H s e nsiti vit y i n M S usi n g 

tri m et h ylsilyl di a z o m et h a n e ( T M S D) as a d eri v ati z ati o n a g e nt.  
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3. 1 T ri m et h ylsi lyl di a z o m et h a n e  

Tri m et h ylsi l yl di a z o m et h a n e ( T M S D) is a n or g a n osili c o n c o m p o u n d wit h t h e c h e mi c al 

f or m ul a ( C H 3)3 Si C H N 2 . T M S D i s cl assifi e d as a di a z o c o m p o u n d a n d is r e g ul arl y us e d as a 

m et h yl ati o n a g e nt f or p h os p h o ni c a ci ds, c ar b o x yli c a ci ds, al c o h ols, a n d p ol y p h e n ols. C h e mistr y 

i n v ol vi n g T M S D is us u all y p erf or m e d i n a m et h a n ol s ol uti o n as a n i nst a nt a n e o us m et h yl ati o n 

a g e nt. I n c o m p aris o n t o its alt er n ati v e di a z o m et h a n e, T M S D is f a v o ur a bl e as it c o m m er ci all y 

a v ail a bl e, c ost eff e cti v e, n o n - e x pl osi v e a n d l ess t o xi c, w hil e still p oss essi n g si mil ar m et h yl ati o n 

effi ci e n c y. A n a d diti o n al a d v a nt a g e  of T M S D i s st a bilit y u nd er r e c o m m e n d e d st or a g e 

c o n diti o ns, w h er e as di a z o m et h a n e n e e ds t o b e pr e p ar e d fr es h f or e v er y us e. T M S D is a y ell o w 

g as t h at is m ost c o m m o nl y diss ol v e d i n s ol v e nt, s u c h as 2 M di et h yl et h er or h e x a n es a n d st or e d 

u n d er nitr o g e n g as. D es pit e T M S D b ei n g a s af er alt er n ati v e t o di a z o m et h a n e, pr e c a uti o ns ar e 

still r e q uir e d w h e n w or ki n g wit h t his c o m p o u n d s u c h as a w ell- v e ntil at e d f u m e h o o d, a f ull- f a c e 

r es pir at or, gl o v es a n d e y e pr ot e cti o n.  

 

 

 

 

 

 

 

 

3. 1. 1 T ri m et h ylsi lyl di a z o m et h a n e as a d e ri v ati z ati o n a g e nt of 

b is p h os p h o n at e- co nt ai ni n g c o m p o u n ds  

As m e nti o n e d i n s e cti o n 2. 2. 4 of t his t h esis, bis p h os p h o n at es a n d bis p h os p h o n at e 

c o nt ai ni n g c o m p o u n ds p os e si g nifi c a nt c h all e n g es f or bi o a n al ysis d u e t o n u m er o us f a ct ors. T o 

a d dr ess t h es e c h all e n g es, Z h u et al. pi o n e er e d a n o v el a p pr o a c h of p erf or mi n g “ o n- c artri d g e ” 

d eri v ati z ati o n wit h di a z o m et h a n e f or t h e q u a ntit ati v e a n al ysis of bis p h os p h o n at es i n h u m a n 

pl as m a usi n g L C- M S/ M S ( 1 7 7). T h o u g h t h e ori gi n al m et h o d w as a p pli e d t o o nl y nitr o g e n 

Fi g u r e 3. 1: C h e mi c al st r u ct u r e of t ri m et h ylsi lyl di a z o m et h a n e 
( T M S D) 
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c o nt ai ni n g B Ps ( al e n dr o n at e a n d ris e dr o n at e), Z h u et al. p ost ul at e d t h at t h e s a m e m et h o d c o ul d 

b e a p pli e d t o n o n- nitr o g e n c o nt ai ni n g B Ps as w ell. Si n c e t h e m et h o ds i n c e pti o n i n 2 0 0 6, 

n u m er o us gr o u ps h a v e utili z e d t h eir m et h o d ol o g y f or t h e s u c c essf ul d et e cti o n of v ari o us 

diff er e nt B Ps a n d B P- c o nt ai ni n g c o m p o u n ds i n c hr o m at o gr a p hi c a n d m ass s p e ctr o m etr y s yst e ms 

( 16 4, 1 6 5, 1 7 4- 1 8 0 ). I n r e c e nt y e ars, t h e c o m m er ci al a v ail a bilit y of t h e s af er d eri v ati zi n g a g e nt 

T M S D, h as r es ult e d i n a n al yti c al c h e mists t h at ar e f ol l o wi n g Z h u et. al’s m et h o d ol o g y, t o 

h e a vil y f a v o ur usi n g T M S D o v er di a z o m et h a n e pri or t o c hr o m at o gr a p hi c a n al ysis. 

D eri v ati z ati o n of t h e p h os p h o ni c a ci d gr o u ps pr es e nt i n B P a n d B P- c o nt ai ni n g c o m p o u n ds 

t hr o u g h m et h yl ati o n ess e nti all y “ n e utr ali z es ” t h eir str o n g h y dr o p hili c a n d n e g ati v el y c h ar g e d 

c h e mi c al pr o p erti es a n d r e m o v es t h eir m et al c h el ati n g a biliti es. M et h yl ati o n of t h e p h os p h o ni c 

a ci d gr o u ps i n cr e as es h y dr o p h o bi cit y, all o wi n g f or i m pr o v e d r et e nti o n usi n g R P- c ol u m ns w hi c h 

i s n e c ess ar y f or c o nsist e nt a n d r eli a bl e s e p ar ati o n d uri n g t h e L C p h as e of a n al ysis.  

M et h yl ati o n of t h e n e g ati v e p h os p h o ni c a ci d gr o u ps r es ults i n d eri v ati z es wit h i m pr o v e d 

v ol atilit y t h at ar e r e a dil y i o ni z e d i n p ositi v e E SI m o d e, r es ulti n g i n si g nifi c a ntl y i m pr o v e d 

s e nsiti vit y of mass s p e ctr o m etri c d et e cti o n ( 1 7 7 ).  

Usi n g a d eri v ati z ati o n a g e nt s u c h as T M S D t o m et h yl at e B Ps or B P- c o nt ai ni n g 

c o m p o u n ds s u c c essf ull y a d dr ess es t h e i n h er e nt diffi c ulti es of p erf or mi n g bi o a n al ysis o n t h es e 

c o m p o u n ds.  

T h o u g h t h er e ar e m a n y r e p orts of s u c c essf ul d eri v ati z ati o n of p h os p h o ni c a ci d gr o u ps, 

r e p orts o n p e pti d e m et h yl ati o n wit h T M S D ar e s c ar c e. O n e gr o u p r e p ort e d t h at usi n g et h er e al 

di a z o m et h a n e o n s m all p e pti d es i n s ol uti o n h as b e e n s h o w n t o pr o d u c e a mi n o a ci d artif a cts 

c o nt ai ni n g N- m et h yl a n d e v e n N- N -di m et h yl a mi n o a ci ds ( 2 1 5). F urt h er m or e, tri m et h yl ati o n o n 

t h e N-t er mi n us of s m all di- a n d tri - p e pti d es w as a c hi e v e d wit h g as e o us di a z o m et h a n e ( 2 1 6), b ut 

h as n ot b e e n t est e d wit h l ar g e p e pti d es y et. D u e t o t h e a bilit y of T M S D t o m et h yl at e c ar b o x yli c 

a ci ds, al c o h ols a n d p h e n ols, i n t h e or y i n a d diti o n t o N-t er mi n us m et h yl ati o n, s eri n e, t hr e o ni n e, 

t yr osi n e, as p arti c a ci d a n d gl ut a m ati c a ci d c o ul d als o b e m et h yl at e d as t h eir R gr o u ps c o nt ai n 

f u n cti o n al gr o u ps t h at c o ul d b e m et h yl at e d b y T M S D.  
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3. 1. 2 T ri m et h ylsi lyl di a z o m et h a n e m et h yl ati o n m e c h a nis m  

P h os p h o ni c a ci ds, c ar b o x yli c a ci ds, a n d al c o h ols r e a ct wit h tri m et h ylsil yl di a z o m et h a n e t o 

pr o d u c e m et h yl est ers i n a r e a cti o n c all e d m et h yl est erifi c ati o n. D u e t o t h e hi g h r e a cti vit y of 

tri m et h ylsil yl di a z o m et h a n e, it is pr o d u c e d i n-sit u as t h e f u n cti o n al gr o u p r e a cts wit h T M S D t o 

c o m pl et e t h e m et h yl est erifi c ati o n pr o c ess. T h e first st e p of t h e m e c h a nis m i n v ol v es a n a ci d -b as e 

r e a cti o n t o d e pr ot o n at e a p h os p h o ni c a ci d gr o u p. T h e d e pr ot o n at e d p h os p h o ni c a ci d gr o u p 

b e c o m es t h e n u cl e o p hil e i n a n S N 2 r e a cti o n wit h pr ot o n at e d T M S D t o pr o d u c e t h e m et h yl est er 

wit h nitr o g e n g as as t h e l e a vi n g gr o u p ( 2 1 7). T h e T M S D r e a cti o n is oft e n p erf or m e d i n a 

m et h a n ol s ol uti o n t o s u p pr ess t h e pr o d u cti o n of a c ylsil a n e artif a cts ( 2 1 8 ). C o m pl eti o n of t h e 

r e a cti o n c a n b e m o nit or e d b y t h e dis a p p e ar a n c e of t h e y ell o w c ol o ur T M S D a n d t h e pr o d u cti o n 

of nitr o g e n g as b u b bl es. T h e r e a cti o n is r el ati v el y q ui c k, wit h c o m pl eti o n b ei n g r e a c h e d ar o u n d 

3 0 mi n t o 1 hr at r o o m t e m p er at ur e pr ot e ct e d fr o m li g ht. U p o n c o m pl eti o n, a c eti c a ci d c a n b e 

a d d e d dr o p wis e t o q u e n c h u nr e a ct e d T M S D. Q u e n c hi n g is c o m pl et e d at t h e c o m pl et e 

dis a p p e ar a n c e of t h e y ell o w c ol or e d s ol uti o n a n d g as e v ol uti o n c e as es ( 2 1 8 ).  

Fi g u r e 3. 2: D e ri v ati z ati o n of p h os p h o ni c a ci d g r o u ps  usi n g 
t ri m et h ylsil yl di a z o m et h a n e. D eri v ati z ati o n m et h yl at es b ot h p h os p h o ni c a ci d gr o u ps t o 
f or m a t etr a m et h yl d eri v ati v e.  

T M S D   
R  R  



 1 1 8  

 

 

 

 

 

 

 

 

 

 

 

 

3. 1. 3 O n -c a rt ri d g e d e ri v ati z ati o n u si n g tri m et h ylsi lyl di a z o m et h a n e  

P erf or mi n g o n -c artri d g e d eri v ati z ati o n off ers t h e b e n efit of c o m bi ni n g 

d eri v ati z ati o n a n d p urifi c ati o n i nt o o n e si n gl e st e p. D es pit e s o m e a n al yti c al 

c h e mists o pti n g f or c o n v e nti o n al p ost -e xtr a cti o n d eri v ati z ati o n a p pr o a c h es f or B Ps 

a n d r e p orti n g s atisf a ct or y r es ults ( 1 6 5, 1 7 7 , 21 9 ), c o u pli n g p urifi c ati o n a n d 

d eri v ati z ati o n r es ults i n i m pr o v e d d eri v ati z ati o n c o nsist e n c y, a r e d u cti o n i n l ot -t o-

lot v ari a bilit y a n d gr e at er m et h o d effi ci e n c y. It h as b e e n i n di c at e d b y v ari o us 

r e p orts t h at a di a z o m et h a n e or tri m et h ylsilyl di a z o m et h a n e r e a cti o n c a n b e 

p erf or m e d effi ci e ntl y o n sili c a -b as e d s oli d -p h as e e xtr a cti o n s or b e nts ( 2 2 0, 2 2 1 ). 

U n d eri v ati z e d B P -c o nt a i ni n g c o m p o u n ds bi n d str o n gl y t o t h e S P E s or b e nt, 

is ol ati n g t h e c o nj u g at e fr o m t h e pl as m a m atri x. M et h yl ati o n of t h e p h os p h o ni c 

gr o u ps wit h T M S D eli mi n at es t h e i o ni c i nt er a cti o n b et w e e n t h e s or b e nt a n d t h e 

c o nj u g at e, all o wi n g f or t h e fr es hl y d eri v ati z e d c o nj u g at e t o b e el ut e d fr o m t h e 

c artri d g e wit h m et h a n ol. Z h u et al. r e p ort e d t h at usi n g a n o n -c artri d g e a p pr o a c h 

Fi g u r e 3. 3: R e a cti o n m e c h a nis m of t h e m et h yl ati o n of c a r b o x yli c a ci d f u n cti o n al 
g r o u ps usi n g  t ri m et h ylsil yl di a z o m et h a n e ( T M S D).   



 1 1 9  

pr o vi d e d m u c h b ett er s el e cti vit y a n d cl e a n er s a m pl es t h a n tr a diti o n al a ci di c el uti o n 

or el uti o n b y i o ni c dis pl a c e m e nt ( 1 7 7 ).  
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M et h o d ol o g y  
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3. 2 M et h o d ol o g y  

3. 2. 1  O bj e cti v e of M et h o d D e v el o p m e nt  

I n a n eff ort t o i n cr e as e M S s e nsiti vit y t o a c hi e v e l o w er li mits of d et e cti o n ( L O D) a n d 

q u a ntifi c ati o n ( L O Q), o n -c artri d g e d eri v ati z ati o n of B P -P T H usi n g  tri m et h ylsilyl di a z o m et h a n e 

( T M S D) w as e x pl or e d. T h e o bj e cti v es of t his c h a pt er w er e t o r efi n e t h e d eri v ati z ati o n pr o c e d ur e, 

d et er mi n e t h e m ost a b u n d a nt m et h yl ati o n p att er n o n B P- P T H a n d est a blis h a n M R M m et h o d f or 

d eri v ati z e d B P -P T H.  

 

3. 2. 2  Usi n g tri m et h ylsi lyl di a z o m et h a n e ( T M S D) d e ri v ati z ati o n t o 

e n h a n c e s e nsiti vit y i n M S A n al ysis  

I n a n eff ort t o i n cr e as e M S s e nsiti vit y of B P- P T H, d eri v ati z ati o n of t h e p h os p h o ni c a ci d 

gr o u ps w as e x pl or e d. T h e n e g ati v e p h os p h o ni c a ci d gr o u ps will aff e ct t h e i o ni z ati o n eff i ci e n c y 

of B P - P T H w hil e usi n g E SI + m o d e d u e t o t h eir str o n g n e g ati v e c h ar g es. M et h yl ati o n of t h e 

n e g ati v e p h os p h o ni c a ci d gr o u ps will i m pr o v e v ol atilit y t o cr e at e d eri v ati v es t h at ar e r e a dil y 

i o ni z e d i n E SI + m o d e, r es ulti n g i n si g nifi c a ntl y i m pr o v e d s e nsiti vit y of m ass s p e ctr o m etri c 

d et e cti o n. 

A n o n- c artri d g e d eri v ati z ati o n a p pr o a c h w as e x pl or e d t o p ot e nti all y e n h a n c e t h e 

s e nsiti vit y of B P -P T H i n M S a n al ysis. O n -c artri d g e d eri v ati z ati o n c o m bi n es s a m pl e p urifi c ati o n 

a n d d eri v ati z ati o n i nt o o n e st e p, i n cr e asi n g t h e effi ci e n c y of t h e m et h o d. D eri v ati z ati o n of t h e 

p h os p h o ni c a ci d gr o u ps i m pr o v es c ol u m n r et e nti o n d uri n g c hr o m at o gr a p hi c s e p ar ati o n, r e d u c es 

s a m pl e c arr y o v er b et w e e n r u ns a n d e n h a n c es s e nsiti vit y d uri n g M S a n al ysis. T h e w or k d es cri b e d 

b y W o n g et al. ( 21 9) a n d Z h u et al. ( 1 7 7) f or t h e e xtr a cti o n a n d o n- c artri d g e d eri v ati z ati o n of 

bis p h os p h o n at es fr o m pl as m a m atri x w as us e d as a n i niti al f o u n d ati o n f or t h e d e v el o p m e nt of a n 

e xtr a cti o n m et h o d c a p a bl e of si m ult a n e o usl y e xtr a cti n g a n d d eri v ati zi n g B P- P T H. O pti mi z ati o n 

of t h e s oli d- p h as e e xtr a cti o n a n d d eri v ati z ati o n pr o c e d ur e w as p erf or m e d wit h 1 0, 2 5, a n d 1 0 0 

µ g/ m L c o n c e ntr ati o ns of B P- P T H.  
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3. 2. 2. 1 Ass essi n g t e m p e r at u r e s t a bilit y of B P-P T H  

Aft er B P -P T H e xtr a cti o n fr o m pl as m a usi n g S P E, t h e el u e nt will b e e v a p or at e d t o 

dr y n ess usi n g a g e ntl e str e a m of nitr o g e n g as. E v a p or ati n g u n d er el e v at e d t e m p er at ur es all o ws 

f or f ast er a n d m or e e c o n o mi c al e v a p or ati o n. C o m m o nl y r e p ort e d e v a p or ati o n t e m p er at ur es t o 

pr e p ar e B P c o m p o u n ds f or L C- M S/ M S a n al ysis h a v e b e e n r e p or t e d at 4 0° C ( 1 6 5) a n d 6 0 ° C 

( 21 9). D u e t o t h e p e pti d e m oi et y of B P- P T H, as s essi n g t h e c o m p o u n ds st a bilit y at el e v at e d 

t e m p er at ur es will d et er mi n e if t h e h P T H ( 1- 3 4) m oi et y is s us c e pti bl e t o t e m p er at ur e d e p e n d e nt 

d e gr a d ati o n. T hr e e 1 0 0 0 n g/ m L s ol uti o ns of B P- P T H w er e i n c u b at e d f or 6 0 mi n at R T, 4 0 ° C a n d 

6 0 ° C wit h t h e i nt e nsit y of t h e m ost a b u n d a nt pr e c urs or i o n ( 9 7 9. 2 5 m/ z) m e as ur e d usi n g dir e ct 

fl o w i nj e cti o n ( 0. 4 m L/ mi n, 5 0/ 5 0 A C N/ w at er (v/ v) wit h 0. 1 % F A). T h e e x p eri m e nt w as 

c o n d u ct e d i n d u pli c at e. R o o m t e m p er at ur e e v a p or ati o n w as us e d f or all s u bs e q u e nt e v a p or ati o n 

pr o c e d ur es.  

 

 

 

 

3. 2. 2. 2 P r e p a r ati o n of pl as m a e xt r a ct e d a n d n o n- pl as m a e xt r a ct e d ( n e at) s a m pl es  

B P - P T H st o c k s ol uti o n ( 2 5 µ L) w as a d d e d t o a n ali q u ot of 2 2 5 µ L of s pi k e d pl as m a 

s a m pl es t o cr e at e eit h er 1 0, 2 5 or 1 0 0 µ g/ m L s ol uti o ns. S a m pl es u n d er w e nt pr ot ei n pr e ci pit ati o n  

as d es cri b e d i n s e cti o n 2. 1 2. T h e s u p er n at a nt w as c oll e ct e d a n d dil ut e d wit h 1 m L of w at er 

T e m p e r at u r e 
(°° C)  

Ti m e ( mi n) A v g i nt e nsit y of m ost 
a b u n d a nt p r e c u rs o r p e a k 
( c ps) 

P e r c e nt c h a n g e  ( %) 

R T  
 

0  
3 0 
6 0 

1. 3 3 x 1 0 6  

1. 3 3 x 1 0 6 

1. 3 3 x 1 0 6 

 

0  
0 
0 

4 0  
 

0  
3 0 
6 0 
 

1. 3 3 x 1 0 6  
6. 0 9 x 1 0 5 

1. 2 4 x 1 0 5  

0  
- 5 4. 3 5 
- 9 0. 7 1 

6 0  0  
3 0 
6 0  

1. 3 3 x 1 0 6  
N ot o bs er v e d  

N ot o bs er v e d  

0  
N/ A  
N/ A  

T a bl e 3. 1: Eff e ct of t e m p e r at u r e  o n a v e r a g e i nt e nsit y of t h e B P -P T H 9 7 9. 2 5 p r e c u rs o r 
i o n. 
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b ef or e b ei n g l o a d e d o nt o a pr e- c o n diti o n e d Str at a- X ™ p ol y m eri c c artri d g e t h at w as w as h e d wit h 

m et h a n ol ( 2. 0 m L) a n d c o n diti o n e d wit h 2. 0 m L of w at er.   

N e at s ol uti o ns w er e pr e p ar e d b y a d diti o n of 2 5 µ L of B P - P T H st o c k s ol uti o n t o 2 2 5 µ L 

of d ei o ni z e d w at er cr e ati n g fi n al c o n c e ntr ati o ns of 1, 2 5, or 1 0 0 µ g/ m L a n d dil ut e d wit h 1 m L of 

w at er b ef or e b ei n g l o a d e d o n t h e Str at a- X ™ p ol y m eri c c artri d g e ( n e at s ol uti o ns di d n ot u n d er g o 

pr ot ei n pr e ci pit ati o n).  

A v a c u u m m a nif ol d w a s us e d t o a p pl y p ositi v e pr ess ur e t o cr e at e c o nsist e nt a n d 

c o ntr oll e d fl o w- r at e t hr o u g h t h e S P E c artri d g es. Aft er s a m pl e l o a di n g, t h e c artri d g e w as f urt h er 

w as h e d wit h 2 m L of 5 % m et h a n ol i n w at er. A m et h a n ol: w at er s ol uti o n ( 1 2: 1 ) w as pr e p ar e d 

( 3 2 5 µ L) a n d 1 7 5 µ L of T M S D w as a d d e d t o t h e s ol uti o n a n d g e ntl y s h a k e n. 5 0 0 µ L of t h e 

T M S D: m et h a n ol: w at er mi xt ur e w as a d d e d t o t h e c artri d g e i n a f u m e h o o d t o p erf or m o n-

c artri d g e d eri v ati z ati o n i n d ar k c o n diti o ns . P ositi v e pr ess ur e w as r e m o v e d a n d t h e el u e nt w as 

c oll e ct e d i n a gl ass t est t u b e usi n g gr a vit y filtr ati o n , e v a p or at e d at R T usi n g nitr o g e n g as a n d 

r es us p e n d e d wit h 2 5 0 µ L of H 2 O.  

 

3. 2. 2. 3 O pti mi zi n g t h e a m o u nt of tri m et h ylsi lyl di a z o m et h a n e f o r o pti m al 
m et h yl ati o n  

T h e a m o u nt of T M S D a n d m et h a n ol us e d t o m et h yl at e t h e p h os p h o ni c a ci d gr o u ps i n B P 

c o m p o u n ds v ari es a m o n gst r e p ort e d m et h o ds. S o m e m et h o ds r e p ort usi n g a r ati o ( v/ v ) of T M S D 

t o m et h a n ol as l o w as 2 0: 8 0 ( 1 6 5) t o as hi g h as 5 0: 5 0 ( 2 1 9), wit h t h e maj orit y of p u blis h e d 

m et h o ds usi n g a r ati o b et w e e n 2 5: 7 5 t o 3 5: 6 5 of T M S D: m et h a n ol. A s m all a m o u nt of w at er is 

r e q uir e d as a c at al y z er t o cr e at e di a z o m et h a n e a n d nitr o g e n g as, a c o m m o nl y us e d r ati o of 

m et h a n ol t o w at er is 1 2: 1  (v/ v ) ( 17 4).  T o d et er mi n e w h i c h r ati o of T M S D t o m et h a n ol/ w at er 

d uri n g d eri v ati z ati o n is m ost s uit a bl e f or i n cr e asi n g t h e yi el d of m et h yl at e d h P T H ( 1 - 3 4) a n d B P-

P T H, r ati os of 2 0: 8 0, 2 5: 7 5, 3 0: 7 0, a n d 3 5: 6 5 ( v/ v) w er e t est e d. T h e v ol u m e of t h e m et h a n ol + 

w at er mi xt ur e ( 1 2: 1, m et h a n ol : w at er) w as v ari e d b et w e e n 3 2 5 µ L a n d 4 0 0 µ L. T M S D 

pr o p orti o ns w er e a dj ust e d a c c or di n gl y b as e d o n t h e r ati o t h at w as b ei n g e x p eri m e nt all y t est e d. 

2 5 µ L of 1 0 0 µ g/ m L B P - P T H s ol uti o n w as dil ut e d wit h 1 m L d ei o ni z e d w at er a n d l o a d e d o nt o a 

pr e- c o n diti o n e d Str at a - X ™ c artri d g e t o p erf or m o n-c artri d g e d eri v ati z ati o n. T h e d eri v ati z ati o n  

r e a cti o n mi xt ur e ( T M S D + m et h a n ol/ w at er) w as pr e p ar e d b y a d diti o n of T M S D t o t h e 
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m et h a n ol/ w at er s ol uti o n a n d g e ntl y s h a k e n. T h e d eri v ati z ati o n r e a cti o n c o nsist e d of o n- c artri d g e 

i n c u b ati o n wit h gr a vit y filtr ati o n at R T, wit h pr ot e cti o n fr o m li g ht. Filtr at e w as c oll e ct e d i n a 

gl ass t est t u b e. T h e el u e nt w as i nj e ct e d o nt o t h e L C -M S/ M S s yst e m.  

C o m p aris o n of p e a k ar e as of B P- P T H a n d h P T H ( 1 - 3 4) u n d er t h e diff er e nt r ati os ( 2 0: 8 0, 

2 5: 7 5, 3 0: 7 0, 3 5: 6 5) w er e us e d t o d et er mi n e o pti m al T M S D t o m et h a n ol/ w at er r ati o . T a bl e 3. 2 

c o nt ai ns a s u m m ar y of t h e e x p eri m e nt al c o n diti o ns f or t h e o pti mi z ati o n of T M S D t o m et h a n ol 

r ati o. 

3. 2. 2. 4 I n c u b ati o n t i m e a n d te m p e r at u r e of T M S D d e ri v ati z ati o n r e a cti o n 

Aft er S P E c o n diti o ni n g, s a m pl e-l o a di n g, w as hi n g st e ps, a n d a d diti o n of t h e d eri v ati z ati o n 

a g e nt, gr a vit y filtr ati o n w as us e d t o el ut e t h e d eri v ati z e d B P- P T H fr o m t h e S P E s or b e nt u n d er 

d ar k c o n diti o ns at r o o m t e m p er at ur e. It h as b e e n pr e vi o usl y r e p ort e d t h at a n al yt es n e e d t o b e 

e x p os e d t o t h e d eri v ati z ati o n r e a g e nt o n t h e S P E c artri d g e f or 0. 5- 1 hr f or a d e q u at e 

d eri v ati z ati o n ( 1 7 4 ). Aft er ~ 1 0- 1 5 mi n, t h e 5 0 0 µ L of r e a cti o n mi xt ur e w as el ut e d b y gr a vit y i nt o 

a gl ass t est t u b e, a n d t h e n r e-l o a d e d o nt o t h e s or b e nt b e d f or a d diti o n al ti m e t o i nt er a ct wit h t h e 

T M S D r e a g e nt. A d diti o n al st u di es s h o w t h at d eri v ati z ati o n als o c o nti n u es i n t h e el u at e 

( 17 4, 1 7 8), aft er t h e s e c o n d r o u n d of el uti o n, t h e c oll e ct e d el u at e w as l eft f or a n a d diti o n al 1 5 

mi ns. T h e t ot al r e a cti o n ti m e w as 4 5 mi n. El u at e w as c oll e ct e d i n gl ass t est t u b es t o pr e v e nt 

pl asti c l e a c hi n g fr o m mi cr o c e ntrif u g e t u b es t h at m a y o c c ur as si d e -r e a cti o ns t o t h e T M S D 

R ati o  T M S D ( µ L)  M et h a n ol  + w at e r  
r e a cti o n mi xt u r e  (µ L)  

T ot al v ol u m e ( µ L)  

2 0: 8 0  1 0 0  4 0 0  5 0 0  

2 5: 7 5  1 2 5  3 7 5  5 0 0  

3 0: 7 0  1 5 0  3 5 0  5 0 0  

3 5: 6 5  1 7 5  3 2 5  5 0 0  

T a bl e 3. 2: S u m m a r y of r ati o of T M S D  t o m et h a n ol + w at e r r e a cti o n mi xt u r e t est e d t o o pti mi z e 
B P -P T H d e ri v ati z ati o n.  

* M et h a n ol + w at er mi xt ur e w as cr e at e d u si n g a m et h a n ol: w at er  (1 2: 1)  v/ v  r ati o. 
 
* * T M S D w as a d d e d t o t h e m et h a n ol + w at er r e a cti o n mi xt ur e t o cr e at e t h e d eri v ati z ati o n r e a cti o n 
mi xt ur e t h at w as a d d e d t o t h e S P E c artri d g es.  
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r e a g e nt. Aft er 3 0- 4 5 mi n, t h e y ell o w T M S D s ol uti o n c ol or dis a p p e ar e d. T he dis a p p e ar a n c e of t h e 

y ell o w T M S D s ol uti o n i n di c at es t h at t h e r e a cti o n h as g o n e t o c o m pl eti o n a n d n o e x c ess T M S D 

r e m ai ns. 5 µ L of 5 0 % a c eti c a ci d i n m et h a n ol w as a d d e d t o t h e el u e nt t o q u e n c h a n y r e m ai ni n g 

T M S D. T h e el u at e  w as tr a nsf err e d t o a vi al f or L C -M S/ M S a n al ysis.  

 

3. 2. 2. 5 I niti al c h r o m at o g r a p hi c m et h o d d e v el o p m e nt  

I niti al c hr o m at o gr a p hi c m et h o d d e v el o p m e nt utili z e d t h e “ 6 0/ 6 0 ” d et er mi n ati o n m et h o d 

as e x pl ai n e d i n s e cti o n 2. 1 5. 3. T h e 6 0/ 6 0 d et er mi n ati o n m et h o d c o nsist e d of gr a di e nt el uti o n 

usi n g d ei o ni z e d w at er wit h 0. 1 % f or mi c a ci d ( M o bil e p h as e A) a n d a c et o nitril e wit h 0. 1 % f or mi c 

a ci d ( M o bil e p h as e B) wit h a fl o w r at e of 0. 3 m L/ mi n. T h es e m o bil e p h as es w er e s el e ct e d b as e d 

o n s u c c essf ul r et e nti o n of B P c o m p o u n ds wit h r e v ers e p h as e c ol u m ns usi n g A C N a n d w at er wit h 

0. 1 % f or mi c a ci d.  

Gr a di e nt ti m e pr o gr a m w as 5 % B t o 6 0 % B fr o m 0. 0 mi n t o 6 0. 0 mi n. T h e d et e ct or us e d 

f or t h e d et er mi n ati o n of c hr o m at o gr a p hi c c o n diti o ns w as a n M S/ M S. T h e M S w as s et t o s c a n i n 

Q 1 a n d t h e t ot al i o n c hr o m at o gr a m ( TI C) pl ot w as us e d t o a n al y z e p e a k s h a p e a n d r et e nti o n 

ti m es. 5 µ L of a 1 0 0 µ g/ m L s ol uti o n of d eri v ati z e d B P- P T H ( wit h o ut pl as m a) w as i nj e ct e d i nt o 

t h e L C-M S/ M S s yst e m.  T w o diff er e nt c ol u m ns ( G e mi ni C1 8  a n d P S- C1 8 ) w er e c o m p ar e d. T h e  

o bs er v ati o ns ar e s u m m ari z e d b el o w i n T a bl e 3. 3. 
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A p p e ar a n c e of r e p e at e d p e a ks wit h m/ z v al u es c orr es p o n di n g t o t h e or eti c al D -B P -P T H 

m/ z v al u es el uti n g b et w e e n a M o bil e P h as e B % b et w e e n 3 0 % a n d 3 5 % w as f urt h er e x a mi n e d t o 

c o nfir m if a n y of t h es e p e a ks w er e D -B P - P T H. A n e w c hr o m at o gr a p hi c m et h o d w as est a blis h e d  

usi n g is o cr ati c fl o w wit h 4 0 % M o bil e P h as e B ( a c et o nitril e wit h 0. 1 % f or mi c a ci d) a n d a fl o w 

r at e of 0. 3 m L/ mi n wit h a 5 mi n r u n ti m e. M o bil e P h as e A w as 0. 1 % f or mi c a ci d i n d ei o ni z e d 

w at er. T h e s a m e c ol u m n s us e d i n t h e 6 0/ 6 0 d et er mi n ati o n r u n w er e r e us e d. T h e o bs er v ati o ns ar e 

s u m m ari z e d i n T a bl e 3. 4. 

B a c k gr o u n d n ois e is d efi n e d as a n y c h e mi c al n ois e w hi c h is g e n er at e d fr o m all ot h er 

s p e ci es ot h er t h a n a n al yt es of i nt er est(s) w h e n b ei n g a n al y z e d f or t h e M S d et e ct or ( 2 2 2).  T h e 

a v er a g e of l e v el of b a c k gr o u n d n ois e w as c o m p ar e d a m o n gst t h e t w o c ol u m ns a n d d et er mi n e d t o 

C ol u m n  St ati o n a r y 
P h as e  

G r a di e nt 
C o n diti o ns 
( % B/ mi n) 

O bs e r v ati o ns  R e m a r k s  

G e mi ni C 1 8  
( 2 5 0 x 4. 6 0 
m m I. D., 5 
µ m), g u ar d 
c ol u m n ( 4. 0 0 
x 3. 0 0 m m 
I. D.). 

Al k yl c h ai ns 
o n sili c a 
s urf a c e  

5/ 0. 0 mi n, 6 0/ 6 0 
mi n.  

A p p e ar a n c e of 
fr e q u e ntl y r e p e ati n g 
p e a ks of l o w i nt e nsit y 
b et w e e n r u n ti m e of 3 0 
a n d 3 5 mi n, 
c orr es p o n di n g wit h a 
M o bil e P h as e B % of 
3 0 % t o 3 5 %. N o 
is ol at e d p e a k t o 
i n di c at e B P-P T H.  
 

N ot 
s atisf a ct or y.  
M/ z v al u es of 
t h e r e p e ati n g 
s h ar p p e a ks 
c orr es p o n d t o 
t h e or eti c al m/ z 
v al u es of D-
B P -P T H.  

bi o Z e n P S -
C 1 8  ( 1 5 0 x 2. 1 
m m I. D. 3 
µ m), g u ar d 
c ol u m n ( 4. 0 0 
x 2. 0 0 m m 
I. D.). 

Al k yl c h ai ns 
o n sili c a 
s urf a c e  

5/ 0. 0 mi n, 6 0/ 6 0 
mi n.  

A p p e ar a n c e of 
fr e q u e ntl y r e p e ati n g 
p e a ks of l o w i nt e nsit y 
b et w e e n r u n ti m e of 3 0 
a n d 3 5 mi n, 
c orr es p o n di n g wit h a 
M o bil e P h as e B % of 
3 0 % t o 3 5 %. N o 
is ol at e d p e a k t o 
i n di c at e B P-P T H.  

N ot 
s atisf a ct or y. 
M/ z v al u es of 
t h e r e p e ati n g 
s h ar p p e a ks 
c orr es p o n d t o 
t h e or eti c al m/ z 
v al u es of D-
B P -P T H.  

T a bl e 3. 3: O bs e r v ati o ns of i niti al m et h o d d e v el o p m e nt f o r t w o diff e r e nt c ol u m ns i n a n 
att e m pt t o c h r o m at o g r a p hi c all y i d e ntif y D -B P -P T H.  



1 2 7

b e l o w er t h a n 1 1 0 0 c ps. W h e n c o m p ar e d t o t h e i nt e nsit y of t h e a n al yt e, t h e a v er a g e l e v el of 

b a c k gr o u n d n ois e w as 1 6 2 5 ti m es l o w er. 

T h e bi o Z e n P S - C 1 8 ( 1 5 0 m m x 2. 1 m m I. D. 3 µ m p arti cl e si z e) c ol u m n pr o d u c e d b ett er 

p e a k s h a p e, mi ni m al p e a k t aili n g, s h ort er r et e nti o n ti m e, a n d hi g h er a n al yt e i nt e nsit y t h a n t h e 

G e mi ni C 1 8 c ol u m n. T h e m a xi m u m l e v els of b a c k gr o u n d n ois e w er e si mil ar f or b ot h c ol u m ns, 

t h o u g h w as sli g htl y l o w er f or t h e bi o Z e n P S- C1 8  c ol u m n. As st at e d i n C h a pt er 2, t h e bi o Z e n P S-

C 1 8  c ol u m n pr o d u c e d a c c e pt a bl e p e a k s h a p e w h e n r et ai ni n g n o n-d eri v ati z e d B P -P T H, a n d w as 

li k el y t o h a v e i m pr o v e d s e nsiti vit y t h a n t h e l o n g er a n d wi d er G e mi ni C1 8  c ol u m n. D u e t o t h e 

p h os p h o ni c a ci d gr o u ps b ei n g n e utr ali z e d, t h e G e mi ni C 1 8  w a s t est e d t o o bs er v e h o w t h e 

r et e nti o n a n d p e a k s h a p e of D-B P - P T H w o ul d b e o n a n o n-tit a ni u m li n e d c ol u m n.  

  

C ol u m n  Is o c r ati c 
c o n diti o ns 
( % B/ mi n) 

Fl o w r at e 
( m L/ mi n) 

R et e nti o n 
ti m e (t R) 
( mi n) 

* M a xi m u m 
l e v els of 
b a c k g r o u n d 
n ois e ( c ps)  

I nt e nsit y 
of D- B P -
P T H 
( c ps) 

O bs e r v ati o ns  

G e mi ni C 1 8  
( 2 5 0 x 4. 6 0 
m m I. D., 5 
µ m), g u ar d 
c ol u m n 
( 4. 0 0 x 
3. 0 0 m m 
I. D.).

 
 
4 0/ 5 

 
 
0. 3 

 
 
3. 9 8 

 
 
1. 1 x 1 0 3  

 
 
1. 7 x 1 0 5 

P e a k el uti o n 
at 3. 9 8 mi n 
wit h 
pr e d o mi n a ntl y 
s y m m etri c al 
p e a k s h a p e, 
si g nifi c a nt 
p e a k t aili n g.  

 
bi o Z e n P S-
C 1 8  ( 1 5 0 x 
2. 1 m m 
I. D. 3 µ m), 
g u ar d 
c ol u m n 
( 4. 0 0 x 
2. 0 0 m m 
I. D.). 

 
 
4 0/ 5 

 
 
0. 3 

 
 
1. 4 4 

 
 
8. 0 x 1 0 2  

 
 
1. 3 x 1 0 6  

 
P e a k el uti o n 
at 1. 4 4 mi n 
wit h 
s y m m etri c al 
p e a k s h a p e, 
mi ni m al p e a k 
t aili n g.  

T a bl e 3. 4: O bs e r v ati o ns of i niti al m et h o d d e v el o p m e nt  f o r t w o diff e r e nt c ol u m ns i n a n 
att e m pt t o c h r o m at o g r a p hi c all y i d e ntif y D -B P -P T H  usi n g a n is o c r ati c g r a di e nt. 

T h e bi o Z e n P S - C 1 8 ( 1 5 0 m m x 2. 1 m m I. D. 3 m p arti cl e si z e) c ol u m n pr o d u c e d b ett er 

* M a xi m u m l e v els of b a c k gr o u n d n ois e w er e m e a s ur e d fr o m 0 t o 0. 5 mi n.
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3. 2. 3 O pti mi z ati o n of M S/ M S f o r Q u a ntit ati o n:  

3. 2. 3. 1 M S/ M S I nst r u m e nt ati o n 

Li q ui d c hr o m at o gr a p h y ( L C) w as p erf or m e d o n a S hi m a d z u L C s yst e m c o nsisti n g of a 

D G U -2 0 A S R d e g ass er, N e x er a X 2 L C - 3 0 A D bi n ar y gr a di e nt p u m p, N e x er a X 2 SI L-3 0 A C 

a ut os a m pl er a n d a C T O - 2 0 A C c ol u m n o v e n ( S hi m a d z u, K y ot o, J a p a n). T h e L C s yst e m w as 

c o u pl e d t o a  L C M S - 8 0 5 0 tri pl e q u a dr u p ol e m ass s p e ctr o m et er ( S hi m a d z u, K y ot o, J a p a n). 

A n al yti c al d at a w as c oll e ct e d a n d pr o c ess e d usi n g L a b S ol uti o ns s oft w ar e ( v er. 5. 9 1).  

3. 2. 3. 2 I o nis ati o n m o d e f o r D -B P -P T H  

T h e i o nis ati o n m o d e s el e ct e d f or q u a ntifi c ati o n of D- B P -P T H w as E SI + . 

Fi g u r e 3. 4: R et e nti o n of D -B P -P T H o n t w o diff e r e nt r e v e rs e -p h as e C 1 8 c ol u m ns.  
C o n c e ntr ati o n of D- B P -P T H w as 1 0 0 µ g/ m L wit h i nj e cti o n v ol u m e of 5 µ L. C ol u m n s us e d 
w er e P h e n o m e n e x G e mi ni C 1 8  ( 2 5 0 m m x 4. 6 0 m m I. D., 5 µ m p arti cl e si z e) wit h g u ar d 
c ol u m n ( 4 x 3. 0 0 m m I. D.) a n d P h e n o m e n e x bi o Z e n P S- C 1 8  ( 1 5 0 m m x 2. 1 m m I. D. 3 µ m 
p arti cl e si z e) wit h g u ar d c ol u m n ( 4 x 2. 0 0 m m I. D.). Fl o w r at e: 0. 3 m L/ mi n; is o cr ati c 
gr a di e nt f or 5 mi n usi n g 4 0 % A C N/ H 2 O + 0. 1 % F A.  

D -B P -P T H ( 1. 4 4 mi n)  

D -B P -P T H ( 3. 9 8 mi n)  
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3. 2. 3. 3 S el e cti n g p r e c u rs o r io ns f o r D -B P -P T H  

E x a mi ni n g t h e Q 1 fr a g m e nt ati o n p att er n f or D- B P -P T H a s uit a bl e pr e c urs or i o n c a n b e 

s el e ct e d t o b e us e d i n d e v el o pi n g t h e M R M tr a nsiti o n. Dir e ct i nj e cti o ns of a 1 0 0 0 n g/ m L s ol uti o n 

of D -B P - P T H pr e p ar e d fr o m a n e at s ol uti o n di d n ot pr o d u c e a n y s uit a bl e pr e c urs or p e a ks as t h e 

M S s p e ctr a w as d o mi n at e d b y p e a ks i n t h e 3 0 0 -5 0 0 m/ z m ass r a n g e. T h es e p e a ks ar e li k el y 

c o nt a mi n a nts fr o m t h e o n- c artri d g e d eri v ati z ati o n pr o c e d ur e.  

  A hi g hl y c o n c e ntr at e d 1 0 0 µ g/ m L  a n d 2 5 µ g/ m L s a m pl e of D- B P -P T H w as pr e p ar e d 

usi n g o n- c artri d g e d eri v ati z ati o n a n d t h e is o cr ati c pr o gr a m f or L C s e p ar ati o n o utli n e d i n s e cti o n 

3. 2. 2. 5. T h e r el ati v e i nt e nsiti es of t h e p e a ks w er e m e as ur e d, wit h t h e m ost i nt e ns e p e a k r e c ei v e 

a n i nt e nsit y of  1 0 0. T h e m ost i nt e ns e i o ns w er e s el e ct e d as pr e c urs or i o ns f or f urt h er 

d e v el o p m e nt of t h e M R M tr a nsiti o n m et h o d. A si n gl e m et h yl ati o n (- C H 3 , 1 4 D a) o n B P -P T H is 

e x p e ct e d t o i n cr e as e t h e m ass of t h e c o nj u g at e b y 1 4 m/ z . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fi g u r e 3. 5 : M S s p e ct r a s h o wi n g r el ati v e i nt e nsiti es of p r e c u rs o r i o ns f o r D -B P -P T H . M S 
s p e ctr a of D -B P - P T H pr e c urs or i o ns. T h e m ost i nt e ns e pr e c urs or i o n ( 1 0 1 4. 3 m/ z) c orr es p o n ds 
t o + 6 c h ar g e d s p e ci es of D-B P - P T H t h at h as b e e n m et h yl at e d 1 5 ti m es, gi vi n g a m ass of D-
B P - P T H of 6 0 7 9. 6 D a, 2 1 0 D a l ar g er t h a n u n m o difi e d B P- P T H, c orr es p o n di n g t o 1 5 
m et h yl ati o ns. T h e s e c o n d m ost a b u n d a nt pr e c urs or i o n ( 8 6 7. 4 m/ z) c orr es p o n ds t o t h e + 7 
c h ar g e d s p e ci es of D -B P - P T H wit h 1 4 m et h yl ati o ns, c orr es p o n di n g t o a m ass of 6 0 6 4. 6 m/ z 
f or D-B P - P T H wit h 1 4 m et h yl ati o ns. T h e 8 6 7. 4 m/ z pr e c urs or i o n w as s el e ct e d f or f urt h er 
M R M d e v el o p m e nt.  
 

+ 6  

+ 7  

+ 5  
+ 8  

R el ati v e i nt e n sit y ( %)  



1 3 0

R es ults  

T h e m ost i nt e ns e pr e c urs or i o n ( 1 0 1 4. 3 m/ z) c orr es p o n ds t o + 6 c h ar g e s p e ci es of D -B P -

P T H t h at h as b e e n m et h yl at e d 1 5 ti m es. T h e a d diti o n of 1 5 m et h yl gr o u ps t o B P- P T H i n cr e as es 

t h e m ass b y 2 1 0 D a , r es ulti n g i n a t ot al c o nj u g at e m ass of 6 0 7 9. 6 D a i n c o m p aris o n t o n o n-

m et h yl at e d B P- P T H ( 5 8 6 9. 6 D a). N e arl y e q u all y as i nt e ns e as t h e 1 0 1 4. 3 m/ z i o n, w as t h e 

1 0 1 1. 7 m/ z i o n t h at c orr es p o n d e d t o t h e + 6 c h ar g e d s p e ci es of D- B P - P T H t h at h a d u n d er w e nt 1 4 

m et h yl ati o ns. T h e s e c o n d m ost a b u n d a nt pr e c urs or i o n ( 8 6 7. 4 m/ z) c orr es p o n ds t o t h e + 7 

c h ar g e d s p e ci es of D -B P - P T H t h at h as u n d er g o n e 1 4 m et h yl ati o ns. D- B P - P T H t h at h a d 

u n d er g o n e m et h yl ati o n 1 4 ti m es w as s el e ct e d as t h e s p e ci es t o f oll o w i n a n M R M tr a nsiti o n d u e 

t o t h e hi g h a b u n d a n c e of b ot h t h e c orr es p o n di n g + 6 a n d + 7 c h ar g e d i o ns. T h e 1 0 1 1. 7 a n d 8 6 7. 4 

m/ z i o ns w er e s el e ct e d as Q 1 pr e c urs or i o ns f or f urt h er M R M d e v el o p m e nt.  

T h e Q 1 s p e ctr a of b ot h a n al yt es is s h o w n i n Fi g ur e 3. 5 , t h e s el e ct e d pr e c urs or i o ns f or 

f urt h er m et h o d d e v el o p m e nt ar e s u m m ari z e d i n T a bl e 3. 5. 

 

 

 

 

3. 2. 3. 5 Est a blis hi n g a n d o pti mi zi n g t h e M R M t r a nsiti o n f o r B P- P T H a n d t h e I S 

Aft er s el e cti o n of s uit a bl e pr e c urs or i o ns, s uit a bl e pr o d u ct i o ns ( Q 3 fr a g m e nts) n e e d t o b e 

d et er mi n e d t o est a blis h a n M R M tr a nsiti o n f or D -B P -P T H. T h e M R M tr a nsiti o n c o n diti o ns w er e 

o pti mi z e d b y t h e s a m e pr o c e d ur e o utli n e d i n s e cti o n 2. 1 6. 3 usi n g t h e “ F ull y A ut o m at e d M R M 

O pti mi z ati o n ” pr o gr a m i n L a b S ol uti o ns s oft w ar e ( v er. 5. 9 1). T h e M R M o pti mi z ati o n f or D- B P -

P T H w as o nl y c o n d u ct e d at hi g h ( 2 7 0 k P a) CI D g as pr ess ur e as hi g h CI D g as pr ess ur e pr o d u c e d 

t h e m ost i nt e ns e pr o d u ct i o ns of B P-P T H.  

P ar a m e t ers f or t h e o pti mi z e d M R M tr a nsiti o n f or t h e I S a n d B P-P T H ar e s u m m ari z e d i n 

T a bl e 3. 6 . T h e M S p ar a m et ers us e d c a n b e f o u n d i n T a bl e 2. 9  of s e cti o n 2. 1 6. 5. 

A n al yt e  C h a r g e ( z)  P r e c u rs o r I o n ( m/ z)  

D -B P -P T H  + 7  
+ 6  

8 6 7. 4 0  
1 0 1 1. 7 0  

T a bl e 3. 5: Q 1 s c a ns t o s el e ct s uit a bl e p r e c u rs o r i o ns of D -B P -P T H usi n g E SI + f o r f u rt h e r 
M R M m et h o d d e v el o p m e nt.  
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3. 2. 4 T h e O pti mi z e d M et h o d  

T h e o pti mi z e d m et h o d c o nsist e d of usi n g pr ot ei n pr e ci pit ati o n c o u pl e d wit h s oli d- p h as e 

e xtr a cti o n usi n g a p ol y m eri c Str at a - X ™ c artri d g e. O n-c artri d g e d eri v ati z ati o n w as p erf or m e d 

usi n g 5 0 0 µ L of r e a cti o n mi xt ur e ( 1 7 5 µ L T M S D a n d 3 2 5 µ L of m et h a n ol: w at er ( 1 2: 1 )). T h e 

el u at e w as el ut e d usi n g gr a vit y filtr ati o n a n d r e-l o a d e d o nt o t h e Str at a- X ™ aft er 1 5 mi n f or 

a d diti o n al ti m e t o i nt er a ct wit h t h e d eri v ati z ati o n r e a g e nt. T h e d eri v ati z ati o n r e a cti o n o c c urr e d 

f or a t ot al of 4 5 mi n i n d ar k c o n diti o ns a n d w as q u e n c h e d wit h 5 µ L of 5 0 % a c eti c a ci d aft er 4 5 

mi n. T h e el u at e w as c oll e ct e d,  e v a p or at e d at R T wit h nitr o g e n g as, r es us p e n d e d i n 2 5 0 µ L of 

H 2 O a n d 1 5 µ L w as l o a d e d o nt o t h e L C- M S/ M S s yst e m. A tit a ni u m -li n e d r e v ers e- p h as e C1 8  

c ol u m n ( A bi o Z e n P S- C 1 8  ( 1 5 0 x 2. 1 m m I. D. 3 µ m) c ol u m n wit h g u ar d c ol u m n ( 4. 0 0 x 2. 0 0 m m 

I. D.)) w as c h os e n as a s uit a bl e st ati o n ar y p h as e f or t h e s e p ar ati o n of D-B P -P T H. T h e L C m et h o d 

c o nsist e d of gr a di e nt el uti o n usi n g t h e f oll o wi n g gr a di e nt pr o gr a m ( % B/ mi n): 1 5/ 0. 1, 1 5/ 0. 5, 

9 5/ 4. 5 0, 9 5/ 6. 0, 1 5/ 6. 0, 1 5/ 8. 5 0. M o bil e p h as e A c o nsist e d of d ei o ni z e d w at er wit h 0. 1 % f or mi c 

a ci d a n d m o bil e p h as e B c o nsist e d of a c et o nitril e wit h 0. 1 % f or mi c a ci d. T h e fl o w r at e w as 0. 4 

m L/ mi n, c ol u m n t e m p er at ur e w as m ai nt ai n e d at 4 0 ° C, a ut os a m pl er t e m p er at ur e w as 1 5 ° C. 

M R M m o d e w as us e d f or q u a ntifi c ati o n wit h t h e f oll o wi n g tr a nsiti o n: + 7 pr e c urs or f or B P- P T H 

8 6 7. 4 0   7 3 8. 3 0. T h e c ollisi o n e n er gi es f or t h es e tr a nsiti o ns w as 3 1 e V  wit h a Q 1 a n d Q 3 Pr e-

Bi as of 2 0 a n d 1 5 e V, r es p e cti v el y. T h e M S/ M S s yst e m c o nsist e d of a L C M S- 8 0 5 0 tri pl e 

q u a dr u p ol e m ass s p e ctr o m et er a n d t h e i nt erf a c e v olt a g e, i nt erf a c e t e m p er at ur e, d es ol v ati o n li n e 

t e m p er at ur e, dr yi n g g as fl o w a n d CI D g as pr ess ur e w as 4. 0 k V, 3 0 0 ° C, 2 5 0 ° C, 1 0 L/ mi n, a n d 

2 7 0 k P a, r es p e cti v el y. A n al yti c al d at a w as c oll e ct e d a n d pr o c ess e d usi n g L a b S ol uti o ns s oft w ar e 

( v er. 5. 9 1).  

A n al yt e  M R M T r a nsiti o ns  C ollisi o n e n e r g y 
(e V)  

Q 1 P r e -Bi as  
(e V)  

Q 3 P r e -Bi as  
(e V)  

D -B P -P T H  8 6 7. 5   7 3 8. 3 0  
 
1 0 1 1. 7   1 0 1 1. 7 
 

3 1  
 

N/ A  

2 0  
 

N/ A  

1 5  
 

N/ A  

T a bl e 3. 6:  M ulti pl e x e d M R M s u m m a r y f o r D -B P -P T H.  

* T h e 1 0 1 1. 7 pr e c urs or i o n di d n ot pr o d u c e a n y u s a bl e pr o d u ct i o n s. All pr o d u ct i o n s g e n er at e d w er e 
u n d er 1 0 0 m/ z a n d of v er y l o w i nt e n sit y.  
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R e s ults & Dis c ussi o n  
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3. 3 R e s ults a n d Dis c ussi o n  

3. 3. 1 P ot e nti al m et h yl ati o n s it es o n B P-P T H  

M et h yl ati o n of t h e p h os p h o ni c a ci d gr o u ps pr es e nt o n B P c o m p o u n ds usi n g T M S D h as 

b e e n wi d el y r e p ort e d as b ei n g a n effi ci e nt a n d a c o nsist e nt r e a cti o n t h at a c hi e v es f ull m et h yl ati o n 

of t h e p h os p h o ni c gr o u ps. T h e m ost c o m m o nl y i d e ntifi e d d eri v ati v es of B P c o m p o u n d s w h e n 

r e a ct e d wit h T M S D ar e t etr a- a n d p e nt a m et h yl d eri v ati v es. Wit h o nl y f o ur t o fi v e p ot e nti al 

m et h yl ati o n sit es, t h e m et h yl ati o ns o n B P c o m p o u n ds ar e pr e di ct a bl e a n d sit es of m et h yl ati o n 

c a n e asil y b e i d e ntifi e d b as e d off m/ z v al u e i n cr e as es o bs e r v e d i n M S s p e ctr a.  

  I n c o m p aris o n t o a si m pl e B P c o m p o u n d, B P-P T H h as n u m er o us p ossi bl e sit es t h at c a n 

b e m et h yl at e d. T h er e ar e f o ur p ossi bl e m et h yl ati o n sit es o n t h e B P m oi et y a n d a t ot al of ni n e o n 

t h e p e pti d e m oi et y. T M S D is c a p a bl e of m et h yl ati o n of p h os p h at e gr o u ps, c ar b o x yli c a ci ds, 

al c o h ols a n d a mi n es. I n t h e or y, t h e a mi n o a ci ds i n t h e p e pti d e m oi et y: N-t er mi n us, S er- 1, S er- 3, 

Gl u - 4, S er- 1 7, Gl u- 1 9, L ys- 2 6, L ys- 2 7, As p 3 0 a n d t h e C-t er mi n us c o ul d all p ot e nti all y b e 

m et h yl at e d. I n t ot al, t h er e ar e 1 6 p ot e nti al sit es f or m et h yl ati o n o n B P- P T H. It is diffi c ult t o 

pr e di ct e x a ctl y w hi c h sit es s h o ul d b e m et h yl at e d a n d i n w hi c h or d er.  

  F ei et al. h a v e r e p ort e d t h at p h os p h at e gr o u ps ar e al k yl at e d f ast er t h a n c ar b o x yli c a ci d 

gr o u ps at n e utr al p H wit h di a z o c o m p o u n ds d u e t o t h eir hi g h er p K a  ( 6-7 v er s us 3 -4) ( 2 2 3). T h e 

p H of t h e T M S D: m et h a n ol/ w at er s ol uti o n is ~ 6, it c a n b e st at e d t h at p h os p h at e gr o u ps will b e 

m et h yl at e d b ef or e c ar b o x yli c a ci d f u n cti o n al gr o u ps.  

T h e t erti ar y str u ct ur e of t h e p e pti d e m oi et y a n d h o w t h e p e pti d e f ol ds i n s ol uti o n pl a ys a 

l ar g e r ol e i n d et er mi ni n g w hi c h a mi n o a ci d r esi d u es w o ul d b e m et h yl at e d. F u n cti o n al gr o u ps t h at 

ar e e x p os e d s u c h as t h e p h os p h o ni c a ci d gr o u ps of t h e B P m oi et y w o ul d li k el y b e m et h yl at e d 

first. F u n cti o n al gr o u ps t h at ar e b uri e d wit hi n t h e f ol d e d pr ot ei n ar e l ess li k el y t o b e m et h yl at e d. 

T h e m et h yl ati o n p att er n o n t h e p e pti d e p orti o n is f urt h er c o m pli c at e d b y t h e l a c k of lit er at ur e 

f o c us e d o n u n d erst a n di n g h o w T M S D i nt er a cts wit h a mi n o a ci d r esi d u es. It is e ntir el y p ossi bl e 

t h at m or e or l ess t h a n 1 6 m et h yl ati o ns c a n o c c ur o n t h e B P- P T H c o nj u g at e, d e p e n di n g o n h o w 

T M S D i nt er a cts wit h t h e c o nj u g at e.  

M o difi c ati o ns of p h os p h at es wit hi n l ar g e bi o m ol e c ul es usi n g di a z o al k yl ati o n h as b e e n 

s h o w n t o b e diffi c ult. Pr e vi o us w or k usi n g di a z o al k yl ati o n of n u cl e osi d e m o n o p h os p h at es a n d 

n u cl ei c a ci d oli g o m ers h as s uff er e d fr o m p o or s el e cti vit y; yi el di n g b ot h m o n o a n d di est er 

al k yl ati o n  ( 22 3). Ulti m at el y, t h e l a c k of s p e cifi cit y of T M S D d uri n g t h e al k yl ati o n r e a cti o n, t h e 
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n u m er o us p ot e nti al m et h yl ati o n sit es o n B P- P T H a n d a n u nr efi n e d r e a cti o n pr o c e d ur e m a k es it 

v er y diffi c ult t o a c hi e v e c o nsist e nt a n d r e pr o d u ci bl e m et h yl ati o n of B P- P T H.   

 

3. 3. 2 Usi n g Q 1 s c a ns t o id e ntif y t h e n u m b e r of  met h yl ati o ns o n B P -P T H  

T h e a d diti o n of a m et h yl gr o u p (- C H 3 ) t o B P- P T H s h o ul d i n cr e as e t h e t ot al c o nj u g at es 

m ass b y 1 4 D a. T his c orr es p o n ds t o a n m ass u nit  i n cr e as e of 14 i n M S s p e ctr a. K n o wi n g t h at t h e 

9 7 9. 2 5 a n d 1 1 7 5. 1 0 i o ns c orr es p o n d t o t h e + 6 a n d + 5 c h ar g e d s p e ci es of B P- P T H, m et h yl at e d 

d eri v ati v es of B P - P T H will h a v e l ar g er m/ z v al u es t h at c orr es p o n d t o t h e + 6 a n d + 5 c h ar g e d 

s p e ci es. Dir e ct i nj e cti o ns of a 2 5 µ g/ m L s ol uti o n of n o n- pl as m a e xtr a ct e d D -B P - P T H di d n ot 

pr o d u c e a n y visi bl e fr a g m e nts a b o v e 5 0 0 m/ z. It w as h y p ot h esi z e d t h at t h e s p e ctr u m w as 

d o mi n at e d b y c o nt a mi n at es fr o m t h e d eri v ati z ati o n pr o c ess a n d t h er ef or e L C w as us e d t o 

s e p ar at e t h e c o nt a mi n a nts a n d is ol at e D- B P - P T H. A 1 0 0 µ g/ m L a n d 2 5 µ g/ m L s ol uti o n of D- B P -

P T H w er e a n al y z e d usi n g is o cr ati c c o n diti o ns d es cri b e d i n T a bl e 3. 4 wit h t h e bi o Z e n P S- C 1 8  

c ol u m n. T h e s p e ctr a g e n er at e d fr o m Q 1 s c a ns of 1 0 0 µ g/ m L a n d 2 5 µ g/ m L s ol uti o ns of D- B P -

P T H s h o ws a l ar g e cl ust er of i o n  p e a ks at hi g h r el ati v e a b u n d a n c e at t h e 8 5 8 t o 8 6 9 a n d 1 0 0 2 t o 

1 0 1 6 m/ z r a n g e. A b u n d a nt i o ns i n t h e 8 5 8 t o 8 6 9 m/ z r a n g e c orr es p o n d t o t h e + 7 c h ar g e d s p e ci es 

of D -B P - P T H t h at h as u n d er w e nt 1 1 t o 1 5 t ot al m et h yl ati o ns. T h e m ost a b u n d a nt i o n p e a ks ar e 

i n t h e r a n g e of 1 0 0 2 t o 1 0 1 6 m/ z, t h es e i o n p e a ks c orr es p o n d t o t h e + 6 c h ar g e d s p e ci es of D-B P -

P T H wit h n u m b er of m et h yl ati o ns r a n gi n g fr o m 1 0 t o 1 6. O v er all, it a p p e ars t h at 1 4 

m et h yl ati o ns o n t h e B P- P T H c o nj u g at e w as t h e m ost c o m m o n m et h yl ati o n p att er n.  

R es ults ar e s h o w n i n Fi g ur e 3. 6. 
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I) + 6  

+ 7  

+ 5  
+ 8  

1 0 0 2 t o 
1 0 1 6 m/ z  

8 5 8 t o 8 6 9 
m/ z  

I I ) 

Fi g u r e 3. 6 : M S s p e ct r a f r o m Q 1 s c a ns s h o wi n g r el ati v e i nt e nsiti es of i o ns f o r D-B P -P T H.  
I) M S s p e ctr a of a 1 0 0 µ g/ m L s ol uti o n of D- B P -P T H t h at w as s e p ar at e d usi n g L C b ef or e M S 
a n al ysis. T h e m ost i nt e ns e pr e c urs or i o n ( 1 0 1 4. 3 m/ z) c orr es p o n ds t o + 6 c h ar g e d s p e ci es of D-
B P - P T H t h at h as b e e n m et h yl at e d 1 5 ti m es, gi vi n g a m ass of D-B P - P T H of 6 0 7 9. 6 D a, 2 1 0 D a  
l ar g er t h a n u n m o difi e d B P- P T H, c orr es p o n di n g t o 1 5 m et h yl ati o ns. T h e s e c o n d m ost a b u n d a nt 
pr e c urs or i o n ( 8 6 7. 4 m/ z) c orr es p o n ds t o t h e + 7 c h ar g e d s p e ci es of D- B P -P T H wit h 1 4 
m et h yl ati o ns. II) M S s p e ctr a of a Q 1 s c a n of a 2 5 µ g/ m L s ol uti o n of D- B P - P T H. T h e cl ust er of 
a b u n d a nt i o n p e a ks c orr es p o n ds t o a m/ z r a n g e of 8 5 8 t o 8 6 9 a n d 1 0 0 2 t o 1 0 1 6 m/ z v al u es, 
r es p e cti v el y.  
 

R el ati v e i nt e n sit y 
( %) 

R el ati v e i nt e n sit y 
( %) 
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3. 3. 3 D et e r mi ni n g a s uffi ci e nt r ati o of T M S D t o m et h a n ol/ w at e r f o r 

a d e q u at e B P -P T H m et h yl ati o n  

T h e r ati o of T M S D t o t h e m et h a n ol: w at er ( 1 2: 1 , v/ v ) mi xt ur e w as v ari e d t o e v al u at e if 

diff er e nt r ati os c o ul d r es ult i n m or e pr e di ct a bl e a n d c o nsist e nt m et h yl ati o n of B P- P T H. I d e all y, 

if t h e l ar g e m aj orit y of all B P- P T H m ol e c ul es i n s ol uti o n ar e s u bj e ct e d t o t h e s a m e n u m b er of 

m et h yl ati o ns, t h e “ cl ust er ” of i o n p e a ks i n t h e + 6 a n d + 7 c h ar g e d s p e ci es m/ z r a n g es w o ul d 

d e cr e as e a n d  t h e i o n p e a k c orr es p o n di n g t o t h e d o mi n at e m et h yl ati o n p att er n w o ul d gr e atl y 

i n cr e as e i n a b u n d a n c y. 

  T o o ur k n o wl e d g e, t h er e is n o r e p ort e d lit er at ur e f or t h e m et h yl ati o n of B P- c o nj u g at e d 

p e pti d es usi n g T M S D. F or i niti al m et h yl ati o n e x p eri m e nts, t h e p u blis h e d w or k d e m o nstr ati n g 

s u c c essf ul m et h yl ati o n of B P c o m p o u n ds w as c h os e n as a n i niti al f o u n d ati o n f or m et h o d 

d e v el o p m e nt. S o m e m et h o ds r e p ort usi n g a r ati o ( v/ v ) of T M S D t o m et h a n ol as l o w as 2 0: 8 0 

( 16 5) t o as hi g h as 5 0: 5 0 ( 2 1 9), wit h t h e m aj orit y of p u blis h e d m et h o ds usi n g a r ati o b et w e e n 

2 5: 7 5 t o 3 5: 6 5 of T M S D: m et h a n ol/ w at er. A s m all a m o u nt of w at er is r e q uir e d as a c at al y z er t o 

cr e at e di a z o m et h a n e a n d nitr o g e n g as, a c o m m o nl y us e d r ati o of m et h a n ol t o w at er is 1 2: 1 ( v/ v ) 

( 17 4).  I n a c c or d a n c e t o t h es e est a blis h e d r ati os, w e t est e d 2 0: 8 0, 2 5: 7 5, 3 0: 7 0, a n d 3 5: 6 5 

( T M S D: m et h a n ol/ w at er) wit h a t ot al v ol u m e of r e a cti o n mi xt ur e r e m ai ni n g c o nst a nt at 5 0 0 µ L. 

 T o d et er mi n e t h e o pti m al r ati o of T M S D: m et h a n ol/ w at er, t h e M R M m et h o d est a blis h e d 

i n s e cti o n 3. 2. 3. 5. All f o ur t est e d r ati os s uff er e d fr o m v er y p o or p e a k s h a p e a n d h a d e xtr e m el y 

l o w pr o d u ct i o n p e a k ar e as ( Fi g ur e 3. 7 ). T h e r et e nti o n ti m e of t h es e p e a ks w as si mil ar t o t h e 

r et e nti o n ti m e of u n d eri v ati z e d B P- P T H. A 5 0 0 n g/ m L s ol uti o n of D-B P -P T H w as als o pr e p ar e d 

t o c o m p ar e p e a k ar e a a n d s h a p e t o a 5 0 0 n g/ m L u n d eri v ati z e d B P- P T H s a m pl e. U nf ort u n at el y, 

n o p e a ks w er e o bs er v e d at all w h e n usi n g M R M m o d e t o a n al y z e t h e 5 0 0 n g/ m L s a m pl e of D-

B P - P T H ( d at a n ot s h o w n). F aili n g t o o bs er v e a n y s u c c essf ul M R M tr a nsiti o ns w h e n a n al y zi n g a 

5 0 0 n g/ m L D- B P - P T H s a m pl e i n di c at es t h at t h e i nt e nsit y of t h e pr e c urs or i o ns or pr o d u ct i o ns 

w as i n cr e di bl y l o w a n d w e nt u n d et e ct e d.  

 B as e d o n t h e p e a k ar e as a n d p e a k s h a p es of t h e f o ur diff er e nt c o m p ositi o ns of T M S D 

r e a cti o n mi xt ur e us ed, it w as c o n cl u d e d t h at c h a n gi n g t h e r ati o h a d v er y littl e eff e ct, if a n y f or 

t h e d eri v ati z ati o n r e a cti o n o n B P-P T H. All f o ur r ati os a p p e ar e d t o g e n er at e si mil ar m et h yl ati o n 

p att er ns o n B P -P T H. A l o n g er r et e nti o n ti m e f or t h e 2 0: 8 0 r ati o m a y i n di c at e i n- c o m pl et e 

m et h yl ati o n. 
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Fi g u r e 3. 7: C h r o m at o g r a ms  of D -B P -P T H usi n g v a r yi n g a m o u nts of T M S D i n M R M m o d e . 
T h e tr a nsiti o n of 8 6 7. 5   7 3 8. 3 w as us e d f or all f o ur s a m pl es. A 2 5 µ g/ m L D- B P - P T H s ol uti o n 
u n d er w e nt d eri v ati z ati o n wit h a 2 0: 8 0, 2 5: 7 5, 3 0: 7 0, 3 5: 6 5 T M S D: m et h a n ol: w at er s ol uti o n. All f o ur 
c o n diti o ns s uff er e d fr o m p o or p e a k s h a p e a n d l o w s e nsiti vit y i n M R M m o d e. R et e nti o n ti m es f or 
2 5- 3 5: 6 5 r ati os ar e all wit hi n 0. 0 2 mi n a n d si mil ar t o t h e r et e nti o n ti m e of n o n- d eri v ati z e d B P -P T H. 
T h e 2 0: 8 0 r ati o h a d a l o n g er r et e nti o n ti m e ( 2. 9 9 mi n), w hi c h m a y i n di c at e i n c o m pl et e m et h yl ati o n. 
All f o ur r ati os s uff er e d fr o m p o or p e a k s h a p e a n d l o w i nt e nsit y.   
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3. 3. 4 Li q ui d c h r o m at o g r a p h y c h all e n g es wit h D -B P -P T H  

A s u bst a nti al a n al yti c al h ur dl e wit h a n al ysis of D -B P - P T H c a n b e attri b ut e d t o s e p ar ati o n 

c h all e n g es of D -B P - P T H o n r e v ers e p h as e c ol u m ns. E a c h m et h yl ati o n a n d l o c ati o n of 

m et h yl ati o n t h at o c c urs o n D- B P -P T H alt ers t h e a n al yt es p ol arit y sli g htl y, r es ulti n g  i n a m ar gi n al 

i n cr e as e or d e cr e as e i n r et e nti o n ti m e a w a y fr o m ot h er diff eri n g m et h yl at e d f or ms of D-B P -P T H, 

t h at ar e als o pr es e nt i n t h e s a m pl e. A s s h o w n i n Fi g ur e 3. 6, t h er e is n o m et h yl at e d d eri v ati v e t h at 

i s si g nifi c a ntl y m or e a b u n d a nt t h a n a n y ot h er d eri v ati v e. T h e l a c k of a n a b u n d a nt d eri v ati v e 

m a k es  it diffi c ult t o is ol at e f or o nl y o n e d eri v ati v e usi n g L C.   

W h e n usi n g a gr a di e nt pr o gr a m i n a n att e m pt t o g e n er at e a n is ol at e d p e a k f or D- B P -P T H, 

d u e t o e a c h m et h yl at e d d eri v ati v e h a vi n g sli g htl y diff eri n g p ol arit y t h a n t h e n e xt, e a c h d eri v ati v e 

h as its o w n u ni q u e r et e nti o n ti m e. T h e n u m er o u s diff eri n g m et h yl at e d d eri v ati v es t h at h a v e 

sli g htl y si mil ar r et e nti o n ti m es, b ut n ot i d e nti c al r et e nti o n ti m es, pr e v e nts t h e a bilit y t o g e n er at e a 

s uit a bl e p e a k s h a p e f or a n al ysis w h e n usi n g gr a di e nt pr o gr a ms. T h e a p p e ar a n c e of m a n y cl os el y 

r et ai n e d p e a ks of si mil ar i nt e nsit y ( n ot pr es e nt i n bl a n k pl as m a s a m pl es) w h e n a gr a d u al gr a di e nt 

pr o gr a m w a s us e d c o nfir m e d t his h y p ot h esis. S atisf a ct or y p e a k s h a p e wit h hi g h i nt e nsit y ( Fi g ur e  

3. 4) w as o nl y a c hi e v e d w h e n usi n g is o cr ati c pr o gr a m wit h or g a ni c m o bil e p h as e c o m p ositi o ns 

(i. e. 4 0 % A C N) a b o v e t h at of w hi c h D-B P -P T H el ut es fr o m R P c ol u m ns at ( ~ 3 0 -3 5 % A C N). 

Usi n g or g a ni c m o bil e p h as e c o m p ositi o ns a b o v e t h at of w hi c h all D- B P -P T H d eri v ati v es el ut e 

wit h, all o ws all d eri v ati v es t o b e “ gr o u p e d ” t o el ut e t o g et h er i n o n e si n gl e p e a k. T h o u g h a n 

is o cr ati c pr o gr a m g e n er at e d s uit a bl e p e a k s h a p e i n n e at s ol uti o ns, it li k el y will n ot b e s uit a bl e f or 

pl as m a e xtr a ct e d s a m pl es d u e t o l ar g e i nt erf er e n c e/ m atri x eff e ct fr o m c o - el uti n g e n d o g e n o us 

c o m p o u n ds. TI C pl ots of bl a n k pl as m a s a m pl es s h o w i nt e ns e p e a ks b ot h sli g htl y b ef or e a n d aft er 

t h e r et e nti o n ti m e of D-B P - P T H v ari a nts. T h es e e n d o g e n o us pl as m a p e a ks w o ul d li k el y c o-el ut e 

wit h D -B P - PT H a n d c a us e f urt h er a n al yti c al diffi c ulti es if a n is o cr ati c pr o gr a m is us e d. C o m pl e x 

st e p wis e gr a di e nts c o ul d b e e x pl or e d t o r e m o v e e n d o g e n o us c o m p o n e nts w hil e still r et ai ni n g D-

B P - P T H, t h e n el uti n g t h e a n al yt e usi n g or g a ni c m o bil e p h as e c o m p ositi o ns of ~ 4 0 % A C N c o ul d 

a d dr ess i nt erf er e n c e.  

Fi g ur e 3. 8 s h o ws a TI C pl ot of a n e xtr a ct e d a n d T M S D tr e at e d bl a n k pl as m a s a m pl e a n d 

a n e xtr a ct e d a n d T M S D tr e at e d  1 0 µ g/ m L B P - P T H s ol uti o n usi n g a gr a d u al gr a di e nt pr o gr a m 

( % B/ mi n): 2 5/ 0, 5 0, 2 0 wit h m o bil e p h as e A ( H2 O + 0. 1 % F A) a n d m o bil e p h as e B ( A C N + 0. 1 % 

F A). T h e r e p e at e d s h ar p p e a ks b et w e e n 6 a n d 1 0 mi n i n p a n el II) of Fi g ur e 3. 8 c orr es p o n d t o t h e 
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diff eri n g d eri v ati v es of D- B P - P T H. T h e m o bil e p h as e c o m p ositi o n b et w e e n 6 a n d 1 0 mi n 

c orr es p o n ds t o r o u g hl y 3 0/ 6. 0 t o 3 5/ 1 0 ( % B/ mi n). T his m o bil e p h as e c o m p ositi o n is c o nsist e nt 

wit h t h e m o bil e p h as e c o m p ositi o n i n w hi c h n o n- d eri v ati z e d B P -P T H el ut es.  
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I I) 

Fi g u r e 3. 8 : C h r o m at o g r a ms of D -B P -P T H a n d d e ri v ati z e d bl a n k pl as m a usi n g a g r a d u al 
g r a di e nt p r o g r a m.  A gr a d u al gr a di e nt pr o gr a m usi n g m o bil e p h as e A ( H 2 O + 0. 1 % F A) a n d 
m o bil e p h as e B ( A C N + 0. 1 % F A) fr o m 2 5/ 0 t o 5 0/ 2 0 ( % B/ mi n) w as us e d. I) TI C c hr o m at o gr a m of 
a n e xtr a ct e d pl as m a s a m pl e t h at u n d er w e nt d eri v ati z ati o n wit h T M S D. II) TI C c hr o m at o gr a m of a 
pl as m a e xtr a ct e d a n d d eri v ati z e d B P - P T H s ol uti o n ( 1 0 µ g/ m L). T h e r e p e at e d p e a ks t h at a p p e ar i n 
c hr o m at o gr a m II) b et w e e n 6. 0 a n d 1 0. 0 mi n r e pr es e nt t h e B P- P T H d eri v ati v es. T h es e p e a ks el ut e 
wit h si mil ar or g a ni c m o bil e p h as e c o m p ositi o n as B P -P T H ( 3 0 - 3 5 % B). 
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3. 3. 5 S u m m a r y of c h all e n g es e n c o u nt e r e d wit h T M S D d e ri v ati z ati o n of 

B P -P T H  

T w o l ar g e ar e as of c o n c er n w er e i d e ntifi e d d uri n g t h e c o urs e of m et h o d d e v el o p m e nt t h at 

w er e h y p ot h esi z e d t o h a v e r es ult e d i n w ors e M S s e nsiti vit y wit h d eri v ati z ati o n, t h a n wit h o ut. 

T h e c o m bi n e d eff e ct of t h es e t w o c o n c er ns gr e atl y r e d u c e d s e nsiti vit y a n d d et e cti o n of B P- P T H 

fr o m t h e n a n o gr a m t o t h e mi cr o gr a m l e v el. O ur i niti al h y p ot h esis w as t h at if t h e p h os p h o ni c a ci d 

gr o u ps pr es e nt i n B P- P T H c o ul d b e m et h yl at e d, s e nsiti vit y i n E SI + m o d e w o ul d i n cr e as e a n d 

r et e nti o n o n a r e v ers e-p h as e C 1 8  c ol u m n w o ul d als o i m pr o v e, l e a di n g t o i m pr o v e d p e a k s h a p e. 

T h es e i m pr o v e m e nts w o ul d li k el y all o w f or s u b- n g/ m L q u a ntifi c ati o n of B P- P T H.  

  T h e first c o n c er n t h at w as e n c o u nt er e d w as t h e o bs er v ati o n of n u m er o us m et h yl ati o n 

p ossi biliti es o n D -B P - P T H. U nli k e B P c o m p o u n d s t h at h a v e a m a xi m u m of 4- 5 p ossi bl e 

m et h yl ati o ns, B P- P T H h as a t h e or eti c al m a xi m u m of 1 6, w hi c h m a y v er y w ell b e e x c e e d e d if 

di est er al k yl ati o n o c c urs. Wit h a si m pl er c o m p o u n d s u c h as a B P, t h e r e a cti o n is c o nsist e nt, 

r e pr o d u ci bl e a n d g e n er at es a m or e a b u n d a nt d eri v ati v e e a c h ti m e (i. e. t etr a m et h yl or p e nt a m et h yl 

d eri v ati v e). G e n er ati o n of a si g nifi c a ntl y a b u n d a nt a n d c o nsist e nt d eri v ati v e w hi c h c a n b e 

u n a m bi g u o u sl y i d e ntifi e d w h e n s el e cti n g a pr e c urs or i o n is r e q uir e d f or M R M m et h o d 

d e v el o p m e nt. W h e n B P- P T H w as d eri v ati z e d, a n a b u n d a nt a n d u n a m bi g u o us pr e c urs or i o n w as 

n ot o bs er v e d, r at h er a cl ust er of i o n p e a ks t h at c orr es p o n d e d t o 1 1- 1 5 m et h yl ati o ns w as s e e n i n 

Q 1 s c a ns. T his cl ust er m a d e it diffi c ult t o s el e ct a pr e c urs or i o n, as r e p e at e d i nj e cti o ns of t h e 

s a m e s a m pl e w o ul d s hift t h e cl ust er t o sli g htl y f a v o ur a n i o n p e a k t h at c orr es p o n d e d b et w e e n 1 0 

t o 1 5 m et h yl ati o ns e a c h ti m e. D es pit e t his, o v er m ulti pl e i nj e cti o ns a n d i n d e p e n d e ntl y pr e p ar e d 

s a m pl es, D -B P -P T H wit h 1 4 m et h yl ati o ns a p p e ar e d t o b e t h e m ost c o m m o n d eri v ati v e. T h e l a c k 

of c o nsist e nt d eri v ati v e pr o d u cti o n a n d p o or s el e cti vit y wit h T M S D c o m bi n e d t o r e d u c e 

s e nsiti vit y i n M S.  

  I n a n eff ort t o g e n er at e m or e c o nsist e nt pr e c urs or i o ns, t h e r ati o of T M S D t o 

m et h a n ol/ w at er w as v ari e d. R ati os b et w e e n 2 0: 8 0 a n d 3 5: 6 5 ( T M S D: m et h a n ol/ w at er) di d n ot 

s h o w a n y si g nifi c a nt diff er e n c es or g e n er at e a c o nsist e nt pr e c urs or i o n. T h e i n c o nsist e nt i o n 

p e a ks o bs er v e d i n Q 1 p os e a c h all e n g e f or M R M m et h o d d e v el o p m e nt. 

  T h e s e c o n d c o n c er n e n c o u nt er e d w as L C s e p ar ati o n of t h e diff er e nt d eri v ati v es of D-B P -

P T H. As t h e sit e a n d n u m b er of m et h yl ati o ns c h a n g es t h e p ol arit y of t h e a n al yt e, t h e 

c orr es p o n di n g r et e nti o n ti m e als o c h a n g es. D u e t o t his, t h e diff er e nt d eri v ati v es c a n b e s e p ar at e d 
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usi n g a gr a d u al gr a di e nt pr o gr a m, b ut a n is ol at e d hi g h i nt e nsit y p e a k of a c c e pt a bl e s h a p e w as n ot 

o bs er v e d u n d er gr a di e nt c o n diti o ns. A s uit a bl e p e a k of hi g h i nt e nsit y w as o nl y o bs er v e d i n n e at 

s ol uti o n w h e n usi n g a n is o cr ati c pr o gr a m wit h a n or g a ni c m o bil e p h as e of a p pr o xi m at el y 5 % 

a b o v e t h e or g a ni c p h as e t h at t h e D- B P -P T H d eri v ati v e wit h t h e gr e at est r et e nti o n ti m e el ut es 

( ~ 3 5 % B). Usi n g a n is o cr ati c gr a di e nt a b o v e 3 5 % or g a ni c all o w e d f or t h e d eri v ati v es t o b e 

“ gr o u p e d ” t o g et h er a n d el ut e wit hi n o n e c o ns oli d at e d p e a k. H o w e v er, w h e n a n al y zi n g e xtr a ct e d 

pl as m a s a m pl es, t h e is o cr ati c gr a di e nt pr o gr a m is n ot s uit a bl e as t h e D -B P -P T H p e a k 

e x p eri e n c es l ar g e i nt erf er e n c e fr o m e n d o g e n o us c o m p o u n ds. 

 

3. 4.  Li mit ati o ns 

T h e l a c k of T M S D s el e cti vit y pr e v e nt e d g e n er at i o n of c o nsist e nt a n d r e pr o d u ci bl e B P-

P T H d eri v ati v e i o ns of s uffi ci e nt a b u n d a n c e t o b e us e d i n M R M m et h o d d e v el o p m e nt t o i m pr o v e 

s e nsiti vit y  i n E SI +  m o d e . T h o u g h v ari o us r ati os of T M S D: m et h a n ol/ w at er w er e e x pl or e d, 

a d diti o n al r e a cti o n c o n diti o ns s u c h as t e m p er at ur e a n d i n c u b ati o n d ur ati o n w er e n ot e x pl or e d. 

Wit h o ut e xt e nsi v e e x pl or ati o n of t h e r e a cti o n c o n diti o ns, it m a y b e pr e m at ur e t o c o n cl u d e t h at 

d eri v ati z ati o n of B P -P T H wit h T M S D f or L C -M S/ M S a n al ysis is c o m pl et el y u ns uit a bl e.  

  T h e r es ol uti o n of t h e L C M S- 8 0 5 0 tri pl e q u a dr u p ol e m ass s p e ctr o m et er ( S hi m a d z u, 

K y ot o, J a p a n) w as a n ot h er li mit ati o n e n c o u nt er e d i n t his w or k. M S r es ol uti o n is d efi n e d as t h e 

a bilit y t o s e p ar at e i o ns of o n e m ass fr o m t h os e of a n ot h er m ass. R es ol uti o n is d efi n e d as t h e f ull 

wi dt h of t h e p e a k at its h alf m a xi m u m h ei g ht ( F W H M). P e a k wi dt h is s et t o 0. 7 o n t h e L C M S -

8 0 5 0 i nstr u m e nt.  T his m e a ns, t h at a n y m ass es gr e at er t h a n 0. 7 a m u will b e disti n g uis h e d as 

s e p ar at e i o n p e a ks. Si n c e m ass s p e ctr o m etr y  is a n a n al yti c al m et h o d of hi g h pr e cisi o n, gr e at er 

r es ol uti o n s h o ul d al w a ys b e d esir a bl e. H o w e v er, i n t h e c as e of m eth yl at e d B P- P T H, if t h e p e a k 

wi dt h  c o ul d b e s et t o 1. 0 or 1. 5, t h e n s o m e of t h e cl ust er e d d eri v ati v e p e a ks c o ul d b e gr o u p e d 

t o g et h er as “ o n e m ass ” cr e ati n g a m or e a b u n d a nt d eri v ati v e t h at is t h e “ a v er a g e ” of t h e s o m e of 

t h e m et h yl at e d d eri v ati v es. If t his wer e p ossi bl e, it m a y all o w f or a s uit a bl e M R M m et h o d t o b e 

d e v el o p e d. A dr a w b a c k of r e d u ci n g t h e r es ol uti o n w o ul d b e d et e cti o n of c o nt a mi n a nt a n d ot h er 

n o n- a n al yt e p e a ks w hi c h w o ul d r e d u c e t h e a c c ur a c y of q u a ntifi c ati o n.  
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3. 5. F ut u r e Di r e cti o ns  

T h o u g h m et h y l ati o n usi n g T M S D t o n e utr ali z e t h e p h os p h o ni c a ci d gr o u ps o n B P-P T H 

w as s u c c essf ul i n a d dr essi n g t h e pr o bl e m ati c m et al bi n di n g iss u es w h e n usi n g  L C -M S/ M S,  w e 

f ail e d t o a c hi e v e i m pr o v e d M S s e nsiti vit y  d u e t o i n c o nsist e nt m et h yl ati o n on a mi n o a ci d r esi d u es 

of t h e p e pti d e m oi et y. F urt h er e x pl or ati o n of h o w T M S D i nt er a cts wit h l ar g e p e pti d e m ol e c ul es 

s u c h as B P - P T H c o ul d b e of i nt er est t o gr o u ps st u d yi n g p h os p h o p e pti d es, p h os p h oli pi ds or ot h er 

p h os p h o ni c a ci d c o nt ai ni n g bi o m ol e c ul es b y L C- M S/ M S. As p h os p h o ni c gr o u ps p ois e 

c h all e n g es f or M S a n al ysis, d e v el o pi n g r eli a bl e, effi ci e nt a n d e c o n o mi c al m et h o ds t o d et e ct or 

q u a ntif y t h es e c o m p o u n ds w o ul d h a v e i m pli c ati o ns i n bi o a n al ysis, pr ot e o mi cs, a n d 

m et a b ol o mi cs.  

3. 6.  C o n cl usi o ns  

T M S D d eri v ati z ati o n h as b e e n pr o v e n s u c c essf ul f or t h e m et h yl ati o n of p h os p h o ni c a ci d 

gr o u ps i n B P c o m p o u n d s all o wi n g f or L C- M S/ M S a n al ysis. O n -c artri d g e d eri v ati z ati o n of B P -

P T H usi n g T M S D w as p erf or m e d i n a n att e m pt t o n e utr ali z e p h os p h o ni c a ci d gr o u ps pr es e nt i n 

B P -P T H t o e n h a n c e s e nsiti v it y i n E SI + m o d e a n d i m pr o v e c hr o m at o gr a p hi c s e p ar ati o n. A l a c k 

of T M S D s p e cifi cit y pr e v e nt e d m et h yl ati o n of o nl y t h e p h os p h o ni c a ci d gr o u ps a n d n u m er o us 

( 11- 1 4) m et h yl ati o ns w er e o bs er v e d o v er t h e e ntir e c o nj u g at e. I n c o nsist e nt a n d u n pr e di ct a bl e 

m et h yl ati o n sit es yi el d e d a r a n g e of B P -P T H d eri v ati v es t h at s h o w e d si g nifi c a ntl y r e d u c e d 

s e nsiti vit y i n E SI + m o d e a n d p o or L C p erf or m a n c e o n a R P- C 1 8  c ol u m n.  
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C h a pt e r 4  

Usi n g a n e n z y m e -li n k e d im m u n os or b e nt a ss a y f or t h e d et e cti o n of a 

n o v el n o n e tar g eti n g p ar at h yr oi d h or m o n e c o nj u g at e.  
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 4. 1 I nt r o d u cti o n  

As m e nti o n e d e arli er i n t his t h esis, t h e n e e d f or a s e nsiti v e, effi ci e nt a n d a c c ur at e 

bi o a n al yti c al m et h o d f or t h e d et e cti o n of B P- P T H i n r at pl as m a is r e q uir e d t o m o v e pr e cli ni c al 

st u di es i nt o cli ni c al st u di es. T h e w or k d es cri b e d i n t his c h a pt er f o c us es o n e x pl ori n g a n 

alt er n ati v e t o L C - M S/ M S q u a ntifi c ati o n, b y usi n g a c o m m er ci all y d e v el o p e d hi g h s e nsiti vit y 

e n z y m e-li n k e d i m m u n os or b e nt ass a y ( E LI S A) f or t h e q u a ntit ati v e d et er mi n ati o n of h P T H ( 1-

3 4). As t h e a n al yt e of i nt er est ( B P -P T H) is m o difi e d h P T H ( 1 - 3 4), d eri v ati z ati o n as a  s a m pl e 

tr e at m e nt str at e gy w as  e x pl or e d t o i n a n eff ort t o i m pr o v e d et e ct a bilit y usi n g a c o m m er ci all y 

d e v el o p e d h P T H ( 1- 3 4) E LI S A wit h h o p es of i m pr o vi n g B P -P T H  d et e cti o n  i n r at pl as m a. 

 

4. 1. 1 E n z y m e -li n k e d im m u n os o r b e nt a ss a y ( E LI S A) 

E n z y m e-li n k e d i m m u n o s or b e nt ass a y ( E LI S A) is p o w erf ul pl at e- b as e d ass a y t e c h ni q u e 

f or t h e d et e cti o n a n d q u a ntifi c ati o n of s ol u bl e s u bst a n c es s u c h as p e pti d es, dr u gs, a nti b o di es, a n d 

h or m o n es. E LI S A t e c h ni q u es ar e oft e n us e d as a di a g n osti c t o ol, q u alit y c o ntr ol c h e c ks or t o 

pr ef or m p h ar m a c o ki n eti c a n al ysis i n v ari o us i n d ustri es.  

  E LI S A is c o m m o nl y p erf or m e d i n p ol yst yr e n e 9 6-w ell pl at es t h at h a v e a nti g e ns pr e -

c o at e d t o t h e s urf a c es of t h e mi cr olit er  w ells ( 2 2 4). If a n a p pli e d s a m pl e t o t h e w ell c o n t ai ns t h e 

m at c hi n g a nti b o d y, t h e a nti b o d y will bi n d t o t h e a nti g e n. T h e a nti b o d y c a n t h e n b e li n k e d t o a n 

e n z y m e ( c o m m o nl y h ors er a dis h p er o xi d as e ( H R P)), wit h t h e fi n al st e p i n v ol vi n g t h e a d diti o n of 

t h e e n z y m e’s s u bstr at e t o t h e mi cr olit er  w ell ( 2 2 4). A d d iti o n of t h e s u bstr at e will r es ult i n a n 

e n z y m ati c r e a cti o n a n d pr o d u c e a c ol or c h a n g e. T his c ol or c h a n g e oft e n dir e ctl y or i n v ers el y 

c orr el at es wit h t h e c o n c e ntr ati o n of t h e a n al yt e of i nt er est i n t h e w ell a n d c a n b e r e a d usi n g a 

s p e ctr o p h ot o m etri c mi cr ot it er pl at e r e a d er. Usi n g hi g h- affi nit y a nti b o di es all o ws f or n o n-

s p e cifi c all y b o u n d m at eri als t o b e w as h e d a w a y, m a ki n g E LI S A a p o w erf ul q u a ntifi c ati o n t o ol. 

 T h er e ar e s e v er al diff er e nt E LI S A f or m ats t h at c a n b e us e d t o d et e ct or q u a ntif y a n 

a n al yt e of i n t er est. T h es e i n cl u d e dir e ct, i n dir e ct or s a n d wi c h c a pt ur e m et h o ds ( 22 5 ). T h es e 

f or m ats ar e cl assifi e d a c c or di n gl y b y t h e m et h o d i n w hi c h t h e y ar e a bl e t o i m m o bili z e t h e 

a nti g e n of i nt er est; eit h er dir e ct a ds or pti o n t o t h e mi cr olit er  w ell or i n dir e ctl y, us i n g a c a pt ur e 

a nti b o d y t h at h as b e e n i m m o bili z e d t o t h e mi cr olit er  w ell ( 2 2 5 ). If t h e a nti g e n is d et e ct e d 

dir e ctl y, it is r ef err e d t o as a pri m ar y a nti b o d y, a n d if it is d et e ct e d i n dir e ctl y it is l a b el e d as a 

s e c o n d ar y a nti b o d y ( 2 2 5 ). T h e s a n d wi c h E LI S A ass a y is r ef err e d as “s a n d wi c h ” ass a y b e c a us e 
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t h e a n al yt e of i nt er est is b o u n d b et w e e n t w o pri m ar y a nti b o di es ( 2 2 5). E a c h pri m ar y a nti b o d y 

(t h e c a pt ur e a nti b o d y a n d t h e d et e cti o n a nti b o d y) bi n ds t o a diff er e nt r e gi o n ( e pit o p e) of t h e 

a nti g e n- f or mi n g a s a n d wi c h ( 2 2 5). T h e s a n d wi c h E LI S A ass a y is t h e m o st c o m m o n t y p e of 

E LI S A f or m at us e d d u e t o its hi g h s p e cifi cit y a n d s e nsiti vit y. 

  Q u a ntifi c ati o n is a c hi e v e d b y g e n er ati n g a st a n d ar d c ur v e fr o m st a n d ar d s ol uti o ns of t h e 

a n al yt e of i nt er est. A st a n d ar d c ur v e is d o n e b y pl otti n g t h e a bs or b a n c e v al u es ( d et er mi n e d b y 

t h e s p e ctr o p h ot o m etri c pl at e r e a d er) v ers us t h e r es p e cti v e c o n c e ntr ati o n of t h e st a n d ar d o n li n e ar 

or l o g arit h mi c s c al es.  

 

 

 

 

 

 

 

 

 

 

 

 

4. 1. 2 Hi g h s e nsiti vit y E LI S A f o r t h e q u a ntit ati v e d et e r mi n ati o n of 

h u m a n p a r at h y r oi d h o r m o n e 1 -3 4 i n p l as m a 

I m m ut o pi cs, I n c. ( S a n Cl e m e nt e, C alif or ni a, U S A), h as d e v el o p e d a n d v ali d at e d a 

c o m m er ci al hi g h s e nsiti v it y E LI S A kit f or t h e q u a ntit ati v e d et er mi n ati o n of h u m a n p ar at h yr oi d 

h or m o n e 1- 3 4 ( h P T H ( 1- 3 4)) l e v els i n pl as m a f or l a b or at or y us e. T h e hi g h s e nsiti vit y h u m a n 

P T H ( 1 - 3 4) kit utili z es t h e s a n d wi c h E LI S A f or m at wit h t w o a nti b o di es t h at h a v e b e e n pr e p ar e d 

f or o pti m al r e c o g niti o n of h u m a n P T H ( 1- 3 4) w hil e mi ni mi zi n g bi n di n g t o e n d o g e n o us P T H ( 1-

8 4). I m m ut o pi cs st at es t h at a n affi nit y p urifi e d g o at p ol y cl o n al a nti b o d y w hi c h is o pti mi z e d t o 

bi n d a r e gi o n of h P T H ( 1- 3 4) is bi oti n yl at e d f or c a pt ur e ( c a pt ur e a nti b o d y). A n a d diti o n al 

affi nit y p urifi e d g o at p ol y cl o n al a nti b o d y t h at r e c o g ni z es a n d bi n ds a s e c o n d r e gi o n of h P T H ( 1-

3 4) is c o nj u g at e d wit h t h e e n z y m e H R P t o all o w f or d et e cti o n ( d et e cti o n a nti b o d y). S a m pl es 

a nti g e n  

mi cr olit er 
w ell  

       Di r e ct                                  I n di r e ct                                    S a n d wi c h  

Fi g u r e 4. 1:  S c h e m ati c of t h e t h r e e m ai n t y p es of E LI S A f o r m ats.  
A d a pt e d a n d m o difi e d fr o m s o ur c e 2 2 6.   
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c o nt ai ni n g h P T H ( 1- 3 4) ar e i n c u b at e d al o n gsi d e t h e bi oti n yl at e d c a pt ur e a nti b o d y, t h e H R P 

c o nj u g at e d d et e cti o n a nti b o d y i n t h e mi cr olit er w ell t h at is c o at e d wit h str e pt a vi di n 

(I m m ut o pi cs). Aft er i n c u b ati o n, t h e w ell is w as h e d t o r e m o v e u n b o u n d c o m p o u n ds a n d e x c ess 

d et e cti o n a nti b o d y. A d diti o n of t h e s u bstr at e s ol uti o n ( H R P s u bstr at e) r es ults i n c ol o ur c h a n g e 

t h at c a n b e m e as ur e d usi n g a s p e ctr o p h ot o m etri c pl at e r e a d er. I n t his hi g h s e nsiti vit y h P T H ( 1-

3 4), t h e a m o u nt of e n z y m ati c a cti vit y of t h e d et e cti o n a nti b o d y is dir e ctl y pr o p orti o n al t o t h e 

a m o u nt of h P T H ( 1- 3 4) i n t h e s a m pl e. T h e s a n d wi c h E LI S A f or m at is s u m m ari z e d b el o w:  

 

Str e pt a vi di n c o at e d  w ell --- Bi oti n A nti -h P T H --- h P T H ( 1 - 3 4) --- H R P A nti -h P T H  

 

4. 1. 3 S h o rt c o mi n gs of  usi n g a h P T H ( 1 -3 4) E LI S A t o d et e ct B P -P T H  

T h e m ost o b vi o us s h ort c o mi n g of usi n g a c o m m er ci al E LI S A kit t o d et e ct a n d q u a ntif y 

B P -P T H is t h at t h e c o m m er ci al kit o nl y h as pr o v e n s p e cifi cit y a n d hi g h s e nsiti vit y f or h P T H ( 1-

3 4), a n d n ot B P- P T H. Si n c e B P -P T H is a c ust o m p e pti d e c o nj u g at e, t h er e ar e n o c o m m er ci all y 

a v ail a bl e kits f or t h e d et e cti o n of B P - P T H. F urt h er m or e, o ur l a b or at or y is n ot e q ui p p e d wit h t h e 

e x p ertis e or r es o ur c es t o d e v el o p a n d v ali d at e a n E LI S A f or t h e d et e cti o n of B P- P T H i n r at 

pl as m a. As o ur b o n e-s e e ki n g p e pti d e c o nj u g at e c o nt ai ns a h P T H ( 1- 3 4) m oi et y, w e h y p ot h esi z e d 

t h at t h e I m m ut o pi cs hi g h s e nsiti vit y h P T H ( 1- 3 4) E LI S A m a y b e a bl e t o d et e ct B P-P T H. T h e  

h P T H ( 1 - 3 4) m oi et y i n t h e c o nj u g at e s h ar es t h e i d e nti c al a mi n o a ci d s e q u e n c e as h P T H ( 1- 3 4) 

t h at is r e c o g ni z e d b y t h e E LI S A. A 2 7 r esi d u e P E G li n k a g e t o L ys- 1 3 w as us e d t o t et h er t h e 

bis p h os p h o n at e m oi et y t o h P T H ( 1- 3 4). If n eit h er t h e c a pt ur e n or d et e cti o n a nti b o d y r e q uir es 

L ys - 1 3 f or r e c o g niti o n a n d bi n di n g, t h e c o m m er ci al E LI S A m a y b e a bl e t o d et e ct t h e B P-P T H 

c o nj u g at e. I n c as es w h er e  eit h er a nti b o d y r e q uir es L ys- 1 3, it is hi g hl y li k el y t h at t h e P E G 

m o difi c ati o n t o L ys- 1 3 w o ul d pr e v e nt a nti b o d y bi n di n g. F urt h er m or e, e v e n if L ys- 1 3 is n ot 

r e q uir e d f or a nti b o d y r e c o g niti o n, t h e a d diti o n of a P E G a n d B P m oi et y cr e at es a n e xtr e m el y 

b ul k y L ys- 1 3 “si d e- c h ai n ” w hi c h m a y r e d u c e p ossi biliti es of a nti b o d y bi n di n g d u e t o st eri c 

diffi c ulti es. C o n v ers el y, as t h e s p e cifi c bi n di n g b et w e e n t h e a nti g e n ( e pit o p e) a n d t h e a nti b o d y 

( p ar at o p e) sit e us u all y i n v ol v es p orti o ns c o m pris e d of j ust a f e w a mi n o a ci ds ( 2 2 7), it m a y als o 

b e li k el y t h at a L ys- 1 3 m o difi c ati o n w o ul d n ot p os e bi n di n g diffi c ulti es. U nf ort u n at el y, 

I m m ut o pi cs w as u n willi n g t o dis cl os e w hi c h a mi n o a ci d s e q u e n c es of h P T H ( 1- 3 4) ar e us e d f or 

r e c o g niti o n a n d bi n di n g of t h e c a pt ur e a n d d et e cti o n a nti b o di es.   
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  A s e c o n d s h ort c o mi n g of usi n g a n E LI S A t o d et e ct B P-P T H is t h e pr es e n c e of t h e 

n e g ati v el y c h ar g e d p h os p h o ni c a ci d gr o u ps pr es e nt o n t h e B P p orti o n of t h e c o nj u g at e. T h e 

f or c es t h at j oi n t h e a nti g e n (t ar g et a n al yt e) t o t h e a nti b o d y t o f or m t h e a nti g e n- a nti b o d y c o m pl e x 

ar e n ot c o v al e nt b o n ds, b ut r at h er w e a k i nt er a cti o ns li k e v a n d er W a als f or c es, h y dr o p h o bi c a n d 

h y dr o p hili c i nt er a cti o ns, a n d el e ctr ost ati c f or c es ( 2 2 7, 2 2 8). T h e h y dr o p h o bi c i nt er a cti o ns 

( attr a cti v e f or c es) a n d h y dr o p hili c i nt er a cti o ns (r e p ulsi v e f or c es) ar e r e p ort e d t o pl a y a 

c o nsi d er a bl e r ol e i n t h e p h e n o m e n a of a nti g e n- a nti b o d y bi n di n g ( 2 2 7). V a n d er W a als a n d 

el e ctr ost ati c f or c es (l o n g -r a n g e n o n- c o v al e nt f or c es) d et er mi n e t h e e pit o p e-p ar at o p e i nt er a cti o ns 

at t h e m ol e c ul ar l e v el, w hil e als o a cti n g b et w e e n w h ol e a nti g e n a n d a nti b o d y m ol e c ul es ( 2 2 7 ). A 

pr ot ei n a nti g e n a n d its c orr es p o n di n g a nti b o d y t y pi c all y r e p el e a c h ot h er, u ntil t h e attr a cti o n 

b et w e e n t h eir e pit o pi c a n d p ar at o pi c sit es at t h e m ol e c ul ar l e v el e x c e e ds t h e o v er all r e p ulsi o n 

( 22 7). T h e hi g hl y n e g ati v el y c h ar g e d p h os p h o ni c a ci d gr o u ps t h at ar e i n cl os e pr o xi mit y t o t h e 

h P T H ( 1 - 3 4) m oi et y m a y i nt erf er e wit h t h e attr a cti o n or r e p ulsi o n b et w e e n t h e e pit o p e a n d 

p ar at o p e, pr e v e nti n g a nti b o d y d et e cti o n.  
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4. 2 M et h o d ol o g y  

4. 2. 1 O bj e cti v e of u si n g a n e n z y m e -li n k e d im m u n os o r b e nt a ss a y f o r t h e 

d et e cti o n of a n o v el b o n e ta r g eti n g p a r at h y r oi d h o r m o n e c o nj u g at e 

T h e o bj e cti v e of t h e w or k d es cri b e d i n C h a pt er 3 “ Usi n g a n E n z y m e-li n k e d 

I m m u n os or b e nt Ass a y f or t h e D et e cti o n of a N o v el B o n e T ar g eti n g P ar at h yr oi d H or m o n e 

C o nj u g at e ” w as ai m e d t o w ar d att e m pti n g t o us e a c o m m er ci al h P T H ( 1 -3 4) E LI S A t o d et e ct t h e 

B P - P T H c o m p o u n d i n r at pl as m a. I n a n eff ort t o a d dr ess t h e p ot e nti al s h ort c o mi n gs of usi n g a 

h P T H ( 1 - 3 4) s p e cifi c E LI S A t o d et e ct a m o difi e d v ari a nt of h P T H ( 1- 3 4), a cr e a ti v e a p pr o a c h 

w as e x pl or e d t o a d dr ess t h e t w o bi g g est s h ort c o mi n gs dis c uss e d i n s e cti o n 4. 1 3. T h e a p pr o a c h 

w as t o m et h yl at e t h e p h os p h o ni c a ci d gr o u ps of t h e B P m oi et y usi n g T M S D t o mi ni mi z e 

p ot e nti al r e p ulsi o n f or c es b et w e e n t h e e pit o p e a n d t h e p ar at o p e , wit h t h e h o p e t o i m pr o v e E LI S A 

d et e cti o n of B P- P T H .  

 

4. 2. 2 C h e mi c als  

H y dr o x y a p atit e (r e a g e nt gr a d e p o w d er) a n d 1. 0 N h y dr o c hl ori c a ci d w as p ur c h as e d f or m 

Si g m a - Al dri c h C a n a d a C o ( O a k vill e, O nt ari o, C a n a d a). Hi g h s e nsiti vit y h u m a n P T H ( 1- 3 4) 

E LI S A kit w as p ur c h as e d fr o m I m m ut o pi cs, I n c. ( S a n Cl e m e nt e, C alif or ni a, U S A). 

Tri m et h ylsil yl di a z o m et h a n e ( 2 M i n h e x a n es) w as a c q uir e d fr o m Fis h er S ci e ntifi c ( Pitts b ur g h, 

P A, U S A). O asis ® w e a k a ni o n e x c h a n g e ( W A X) c artri d g e ( 6 0 m g, 3 c c) w er e p ur c h as e d fr o m 

W at ers C or p or a ti o n ( M ass a c h us etts, U S A). Sli d e- A- L y z er MI NI di al ysis d e vi c es ( 0. 5 m L, 3. 5 K 

M W C O) a n d Mi cr o B C A ™ pr ot ei n ass a y kit w as p ur c h as e d fr o m T h er m o Fis h er S ci e ntifi c 

( B urli n gt o n, O nt ari o, C a n a d a).  

 

4. 2. 3 I n st r u m e nt ati o n  

S oli d p h as e e xtr a cti o n w as c arri e d o ut usi n g a 2 0 p ositi o n Pr o m e g a V a c- M a n ® v a c u u m 

m a nif ol d ( M a dis o n, Wis c o nsi n, U S A) t o a p pl y p ositi v e pr ess ur e. A 1 5 p ositi o n MI C R O V A P 

nitr o g e n dr y er ( Or g a n o m ati o n, B erli n, M ass a c h us etts, U S A) w as us e d f or s ol v e nt e v a p or ati o n. 

E p p e n d orf 5 4 1 5 D b e n c ht o p c e ntrif u g e w as us e d f or all c e ntrif u g ati o n ( H a m b ur g, G er m a n y). 

I K A M S 3 di git al pl at e s h a k er w as us e d t o pr o vi d e c o nsist e nt s h a ki n g of 9 6-w ell pl at es us e d i n 

E LI S A e x p eri m e nts ( Wil mi n gt o n, N ort h C ar oli n a, U S A). W ell a bs or b a n c es w er e r e a d o n a 
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Bi o T e k S y n er g yIII h y bri d p l at e r e a d er ( Wi n o os ki, V er m o nt, U S A). A W ell w as h ™ mi cr o pl at e 

w as h er w as us e d t o a ut o m at e E LI S A w as h st e ps ( T h er m o Fis h er S ci e ntifi c, W alt h a m, 

M ass a c h us etts, U S A).  

 

4. 2. 4 D et e r mi n ati o n of b o n e ta r g eti n g p ot e nti al: c o m p a ri n g 

h y d r o x y a p atit e bi n di n g of B P -P T H vs h P T H ( 1 -3 4):  

T o ass ess t h e p ot e nti al el e ctr ost ati c c o v al e nt i nt er a cti o n b et w e e n t h e n e g ati v e p h os p h o ni c a ci d 

gr o u ps of B P - P T H a n d t h e p ositi v el y c h ar g e d c al ci u m i o ns pr es e nt i n H A mi n er al, p er c e nt a g e 

bi n di n g t o H A mi n er al w as c o m p ar e d b et w e e n B P- P T H a n d h P T H ( 1 -3 4). Ass essi n g t h e r el ati v e 

str e n gt h of t h e el e ctr ost ati c i nt er a cti o n b et w e e n B P -P T H a n d H A mi n er al will pr o vi d e i nsi g ht 

i nt o t h e e xt e nt t h at B P-P T H m a y e x ert m et al c h el ati n g a biliti es i n L C - M S/ M S a n al ysis. A hi g h 

l e v el of bi n di n g m a y  pr o vi d e e x p eri m e nt al e vi d e n c e t h at a W A X S P E  c ol u m n is s uit a bl e f or 

e xtr a cti o n.  As a b e n efit, t his e x p eri m e nt will s h o w if t h e n o v el B P - P T H c o nj u g at e c a n 

o ut p erf or m h P T H ( 1- 3 4) i n t er ms of H A mi n er al bi n di n g. 2 0 µ g of B P- P T H or h P T H ( 1 - 3 4) w as 

a d d e d t o 1 0 m g of H A at r o o m t e m p er at ur e wit h t u b e i n v ersi o n f or 2 hr. T u b es w er e c e ntrif u g e d 

at 1 2, 0 0 0 r p m f or 2. 5 mi n. T hr e e bi n di n g e n vir o n m e nts w er e e x a mi n e d: d o u bl e distill e d w at er, 

1 0 m M p h os p h at e b uff er e d s ali n e ( P B S) a n d 5 0 m M P B S. W e h y p ot h esi z e d t h at if t h e i nt er a cti o n 

b et w e e n B P - P T H a n d H A is el e ctr ost ati c, t h e n w e s h o ul d s e e l o w er p er c e nt a g e bi n di n g t o H A i n 

P B S e n vir o n m e nts as it will i nt erf er e wit h t h e el e ctr ost ati c bi n di n g i nt er a cti o n. H A p er c e nt 

bi n di n g w as d et er mi n e d b y t h e r e m ai ni n g a m o u nt of p e pti d e i n t h e s u p er n at a nt aft er i n c u b ati o n. 

A mi cr o - B C A pr ot ei n ass a y w as us e d f or q u a ntifi c ati o n. 

 

4. 2. 5 As s e s si n g r e c o v e r y of B P -P T H usi n g a W A X c a rt ri d g e  

T o d et er mi n e t h e p er c e nt r e c o v er y of B P- P T H usi n g a W at ers O asis ® W A X c artri d g e, a 

mi cr o B C A ass a y w as us e d t o q u a ntif y t h e c o n c e ntr ati o n of B P- P T H b ef or e c artri d g e l o a di n g, 

a n d aft er c artri d g e el uti o n . T h e W A X c artri d g es w er e c o n diti o n e d usi n g 2. 0 m L of m et h a n ol, 

f oll o w e d b y a n e q uili br ati o n st e p usi n g 2. 0 m L of 2 5 m M a m m o ni u m a c et at e. 1 0 0 µ L s ol uti o ns 

of 6 0 µ g/ m L B P - P T H pr e p ar e d i n d ei o ni z e d w at er w er e dil ut e d wit h 1 m L of d ei o ni z e d w at er 

a n d a dj ust e d t o p H 4. 0 usi n g 2 5 µ L of 1. 0 M H Cl b ef or e b ei n g l o a d e d o n t h e W A X c artri d g e. 

T h e r e m ai ni n g 6 0 µ g/ m L B P - P T H s ol uti o n w as dil ut e d t o 1 0 µ g/ m L t o b e us e d i n t h e mi cr o 
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B C A ass a y as t h e “ pr e - e xtr a cti o n ” c o n c e ntr ati o n. T h e c artri d g es w er e t h e n w as h e d wit h 2. 0 m L 

of 2 5 m M a m m o ni u m a c et at e a n d 2. 0  m L of m et h a n ol. B P-P T H w as el ut e d fr o m t h e W A X 

c artri d g e usi n g t w o w as h es ( 2 X 5 0 0 µ L) of 5 % N H 4 O H i n m et h a n ol ( p H 9. 0). T h e el u e nt w as 

c oll e ct e d a n d e v a p or at e d u n d er a str e a m of nitr o g e n at 4 0 ° C. R esi d u e w as r es us p e n d e d i n 6 0 0 µ L 

of d ei o ni z e d w at er t o cr e at e a 1 0 µ g/ m L s ol uti o n. Ali q u ots of 3 0 0 µ L ( p ost- e xtr a cti o n s a m pl es) 

w er e c oll e ct e d f or mi cr o B C A ass a y. 1 5 0 µ L of t h e pr e- e xtr a cti o n  a n d p ost -e xtr a cti o n w er e us e d 

i n t h e mi cr o B C A ass a y (t w o w ells usi n g 1 5 0 µ L p er w ell), a bs or b a n c es w er e r e a d at 5 6 2 n m. 

T h e e x p eri m e nt w as p erf or m e d i n tri pli c at e ( n = 3 ).  

 

4. 2. 6 S a m pl e p r e p a r ati o n f o r us e i n a hi g h s e nsiti vit y h P T H ( 1 -3 4) 

E L SI A f o r t h e d et e r mi n ati o n of B P -P T H  

I n a n eff ort t o a d dr ess t h e p ot e nti al s h ort c o mi n gs of usi n g a h P T H ( 1-3 4) s p e cifi c E LI S A 

t o d et e ct mo difi e d h P T H ( 1- 3 4), t w o s a m pl e pr e p ar ati o n r o ut es w er e e x pl or e d. T h e first s a m pl e 

pr e p ar ati o n m et h o d t h at w as e x pl or e d w as usi n g u n m o difi e d B P- P T H e xtr a ct e d fr o m r at pl as m a . 

T h e s e c o n d pr e p ar ati o n m et h o d e x pl or e d w as p erf or mi n g o n- c artri d g e d eri v ati z ati o n  of B P -P T H 

usi n g a W A X s oli d p h as e e xtr a cti o n c artri d g e. D eri v ati z ati o n usi n g T M S D will eff e cti v el y 

“ n e utr ali z e ” t h e n e g ati v el y c h ar g e d p h os p h o ni c a ci d gr o u ps of t h e B P m oi et y t hr o u g h a 

m et h yl ati o n r e a cti o n. It w as h y p ot h esi z e d t h at n e utr ali z ati o n of t h e p h os p h o ni c a ci d gr o u ps 

s h o ul d r e d u c e a n y si g nifi c a nt el e ctr ost ati c i nt er a cti o ns t h at m a y b e pr e v e nti n g a nti b o d y bi n di n g.  

R esi d u e w as r e c o nstit ut e d i n 2 0 0 µ L of distill e d w at er . R e c o nstit uti o n t o a s a m pl e 

v ol u m e of 2 0 0 µ L a dj usts s a m pl e c o n c e ntr ati o ns i nt o t h e E LI S A q u a ntit ati v e r a n g e ( 3 0 0 p g/ m L, 

1 5 0 p g/ m L, 7 5 p g/ m L, 3 4. 5 p g/ m L, 1 8. 7 5 p g/ m L, a n d 9. 3 7 5 p g/ m L S a m pl es w er e t h e n s u bj e ct e d 

t o f o ur b uff er e x c h a n g e c y cl es (t hr e e 3 hr e x c h a n g e a n d a n o v er ni g ht e x c h a n g e) usi n g a 3. 5 K 

M W C O m e m br a n e  t o r e m o v e a n y e x c ess T M S D .  

4. 2. 6. 1 S a m pl e p r e p a r ati o n usi n g T M S D as a d e ri v ati z ati o n a g e nt 

R at pl as m a ( 2 5 0 µ L) w as s pi k e d wit h 1 0 0 µ L of B P - P T H s ol uti o n ( 6 0 0 p g/ m L, 3 0 0 

p g/ m L, 1 5 0 p g/ m L, 7 5 p g/ m L, 3 4. 5 p g/ m L, a n d 1 8. 7 5 p g/ m L) pr e p ar e d i n w at er. S a m pl es w er e 

f urt h er dil ut e d wit h 1. 0 m L of w at er a n d p H a dj ust e d t o 4. 0 usi n g 2 5 µ L of 1. 0 M H Cl. S a m pl es 

w er e c e ntrif u g e d f or 1. 0 mi n at 3, 5 0 0 x g  a n d t h e s u p er n at a nt w as l o a d e d o nt o a pr e c o n diti o n e d 
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( 2. 0 m L m et h a n ol f oll o w e d b y 2. 0 m L of w at er) W at ers O asis ® W A X c artri d g e ( 3 c c, 6 0 m g). 

Fl o w w as st o p p e d f or 5 mi n t o all o w f or t h e n e g ati v e p h os p h o ni c a ci d gr o u ps t o ori e nt a n d 

i nt er a ct wit h t h e W A X s or b e nt. Fl o w w as r es u m e d wit h o ut t h e ai d of v a c u u m pr ess ur e t o all o w 

f or a sl o w fl o w r at e of ~ 1 0 0 µ L/ mi n t o 2 0 0 µ L/ mi n. T h e W A X s or b e nt w as w as h e d wit h 2. 0 m L 

of 2 5 m M a m m o ni u m a c et at e a n d 2. 0 m L m et h a n ol. B P- P T H w as el ut e d usi n g 5 0 0 µ L of a 3 5 : 65 

( T M S D: M e O H, v/ v) r ati o as m e nti o n e d i n s e cti o n 3. 2. 4. Filtr at e  w as c oll e ct e d a n d e v a p or at e d 

u n d er a g e ntl e str e a m of nitr o g e n at 4 0 ° C. R e c o nstit uti o n t o a s a m pl e v ol u m e of 2 0 0 µ L i n 

d ei o ni z e d w at er a dj usts s a m pl e c o n c e ntr ati o ns i nt o t h e E LI S A q u a ntit ati v e r a n g e ( 3 0 0 p g/ m L, 

1 5 0 p g/ m L, 7 5 p g/ m L, 3 4. 5 p g/ m L, 1 8. 7 5 p g/ m L, a n d 9. 3 7 5 p g/ m L . As a pr e c a uti o n, s a m pl es 

u n d er w e nt di al ysis usi n g a 3. 5 M W C O m e m br a n e  ( e x c h a n g es e v ert 3 hr f or 9 hr a n d l eft 

o v er ni g ht) t o f urt h er r e m o v e a n y r e m ai ni n g T M S D w hi c h c o ul d i nt erf er e wit h t h e r e a g e nts us e d 

i n t h e E LI S A.  

 

4. 2. 6 . 2 h P T H ( 1-3 4) E LI S A p r o c e d u r e  

T h e hi g h s e nsiti vit y h u m a n P T H ( 1- 3 4) E LI S A ( c at. # 6 0- 3 9 0 0) pr o c e d ur e w as f oll o w e d 

as st at e d i n t h e pr o c e d ur e pr o vi d e d b y I m m ut o pi cs, I n c. ( S a n Cl e m e nt e, C alif or ni a, U S A). All 

st a n d ar ds, c o ntr ols a n d s a m pl es w er e ass a y e d i n d u pli c at e. T h e E LI S A h as a li n e ar r a n g e fr o m 

2. 5 t o 1 5 0 p g/ m L w h e n a bs or b a n c es r e a d at 4 5 0 n m ( pri m ar y ass a y) a n d a li n e ar r a n g e of 7 5 t o 

3 0 0 p g/ m L ( s e c o n d ar y ass a y) w h e n a bs or b a n c es r e a d at 6 2 0 n m. A n a ut o m at e d mi cr otit er pl at e 

w as h er w as us e d t o c o m pl et e all w as hi n g st e ps. As p er I m m ut o pi cs r e c o m m e n d ati o n, t h e s a m pl e 

v ol u m e w as alt er e d t o 5 0 µ L b y r e d u ci n g t h e v ol u m e of E LI S A H R P s u b str at e a d d e d t o t h e 

w ells. R e d u ci n g t h e s a m pl e v ol u m e t o 5 0 µ L c h a n g es t h e s e nsiti vit y fr o m 5. 8 p g/ m L t o 2. 5 

p g/ m L. T w o  m ai n e x p eri m e nt al gr o u ps w er e a n al y z e d t o d et er mi n e t h e utilit y of t h e c o m m er ci al 

h P T H ( 1 - 3 4) E LI S A t o d et e ct B P -P T H. T h e t w o tr e at m e nt gr o u ps w er e B P-P T H ( n o n -tr e at e d), 

T M S D d eri v ati z e d B P -P T H ( D -B P -P T H) . T eri p ar ati d e ( h u m a n P T H ( 1-3 4) a c et at e s alt) w as 

us e d as a n a d diti o n al c o ntr ol. 

 

 

 

 



1 5 3

S a m pl e  C o n c e nt r ati o n r a n g e ( p g/ m L)  

h P T H ( 1 -3 4) st a n d ar d s ol uti o ns (I m m ut o pi cs, 
I n c.) 

0, 7. 3, 1 5. 3 4, 7 0, 1 5 1, 2 9 9  

T eri p ar ati d e ( h P T H ( 1 -3 4))  9. 3 7 5, 1 8. 7 5, 3 4. 5, 7 5, 1 5 0, 3 0 0  

D -B P -P T H  9. 3 7 5, 1 8. 7 5, 3 4. 5, 7 5, 1 5 0, 3 0 0  

S a m pl e

T a bl e  4. 1 : S u m m ar y of s a m pl es a n d c o n c e ntr ati o n r a n g es t est e d usi n g I m m ut o pi cs 
hi g h s e nsiti vit y h P T H ( 1- 3 4) E LI S A.  
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R e s ults a n d Dis c ussi o n  
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4. 3 R e s ults a n d Dis c ussi o n  

4. 3. 1 D et e r mi n ati o n of b o n e t a r g eti n g p ot e nti al: c o m p a ri n g 

h y d r o x y a p atit e bi n di n g of B P -P T H vs h P T H ( 1 -3 4)  

T h e B P -P T H c o nj u g at e si g nifi c a ntl y  ( p < 0. 0 5) o ut p erf or ms h P T H ( 1 - 3 4) w h e n bi n di n g t o 

H A i n a distill e d w at er e n vir o n m e nt. I n t h e distill e d w at er e n vir o n m e nt, 8 5. 0 2 % of all B P -P T H 

b o u n d t o H A wit hi n a 2 hr R T i n c u b ati o n p eri o d, i n c o m p aris o n t o 2 1. 0 7 % of h P T H  ( 1- 3 4) 

b o u n d. R e d u c e d bi n di n g f or t h e B P- P T H c o nj u g at e i n P B S e n vir o n m e nts ( 2 4. 0 6 % i n 1 0 m M 

P B S a n d 1 9. 3 0 % i n 5 0 m M P B S) i n di c at es t h at B P - P T H a p p e ars t o bi n d t o H A mi n er al t hr o u g h 

a n el e ctr ost ati c c o v al e nt i nt er a cti o n.  M ulti pl e t -t ests w er e us e d t o e v al u at e si g nifi c a n c e a m o n gst 

tr e at m e nts ( p > 0. 0 5).  T h es e fi n di n gs pr o vi d e i nsi g ht i nt o t h e hi g h li k eli h o o d t h at B P-P T H will 

i nt er a ct wit h p ositi v el y c h ar g e d m et al s urf a c es i n L C-M S/ M S i nstr u m e nt ati o n u nl ess t h e 

p h os p h o ni c a ci d gr o u ps u n d er g o n e utr ali z ati o n t hr o u g h a d eri v ati z ati o n r e a cti o n or m et al -fr e e 

L C -M S/ M S is us e d.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fi g u r e 4. 2: I n vit r o H A bi n di n g affi niti es: B P -P T H vs u n m o difi e d h P T H ( 1 -3 4).  
P e pti d es w er e i n c u b at e d f or 2 hr wit h H A i n c orr es p o n di n g b uff ers wit h i n v ersi o n. A m o u nt of 
p e pti d e i n t h e s u p er n at a nt aft er c e ntrif u g ati o n w as q u a ntifi e d usi n g a mi cr o- B C A pr ot ei n ass a y. B P-
P T H o ut p erf or ms h P T H ( 1- 3 4) w h e n bi n di n g t o H A i n b ot h d ei o ni z e d w at er a n d 1 0 m M P B S 
( p < 0. 0 5). N o st atisti c al diff er e n c e ( p > 0. 0 5) w as o bs er v e d b et w e e n t h e t w o gr o u ps i n 5 0 m M P B S. 
V al u es r e pr es e nt m e a n ±  st a n d ar d d e vi ati o n (n = 2 r e pli c at es), * p < 0. 5, * * * p < 0. 0 0 1. 

* * *  

*  
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4. 3. 2 As s e s si n g r e c o v e r y of B P -P T H usi n g a W A X c a rt ri d g e a n d 

s u bs e q u e nt di al ysis  

T h e p er c e nt r e c o v er y of a 6 0 µ g/ m L s ol uti o n of B P -P T H t h at w as dil ut e d t o 1 0 µ g/ m L 

aft er el uti o n fr o m t h e W A X c artri d g e w as d et er mi n e d t o b e 4 7. 1 %. Di al ysis w as u n d ert a k e n t o 

d et er mi n e t h e o v er all p er c e nt r e c o v er y fr o m s a m pl e l o a di n g t o aft er di al ysis. As a pr e c a uti o n, 

di al ysis of a n y r esi d u al T M S D r e a g e nt w as p erf or m e d t o pr e v e nt a n y p ot e nti al i nt erf eri n g eff e cts 

d uri n g E LI S A a n al ysis.  Aft er pl as m a e xtr a cti o n a n d di al ysis, t h e p er c e nt r e c o v er y of B P -P T H 

w as d et er mi n e d t o b e 4 5. 2 %.  

A li mit ati o n of t his e x p eri m e nt is t h at n e at s ol uti o n s of B P - P T H ( n o n- pl as m a c o nt ai ni n g) 

h a d t o b e us e d. Pl as m a s a m pl es still c o nt ai n m a cr o m ol e c ul es, pr ot ei ns a n d ot h er pl as m a 

c o m p o n e nts (i n s m all c o n c e ntr ati o ns) aft er e xtr a cti o n. T h es e r esi d u al pl as m a c o m p o n e nts l e a d t o 

a n o v er esti m at e of pr ot ei n c o n c e ntr ati o n w h e n usi n g a mi cr o- B C A ass a y.  

 H o w e v er, b as e d o n t h e p er c e nt r e c o v er y of B P - P T H d et er mi n e d b y L C- M S/ M S, usi n g 

t h e e xtr a cti o n pr o c e d ur e, t h e p er c e nt r e c o v er y of a pl as m a s ol uti o n ( 2 1. 0%) is diff ers 

si g nifi c a ntl y t o t h e r e c o v er y of a B P -P T H i n a n e at s ol uti o n ( 4 7. 1 %) d et er mi n e d b y mi cr o B C A 

ass a y.  
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4. 3. 3 E LI S A R es ults  

As p er I m m ut o pi cs, I n c. r e c o m m e n d ati o ns, t h e pri m ar y ass a y w as us e d t o e v al u at e 

w h et h er t h e c o m m er ci al E LI S A s p e cifi c f or h P T H ( 1 - 3 4) is a bl e t o d et e ct u n m o difi e d B P-P T H  

a n d d eri v ati z e d B P -P T H ( D -B P -P T H) . C o n c e ntr ati o n r a n g e w as 2. 5 t o 1 5 0 p g/ m L w h e n 

a bs or b a n c es r e a d at 4 5 0 n m. N o n -li n e ar r e gr essi o n ( Pris m 8 f or m a c O S, v er. 8. 4. 0) wit h s e c o n d 

or d er q u a dr ati c fit w as p erf or m e d o n all f o ur s a m pl e t y p es a n d a p -v al u e of < 0. 0 0 1 w as s el e ct e d 

t o d et er mi n e if sl o p es ar e si g nifi c a ntl y n o n- z er o. C ur v e fitti n g us e d a s e c o n d or d er q u a dr ati c fit 

as r e c o m m e n d e d b y I m m ut o pi cs. 

T h e h P T H ( 1 - 3 4) st a n d ar ds a n d c o ntr ols ( pr o vi d e d b y I m m ut o pi cs) a p p e ar e d t o w or k as 

e x p e ct e d pr o d u ci n g a c ali br ati o n c ur v e wit h a c c e pt a bl e g o o d n ess of fit fr o m 0 p g/ m L t o 1 5 1 

Fi g u r e 4. 3: P e r c e nt r e c o v e r y of a n e at s ol uti o n of B P -P T H aft e r S P E e xt r a cti o n a n d di al ysis.  
A 6 0 µ g/ m L s ol uti o n of B P- P T H l o a d e d o nt o a W A X c artri d g e a n d dil ut e d t o 1 0 µ g/ m L aft er 
el uti o n w as d et er mi n e d t o h a v e a p er c e nt r e c o v er y of 4 7. 2 %. Aft er f o ur b uff er e x c h a n g es (t hr e e f or 
a 3 h p eri o d a n d o n e o v er ni g ht) usi n g a 3. 5 K M W C O m e m br a n e, r e c o v er y w as d et er mi n e d t o b e 
4 5. 2 %. V al u es r e pr es e nt m e a n ±  st a n d ar d d e vi ati o n (n = 3 r e pli c at es).  
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p g/ m L (r 2 = 0. 9 9 8, p < 0. 0 0 1, y = 4. 0 0 - 5x 2 + 0. 0 0 7 x- 0. 2 6 7). As a n a d diti o n al c o ntr ol, s ol uti o ns of 

t eri p ar ati d e w er e ass ess e d t o d et er mi n e a n y p ot e nti al diff er e n c es b et w e e n t h e I m m ut o pi cs 

s u p pli e d st a n d ar ds a n d t eri p ar ati d e. A si mil ar c ur v e (r 2 = 0. 9 9 7, p < 0. 0 0 1, y = 6. 5 0 - 5x 2 + 0. 0 0 4 x- 0. 0 3 ) 

wit h si mil ar a bs or b a n c e v al u es w as g e n er at e d f or t h e t eri p ar ati d e st a n d ar ds. A n u n p air e d t- t est 

d et er mi n e d t h at t h er e w as n o si g nifi c a nt diff er e n c e b et w e e n t h e t w o c o ntr ol c ali br ati o n c ur v es 

( p = 0. 9 8 7, p > 0. 0 5). N o si g nifi c a nt diff er e n c es b et w e e n t h e c o m m er ci al c o ntr ols a n d t eri p ar ati d e 

i n di c at e t h at t h e E LI S A is w or ki n g as i nt e n d e d. U n m o difi e d B P-P T H a p p e ars t o h a v e b e e n 

u n a bl e t o b e r eli a bl y or a c c ur at el y d et e ct e d b y t h e c o m m er ci al E LI S A kit ( r2 = 0. 9 1 1, p < 0. 0 0 1, 

y = 9. 3 9 - 6x 2 + 0. 0 0 0 9 x + 1. 0 0), pr o d u ci n g v er y hi g h a bs or b a n c e v al u es ( 1. 2 3- 1. 5 4) at l o w 

c o n c e ntr ati o n l e v els ( 9. 3 7 5- 3 4. 5 p g/ m L) a n d f aili n g t o d e m o nstr at e a n a c c e pt a bl e r el ati o ns hi p 

b et w e e n i n cr e asi n g a bs or b a n c e v al u es a n d i n cr e asi n g c o n c e ntr ati o n. F aili n g t o d et e ct u n m o difi e d 

B P - P T H u n d ers c or es t h e i m p ort a n c e of a u ni q u e s a m pl e pr e p ar ati o n/ m o difi c ati o n pr o c e d ur e of 

B P -P T H if a c o m m er ci al h P T H ( 1 - 3 4) E LI S A is t o b e us e d f or q u a ntifi c ati o n.  

D eri v ati z ati o n of B P- P T H pr o v e d t o b e a n u ns u c c essf ul s a m pl e a p pr o a c h f or t h e 

i m pr o v e d d et e cti o n of B P- P T H. T h e l o w a n d n o n-li n e ar a bs or b a n c e v al u es f ail e d t o est a blis h a n y 

r el ati o ns hi p b et w e e n a bs or b a n c e a n d c o n c e ntr ati o n (r2 = 0. 7 8 7, p > 0. 0 0 1, y = - 1. 9 2-

5 x 2 + 0. 0 0 4 x + 0. 1 9 6). Si n c e T M S D is c a p a bl e of m et h yl ati o n of s o m e of t h e a mi n o a ci d gr o u ps 

( S er, T hr, T yr, As p, a n d Gl u) a n d t h e C-t er mi n al e n d of t h e h P T H ( 1-3 4) m oi et y, it is li k el y t h at 

t h es e m et h yl ati o ns pr e v e nt e d a nti b o d y r e c o g niti o n a n d bi n di n g. As t er mi n al s e q u e n c es ar e oft e n 

i n v ol v e d i n a nti b o d y r e c o g niti o n/ bi n di n g, a n y m eth yl ati o n t o t h e C-t er mi n us w o ul d li k el y i m p a ct 

a nti b o d y bi n di n g a bilit y. M et h yl ati o n of t h e h P T H ( 1- 3 4) m oi et y c o ul d e x pl ai n w h y t his s a m pl e 

pr e p ar ati o n st e p w as u ns u c c essf ul.  

As a g e n er al n ot e, t h e S D v al u es o n t h e st a n d ar ds (I m m ut o pi cs a n d t eri p ar ati d e) w er e all 

q uit e s m all ( a v er a g e S D = 0. 0 1 1) w hil e S D v al u es f or e x p eri m e nt al tr e at m e nt gr o u ps w er e l ar g er 

( a v er a g e S D = 0. 0 5 8). T h e l ar g er S D v al u es f or t h e tr e at m e nt gr o u ps is i n di c ati v e of l ar g er 

v ari a n c e b et w e e n m e as ur e d v al u es. I n s u m m ar y, t h e c o m m er ci al E LI S A t est e d is u ns uit a bl e f or 

t h e d et e cti o n of B P-P T H, or B P - P T H t h at h as b e e n d eri v ati z e d usi n g t h e c o n diti o ns d es cri b e d i n 

C h a pt er 3 of t his t h esis. S u m m ar y of t h e E LI S A r es ults ar e s h o w n i n Fi g ur e 4. 4. 
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I) 

II) 

r 2 = 0. 9 9 7  

r 2 = 0. 9 9 8  

r 2 = 0. 9 1 1  

r 2 = 0. 7 8 7  

Fi g u r e 4. 4: E LI S A d et e cti o n r es ults of u n m o difi e d B P -P T H a n d D -B P -P T H . I) V al u es 
r e pr es e nt m e a n ±  S D ( n = 2 ). II) h P T H  ( 1-3 4) (I m m ut o pi cs): r 2 = 0. 9 9 8, p < 0. 0 0 1, y = 4. 0 0 -

5 x 2 + 0. 0 0 7 x- 0. 2 6 7. T eri p ar ati d e: r 2 = 0. 9 9 7, p < 0. 0 0 1, y = 6. 5 0 - 5x 2 + 0. 0 0 4 x- 0. 0 3. B P -P T H 
( u n m o difi e d): r2 = 0. 9 1 1, p < 0. 0 0 1, y = 9. 3 9 - 6x 2 + 0. 0 0 0 9 x + 1. 0 0. D- B P -P T H: r 2 = 0. 7 8 7, p > 0. 0 0 1, y =-
1. 9 2 - 5x 2 + 0. 0 0 4 x + 0. 1 9 6.. N o si g nifi c a nt diff er e n c e w as f o u n d b et w e e n t h e h P T H ( 1- 3 4) st a n d ar ds 
fr o m I m m ut o pi cs a n d t h e t eri p ar ati d e st a n d ar ds ( p = 0. 9 8 7, p > 0. 0 5). 
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4. 4 Li mit ati o ns  

T h e l ar g est li mit ati o n e n c o u nt er e d wit h att e m pti n g t o us e a h P T H ( 1 -3 4) s p e cifi c E LI S A 

f or t h e d et e cti o n of B P-P T H is t h at t h e E LI S A is n ot s p e cifi c f or B P - P T H. T h o u g h t h e 

c o m m er ci al E LI S A is s p e cifi c f or h alf of t h e B P - P T H c o nj u g at e, t h e t et h eri n g of a B P m oi et y 

pr e v e nts a c c ur at e d et e cti o n. A n ot h er si g nifi c a nt li mit ati o n e n c o u nt er e d wit h t h e w or k d es cri b e d 

i n C h a pt er 3 w as t h e hi g h c ost of t h e hi g h s e nsiti vit y h P T H ( 1- 3 4) E LI S A. T o pr o p erl y 

tr o u bl es h o ot a n d e x pl or e a d diti o n al s a m pl e pr e p ar ati o n/ m o difi c ati o n c o n diti o ns r e q uir es a 

s u bst a nti al a m o u nt of E LI S A kits. F urt h er m or e, if a s uit a bl e m et h o d h a d b e e n d e v el o p e d, 

a d diti o n al E LI S A kits w o ul d b e r e q uir e d t o pr o p erl y v ali d at e t h e m et h o d i n a c c or d a n c e t o t h e 

E M A  g ui d eli n es f or bi o a n al yti c al m et h o ds ( 1 9 5).  

  A n ot h er li mit ati o n w as t h at t h e w or k i n t his c h a pt er w as c o n d u ct e d b ef or e t h e L C-

M S/ M S w or k d es cri b e d i n c h a pt er 2. T h er ef or e, t h e us e of L C- M S/ M S a n al ysis w as n ot 

a v ail a bl e t o i m pr o v e or i n cr e as e t h e a c c ur a c y of t h e m et h o d d e v el o p m e nt f or E LI S A a n al ysis. 

A n e x a m pl e of t his is t h e dis cr e p a n c y b et w e e n p er c e nt a g e of B P -P T H W A X c artri d g e bi n di n g 

( Fi g ur e 4. 3 a n d Fi g ur e 2. 1 5 ) d et er mi n e d b y t w o diff er e nt m et h o ds, mi cr o B C A ass a y a n d L C-

M S/ M S. U nf ort u n at el y, at t h e ti m e t h e E LI S A e x p eri m e nts w er e c o n d u ct e d, t h e Str at a -X ™ 

p ol y m eri c s or b e nt as a p urifi c ati o n str at e g y h a d n ot b e e n e x pl or e d y et.  

As d et e cti o n of B P -P T H l at er usi n g L C - M S/ M S a n al ysis h a d pr o v e n t o b e a m or e 

s u c c essf ul a n d e c o n o mi c all y f e asi bl e m et h o d t o q u a ntif y B P- P T H, att e m pts t o d o t h e s a m e usi n g 

a c o m m er ci al E LI S A w er e n ot e x pl or e d as e xt e nsi v el y.  

4. 5 F ut u r e Di r e cti o ns  

If d et e cti n g B P- P T H b y E LI S A is t h e d esir e d m et h o d f or bi o a n al yti c al d et e cti o n, t h e n 

li k el y it w o ul d b e m ost a p pr o pri at e t o d e v el o p a n i n-h o us e E LI S A t h at is s p e cifi c f or t h e 

d et e cti o n of B P - P T H, r at h er t h a n j ust h P T H ( 1- 3 4). T his m et h o d w as n ot e x pl or e d b y o ur 

r es e ar c h gr o u ps as w e d o n ot h a v e t h e e x p ertis e or f a ciliti es t o d e v el o p a n d v ali d at e a n i n - h o us e 

E LI S A pr o c e d ur e. 

 As a f ut ur e dir e cti o n, it m a y b e w ort h w hil e i n v esti g at e  cl e a v a g e of t h e P E G li n k er t h at 

t et h ers t h e B P m oi et y t o t h e p e pti d e m oi et y. If t h e P E G li n k er is a bl e t o b e cl e a v e d t o fr e e t h e 

h P T H ( 1 - 3 4) p orti o n, t h e n t h e c o m m er ci al E LI S A m a y b e a bl e t o i n dir e ctl y d et e ct B P-P T H 

t hr o u g h cl e a v a g e. L C -M S/ M S m a y b e a vi a bl e str a t e g y t o ass ess p ot e nti al cl e a v a g e a g e nts. A 
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s uit a bl e cl e a v a g e a g e nt w o ul d b e r e q uir e d t o s u c c essf ull y cl e a v e t h e P E G li n k er, w hil e e ns uri n g 

t h at t h e h P T H ( 1- 3 4) p orti o n r e m ai ns i nt a ct f or a nti b o d y r e c o g niti o n/ bi n di n g. L astl y, p erf or mi n g 

p urifi c ati o n usi n g t h e o pti mi z e d p urifi c ati o n str at e g y d es cri b e d i n s e cti o n 2. 1 4 t o pr e p ar e t h e 

s a m pl es f or E LI S A a n al ysis m a y yi el d i m pr o v e d r es ults.   

 

4. 6 C o n cl usi o n  

I n s u m m ar y, d eri v ati z ati o n of B P-P T H a p p e ar e d t o b e a n u ns u c c essf ul ( w h e n t est e d wit h 

t h e e x p eri m e nt al c o n diti o ns m e nti o n e d i n t his c h a pt er) a p pr o a c h t o q u a ntif y B P- P T H usi n g 

E LI S A . T h e i n a bilit y of t h e c o m m er ci al E LI S A t o d et e ct u n m o difi e d B P-P T H u n d ers c or es t h e 

i m p ort a n c e of usi n g a cr e ati v e a p pr o a c h f or t h e d et e cti o n of B P-P T H i n r at pl as m a wit h a n 

E LI S A . T his a p pr o a c h m a y b e d e v el o pi n g a n i n-h o us e E LI S A wit h s p e cifi cit y f or B P -P T H, or 

usi n g a u ni q u e s a m pl e pr e p ar ati o n/ m o difi c ati o n pr o c e d ur e t o all o w s a m pl es t o b e a n al y z e d usi n g 

a c o m m er ci al h P T H ( 1 -3 4) E LI S A.  
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G e n er al li mit ati o ns, f ut ur e dir e cti o ns a n d c o n cl usi o ns 
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5. 1 Li mit ati o ns  

T h e l ar g est li mit ati o n t h at is i n v ol v e d wit h t h e i m m e di at e w or k c o n d u ct e d i n t his t h esis 

w as t h e s h ort c ol u m n lif eti m e of t h e P S- C 1 8  c ol u m n w hi c h pr e v e nt e d c o m pl eti o n of m et h o d 

v ali d ati o n. At t h e b e gi n ni n g of m et h o d d e v el o p m e nt wit h t h e P S- C 1 8  c ol u m n, p e a k s h a p e w as 

s uit a bl e wit h mi ni m al p e a k t aili n g a n d c ol u m n b a c k pr ess ur e w as n ot a n iss u e. As m or e n o n-

d eri v ati z e d s a m pl es w er e r a n t hr o u g h t h e c ol u m n, c ol u m n p erf or m a n c e b e g a n t o d e cr e as e, 

l e a di n g t o si g nifi c a nt p e a k t aili n g a n d b a c k- pr ess ur e. T o m ai nt ai n r e pr o d u ci bilit y, c ol u m n 

p erf or m a n c e n e e ds t o b e m ai nt ai n e d o v er h u n dr e ds of a n al yti c al r u ns. D u e t h e li mit e d s el e cti o n 

of bi oi n ert R P- C 1 8  c ol u m ns c o m p ati bl e wit h M S, it m a y b e c h all e n gi n g t o fi n d a m or e s uit a bl e 

c ol u m n t o a c hi e v e si mil ar s e nsit i vit y l e v els as t o t h at of t h e P S- C1 8  c ol u m n.  

A n ot h er li mit ati o n t h at w as e n c o u nt er e d w as t h e l a c k of a n is ot o pi c all y l a b ell e d i nt er n al 

st a n d ar d. Gi v e n t h e c ust o m n at ur e of o ur c o m p o u n d, t h er e ar e n o c o m m er ci all y a v ail a bl e 

str u ct ur al a n al o gs ( B P - c o nj u g at e d p e pti d es) or is ot o pi c all y l a b el e d c o m p o u n ds. S y nt h esi zi n g a n 

i s ot o pi c all y l a b el e d v ari a nt of B P-P T H or usi n g h P T H ( 1- 3 8) w o ul d a d dr ess t his li mit ati o n i n o ur 

st u d y a n d f urt h er i m pr o v e a c c ur a c y.  

E n h a n c e m e nt of M S s e nsiti vit y b y T M S D d eri v ati z ati o n of t h e p h os p h o ni c gr o u ps i n B P -

P T H w as gr e atl y li mit e d b y t h e s e e mi n gl y c o u ntl ess n u m b er of p ossi bl e m et h yl ati o n 

c o m bi n ati o ns t h at aris e d u e t o t h e v ari a bl e n u m b er of m et h yl ati o ns a n d t h e p ossi bl e sit es of 

m et h yl ati o n t h at c a n o c c ur o n t h e B P- P T H c o nj u g at e. T h e g e n er ati o n of n u m er o us m et h yl at e d 

d eri v ati v es of B P - P T H pr e v e nt e d a n a b u n d a nt pr e c urs or i o n fr o m b ei n g s el e ct e d f or M R M 

d e v el o p m e nt, gr e atl y r e d u ci n g t h e m et h o ds s e nsiti vit y.  

5. 2 F ut u r e Di r e cti o ns  

T h e m et h o d d es cri b e d i n C h a pt er 2 will u n d er g o c o m pl et e m et h o d v ali d ati o n o n c e a m or e 

s uit a bl e a n al yti c al c ol u m n is a c q uir e d. O pti m al c hr o m at o gr a p hi c a n d M S p ar a m et ers will b e 

d et er mi n e d f or t h e n e w a n al yti c al c ol u m n. F urt h er m or e, f ut ur e m et h o d d e v el o p m e nt will b e 

p erf or m e d u si n g h P T H ( 1- 3 8) as a n i nt er n al st a n d a r d t o f urt h er i m pr o v e q u a ntifi c ati o n a c c ur a c y. 

Usi n g r h P T H ( 1- 3 4) will e ns ur e t h e I S c o n c e ntr ati o n is c o nsist e nt a cr oss all s a m pl es  as r h P T H 

( 1- 3 8) is n ot a p ossi bl e m et a b olit e of B P-P T H.  

As p art of a pr e vi o usl y c o n d u ct e d G o o d L a b or at or y Pr a cti c e ( G L P) st u d y, pl as m a 

s a m pl es c o nt ai ni n g B P -P T H w er e c oll e ct e d at v ari o us ti m e p oi nts aft er i ntr a v e n o us a n d 
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s u b c ut a n e o us a d mi nistr ati o n i n o v ari e ct o mi z e d r ats ( ost e o p or osis m o d el) a n d fr o z e n f or st or a g e. 

P h ar m a c o ki n eti c e v al u ati o n will b e p erf or m e d o n t h e pr e vi o usl y  c oll e ct e d pl as m a s a m pl es t o 

d et er mi n e bi o distri b uti o n, cl e ar a n c e, a n d r et e nti o n of B P- P T H t o c orr el at e s er u m c o n c e ntr ati o n 

wit h p h ar m a c ol o gi c al r es p o ns e. P h ar m a c o ki n eti c e v al u ati o n p ar a m et ers will b e d et er mi n e d usi n g 

t h e d es cri b e d L C- M S/ M S m et h o d fr o m C h a pt er 2 wit h a n e w c ol u m n. Li k e a n y a n al yti c al 

m et h o d, t h er e is al w a ys r o o m f or i m pr o v e m e nt b y f urt h er o pti mi zi n g pr o c e d ur al st e ps or 

i ntr o d u ci n g a ut o m ati o n w h er e p ossi bl e. F urt h er i m pr o vi n g s a m pl e e xtr a cti o n a n d 

c hr o m at o gr a p hi c c o n diti o ns c o ul d l e a d t o l o w er li mits of d et e cti o n a n d a m or e r o b ust a n d 

effi ci e nt m et h o d.  

 

5. 3 C o n cl usi o ns  

A r e pr o d u ci bl e a n d a c c ur at e L C - M S/ M S m et h o d f or t h e q u a ntifi c ati o n a n d d et e cti o n of a n o v el 

b o n e t ar g eti n g p ar at h yr oi d h or m o n e c o nj u g at e ( B P- P T H) i n r at pl as m a w as s u c c essf ull y 

d e v el o p e d. T o o ur k n o wl e d g e, w e ar e t h e first gr o u p t o r e p ort s u c c essf ul a n al yti c al d et e cti o n a n d 

q u a ntifi c ati o n of a p e pti d e c o nj u g at e d t o a bis p h os p h o n at e i n pl as m a. T h e d e v el o p e d m et h o d 

a c hi e v e d a d et e cti o n li mit of 2. 5 n g/ m L fr o m 2 5 0 µ L of r at pl as m a . A c o m bi n ati o n of pr ot ei n 

pr e ci pit ati o n a n d s oli d -p h as e e xtr a cti o n  w as us e d , all o wi n g f or c o n c e ntr at e d s a m pl es wit h o ut t h e 

n e e d of e v a p or ati o n. Pr e cisi o n a n d a c c ur a c y m e as ur e m e nts w er e all wit hi n a c c or d a n c e t o E M A 

g ui d eli n es ( 1 9 5 ), wit h a n a v er a g e a c c ur a cy of 1 0 2. 2 2 % f or all l e v els a n d C V % f or all ass a y e d 

s a m pl es < 1 0 %. D es pit e a c hi e vi n g s atisf a ct or y v ali d ati o n p ar a m et ers, t h e c h os e n a n al yti c al 

c ol u m n pr o v e d t o b e us a bl e f or o nl y a p pr o xi m at el y 1 5 0 i nj e cti o ns b ef or e b e c o mi n g irr e v ersi bl y 

d a m a g e d. T h e m et h o d will b e r e -o pti mi z e d wit h a m or e a p pr o pri at e a n al yti c al c ol u m n i n t h e 

f ut ur e.  

  I n a n eff ort t o e n h a n c e B P- P T H s e nsiti vit y i n M S a n d f urt h er mi ni mi z e u n w a nt e d a n al yt e 

bi n di n g i n t h e L C- M S/ M S fl o w p at h, T M S D d eri v ati z ati o n w as us e d t o m et h yl at e t h e 

p h os p h o ni c a ci d gr o u ps pr es e nt i n t h e B P m oi et y of B P- P T H. L a c k of s p e cifi cit y wit h t h e 

d eri v ati z ati o n a g e nt r es ult e d i n t h e cr e ati o n of n u m er o us B P- P T H d eri v ati v es, wit h t h e m ost 

a b u n d a nt c orr es p o n di n g t o d eri v ati v es c o nt ai ni n g 1 1- 1 5 m et h yl ati o ns. T h e g e n er ati o n of 

n u m er o us d eri v ati v es c a us e d b y t h e v ari o us n u m b er of p ossi bl e m et h yl ati o n sit es o n t h e 

c o nj u g at e r es ult e d i n p o or er M S s e nsiti vit y i n c o m p aris o n t o n o n- d eri v ati z e d B P -P T H.  
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 T h e us e of a hi g hl y s p e cifi c c o m m er ci al h P T H ( 1 - 3 4) E LI S A w as als o e x pl or e d t o ass ess 

s uit a bilit y f or d et e cti o n of B P -P T H. T h e E LI S A w as u n a bl e t o est a blis h a c o n c e ntr ati o n -r es p o ns e 

r el ati o ns hi p f or u n m o difi e d B P- P T H. M o difi c ati o ns t o B P- P T H w er e u n d ert a k e n wit h t h e ai m t o 

g e n er at e v ari a nts t h at ar e m or e c h e mi c all y a n d str u ct ur all y s i mil ar t o h P T H( 1- 3 4) t o all o w f or 

E LI S A d et e cti o n. N e utr ali z ati o n of t h e p h os p h at e gr o u ps w as  u ns u c c essf ul a n d di d n ot l e a d t o 

s uit a bl e E LI S A d et e cti o n.  
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I n v est. 2 0 0 6; 1 1 6( 5): 1 2 0 2- 1 2 0 9. 

3 1 . R alst o n S H. G e n eti c D et er mi n a nts of B o n e M ass a n d Ost e o p or oti c Fr a ct ur e. I n: Pri n ci pl es of 

B o n e Bi ol o g y, T w o - V ol u m e S et. V ol 2. Els e vi er I n c.; 2 0 0 8: 1 6 1 1- 1 6 3 4. 

3 2.  K h osl a S, O ursl er MJ, M o nr o e D G. Estr o g e n a n d t h e s k el et o n. Tr e n ds E n d o cri n ol M et a b . 

2 0 1 2; 2 3( 1 1): 5 7 6- 5 8 1. 

3 3.  S ai k a M, I n o u e D, Ki d o S, M ats u m ot o T. 1 7 β -estr a di ol sti m ul at es e x pr essi o n of 

ost e o pr ot e g eri n b y a m o us e str o m al c ell li n e, S T- 2, vi a estr o g e n r e c e pt or α. E n d o cri n ol o g y . 

2 0 0 1; 1 4 2: 2 2 0 5 – 2 2 1 2. 

3 4.  R o bi ns o n LJ, Y ar osl a vs ki y B B, Gris w ol d R D, et al. Estr o g e n i n hi bits R A N K L-sti m ul at e d 

ost e o cl asti c diff er e nti ati o n of h u m a n m o n o c yt es t hr o u g h estr o g e n a n d R A N K L -r e g ul at e d 

i nt er a cti o n of estr o g e n r e c e pt or- al p h a wit h B C A R 1 a n d Tr af 6. E x p C ell R es . 2 0 0 9; 3 1 5( 7): 1 2 8 7‐

1 3 0 1.  

3 5.  M ar usi c A, K o v a ci c N, L u ki c I, K at a vi c V, Gr c e vi c D. U n d erst a n di n g t h e r ol e of F as -F as 

li g a n d s yst e m i n b o n e. Art hritis R es T h er . 2 0 1 2; 1 4( S u p pl 1): O 2 0   

3 6.  S u n L, P e n g Y, S h arr o w A C, et al. F S H dir e ctl y r e g ul at es b o n e m ass. C ell . 2 0 0 6; 1 2 5( 2): 2 4 7- 

3 7.  A n d ers o n F H, Fr a n cis R M, S el b y P L, C o o p er C. S e x H or m o n es a n d Ost e o p or osis i n M e n. 

C al cif Tiss u e I nt . 1 9 9 8; 6 2( 3): 1 8 5- 1 8 8. 

3 8.  C ol v ar d D S, Eri ks e n E F, K e eti n g P E, et al. I d e ntifi c ati o n of a n dr o g e n r e c e pt ors i n n or m al 

h u m a n ost e o bl ast -li k e c ells. Pr o c N atl A c a d S ci U S A . 1 9 8 9; 8 6( 3): 8 5 4- 8 5 7.  

3 9.  K ell y PJ, P o c o c k N A, S a m br o o k P N, Eis m a n J A. Di et ar y c al ci u m, s e x h or m o n e s, a n d b o n e 

mi n er al d e nsit y i n m e n. Br M e d J . 1 9 9 0; 3 0 0( 6 7 3 6): 1 3 6 1- 1 3 6 4.  

4 0.  Sl e m e n d a C W, L o n g c o p e C, Z h o u L, H ui S L, P e a c o c k M, J o h nst o n C C. S e x st er oi ds a n d 

b o n e m ass i n ol d er m e n. P ositi v e ass o ci ati o ns wit h s er u m estr o g e ns a n d n e g ati v e ass o ci ati o ns 

wit h a n dr o g e ns. J Cli n I n v est . 1 9 9 7; 1 0 0( 7): 1 7 5 5- 1 7 5 9.  

4 1.  C ar a ni C, Qi n K, Si m o ni M, et al. Eff e ct of T e st ost er o n e a n d Estr a di ol i n a M a n wit h 

Ar o m at as e D efi ci e n c y. N E n gl J M e d . 1 9 9 7; 3 3 7( 2): 9 1- 9 5. 
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4 2.  Ag uirr e L E, C oll el u ori G, F o wl er K E, et al. Hi g h ar o m at as e a cti vit y i n h y p o g o n a d al m e n is 

ass o ci at e d wit h hi g h er s pi n e b o n e mi n er al d e nsit y, i n cr e as e d tr u n c al f at a n d r e d u c e d l e a n m ass. 

E ur J E n d o cri n ol . 2 0 1 5; 1 7 3( 2): 1 6 7- 1 7 4. 

4 3.  Cr a n n e y A, P a p ai o a n n o u A, Z yt ar u k N, et al. P ar at h yr oi d h or m o n e f or t h e tr e at m e nt of 

ost e o p or osi s: A s yst e m ati c r e vi e w. C M A J . 2 0 0 6; 1 7 5( 1): 5 2-5 9.  

4 4. M asi u ki e wi c z U S, I ns o g n a K L. T h e r ol e of p ar at h yr oi d h or m o n e i n t h e p at h o g e n esis, 

pr e v e nti o n a n d tr e at m e nt of p ost m e n o p a us al ost e o p or osis. A gi n g Cli n E x p R es . 1 9 9 8; 1 0( 3): 2 3 2-

2 3 9. 

4 5.  A u g usti n e M, H or wit z MJ. P ar at h yr oi d h or m o n e a n d p ar at h yr oi d h or m o n e-r el at e d pr ot ei n 

a n al o gs as t h er a pi es f or ost e o p or osis. C urr Ost e o p or os R e p . 2 0 1 3; 1 1( 4): 4 0 0- 4 0 6. 

4 6.  Es brit P, Al c ar a z MJ. C urr e nt p ers p e cti v es o n p ar at h yr oi d h or m o n e ( P T H) a n d P T H-r el at e d 

pr ot ei n ( P T Hr P) as b o n e a n a b oli c t h er a pi es. Bi o c h e m P h ar m a c ol . 2 0 1 3; 8 5: 1 4 1 7 – 2 3. 

4 7.  M a n nst a dt M, J ü p p n er H, G ar d ell a TJ. R e c e pt ors f or P T H a n d P T Hr P: t h eir bi ol o gi c al 

i m p ort a n c e a n d f u n cti o n al pr o p erti es. A m J P h ysi ol . 1 9 9 9; 2 7 7: F 6 6 5- 6 7 5. 

4 8.  Erl e b a c h er A, Fil v ar off E H, Y e J Q, D er y n c k R. Ost e o bl asti c r es p o ns es t o T G F- b et a d uri n g 

b o n e r e m o d eli n g. M ol Bi ol C ell . 1 9 9 8; 9( 7): 1 9 0 3‐1 9 1 8.  

4 9.  S a h ni S, M a n g a n o K M, M c L e a n R R, H a n n a n M T, Ki el D P. Di et ar y A p pr o a c h es f or B o n e 

H e alt h: L ess o ns fr o m t h e Fr a m i n g h a m Ost e o p or osis St u d y. C urr Ost e o p or os R e p . 

2 0 1 5; 1 3( 4): 2 4 5- 2 5 5. 

5 0.  L e vis S, L a g ari V S. T h e r ol e of di et i n ost e o p or osis pr e v e nti o n a n d m a n a g e m e nt. C urr 

Ost e o p or os R e p . 2 0 1 2; 1 0( 4): 2 9 6- 3 0 2. 

5 1.  Li ps P, V a n S c h o or N M. T h e eff e ct of vit a mi n D o n b o n e a n d ost e o p or osis. B est Pr a ct R es 

Cli n E n d o cri n ol M et a b . 2 0 1 1; 2 5( 4): 5 8 5- 5 9 1. 

5 2.  I O M (I nstit ut e of M e di ci n e). Di et ar y r ef er e n c e i nt a k es f or c al ci u m a n d vit a mi n D. 

W as hi n gt o n, D C: T h e N ati o n al A c a d e mi c. Pr ess; 2 0 1 1.  

5 3.  D e vi n e A, Wils o n S G, Di c k I M, et al. Eff e cts of vit a mi n D m et a b olit es o n i nt esti n al c al ci u m 

a bs or pti o n a n d b o n e t ur n o v er i n el d erl y w o m e n.  A m J Cli n N utri.  2 0 0 2; 7 5( 2): 2 8 3 – 2 8 8. 

5 4.  E b eli n g P R. Vit a mi n D a n d b o n e h e alt h: E pi d e mi ol o gi c st u di es. B o n e k e y R e p . 2 0 1 4; 3: 5 1 1. 

5 5.  H e a n e y R P, L a y m a n D K. A m o u nt a n d t y p e of pr ot ei n i nfl u e n c es b o n e h e alt h. I n: A m J Cli n 

N utr . 2 0 0 8; 8 7( 5): 1 5 6 7 S- 1 5 7 0 S. 
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5 6.  P o ur es m a eili F, K a m ali d e h g h a n B, et al. A c o m pr e h e nsi v e o v er vi e w o n ost e o p or osis a n d its 

ris k f a ct ors. T h er Cli n Ris k M a n a g . 2 0 1 8; 1 4: 2 0 2 9- 2 0 4 9. 

5 7.  Bij eli c R, Mili c e vi c S, B al a b a n J. Ris k F a ct ors f or Ost e o p or osis i n P ost m e n o p a us al W o m e n. 

M e d Ar c h ( S ar aj e v o, B os ni a H erz e g o vi n a) . 2 0 1 7; 7 1( 1): 2 5- 2 8. 

5 8.  Al c o h ol a n d Ot h er F a ct ors Aff e cti n g Ost e o p or osis Ris k i n W o m e n. 

htt ps:// p u bs. ni a a a. ni h. g o v/ p u bli c ati o ns/ ar h 2 6- 4/ 2 9 2- 2 9 8. ht m. A c c ess e d J a n u ar y 1 4, 2 0 2 0. 

5 9.  C h er a g hi Z, D o osti-Ir a ni A, Al m asi- H as hi a ni A, et al. T h e eff e ct of al c o h ol o n ost e o p or osis: 

A s yst e m ati c r e vi e w a n d m et a - a n al ysis. Dr u g Al c o h ol D e p e n d.  2 0 1 9; 1 9 7: 1 9 7- 2 0 2. 

6 0.  M ar c us R, Kir atli BJ. P h ysi c al a cti vit y a n d ost e o p or osis. I n: St e v e ns o n, J. C., a n d Li n ds a y, 

R., e ds. Ost e o p or osis . N e w Y or k: C h a p m a n & H all M e di c al, 1 9 9 8: 3 0 9 – 3 2 3. 

6 1.  Mill ar d P S. Pr e v e nti o n of ost e o p or osis. I n: R os e n, C.J., e d. Ost e o p or osis: Di a g n osis a n d 

T h er a p e uti c Pri n ci pl es . T ot o w a, NJ: H u m a n a Pr ess, 1 9 9 6: 2 7 5 – 2 8 5. 

6 2.  S al ari S h arif P, A b d oll a hi M, L arij a ni B. C urr e nt, n e w a n d f ut ur e tr e at m e nts of ost e o p or osis. 

R h e u m at ol I nt . 2 0 1 1; 3 1( 3): 2 8 9- 3 0 0.  

6 3.  P at el S. C urr e nt a n d p ot e nti al f ut ur e dr u g tr e at m e nts f or ost e o p or osis. A n n R h e u m Dis . 

1 9 9 6; 5 5( 1 0): 7 0 0- 7 1 4.  

6 4.  L e es B, St e v e ns o n J C. T h e pr e v e nti o n of ost e o p or osis usi n g s e q u e nti al l o w-d os e h or m o n e 

r e pl a c e m e nt t h er a p y wit h estr a di ol-1 7 β a n d d y dr o g est er o n e. Ost e o p or os I nt . 2 0 0 1; 1 2( 4): 2 5 1-

2 5 8.  

6 5.   G a m b a c ci a ni M, L e v a n ci ni M. H or m o n e r e pl a c e m e nt t h er a p y a n d t h e pr e v e nti o n of 

p ost m e n o p a us al ost e o p or osis. Prz M e n o p a uz al n y . 2 0 1 4; 1 3( 4): 2 1 3- 2 2 0.  

6 6 . C a ul e y  J A, R o b bi ns J, C h e n  Z,  et  al.  Eff e cts  of estr o g e n  pl u s pr o g esti n o n ris k of fr a ct ur e a n d 

b o n e mi n er al  d e nsit y: t h e W o m e n's  H e alt h  I niti ati v e r a n d o mi z e d tri al. J A M A  2 0 0 3; 2 9 0: 1 7 2 9-

1 7 3 8. 

6 7.  Vi c k ers  M R,  M a c L e n n a n  A H,  L a wt o n  B,  et  al.  M ai n  m or bi diti es  r e c or d e d i n t h e w o m e n's  

i nt er n ati o n al st u d y of l o n g d ur ati o n o estr o g e n  aft er  m e n o p a us e ( WI S D O M): a r a n d o mis e d 

c o ntr oll e d  tri al of h or m o n e r e pl a c e m e nt t h er a p y i n p ost m e n o p a us al w o m e n. B M J . 2 0 0 7; 3 3 5: 2 3 9-

2 5 0. 

6 8.  H ull e y  S,  F ur b er g C,  B arr ett - C o n n or E,  et  al.  N o n c ar di o v as c ul ar dis e as e  o ut c o m es d uri n g 6. 8 

y e ars  of h or m o n e t h er a p y: H e art  a n d Estr o g e n/ pr o g esti n R e pl a c e m e nt  St u d y f oll o w- u p ( H E R S 

II). J A M A . 2 0 0 2;( 2 8 8): 5 8- 6 6. 



 1 7 1  

6 9.  R oss o u w J E, A n d ers o n G L,  Pr e nti c e  R L  et  al.   Ris ks  a n d  b e n efits  of  estr o g e n   pl us   

pr o g esti n  i n  h e alt h y  p ost m e n o p a us al w o m e n:  pri n ci p al  r es ults  fr o m  t h e  W o m e n’s   H e alt h   

I niti ati v e r a n d o mi z e d C o ntr oll e d Tri al.  J A M A.  2 0 0 2;( 2 8 8): 3 2 1 – 3 3 3. 

7 0.  U. S.  Pr e v e nti v e S er vi c es  T as k  F or c e . H or m o n e t h er a p y f or t h e pr e v e nti o n of c hr o ni c 

c o n diti o ns i n p ost m e n o p a us al w o m e n: r e c o m m e n d ati o ns fr o m t h e U. S.  Pr e v e nti v e S er vi c es  T as k  

F or c e.  A n n  I nt er n M e d . 2 0 0 5; 1 4 2: 8 5 5- 8 6 0. 

7 1.  A n K C. S el e cti v e estr o g e n r e c e pt or m o d ul at ors. Asi a n S pi n e J . 2 0 1 6; 1 0( 4): 7 8 7- 7 9 1.  

7 2 . G e n n ari L, M erl otti D, V all e g gi F, M arti ni G, N uti R. S el e cti v e estr o g e n r e c e pt or m o d ul at ors 

f or p ost m e n o p a us al ost e o p or osis: C urr e nt st at e of d e v el o p m e nt. Dr u gs a n d A gi n g . 

2 0 0 7; 2 4( 5): 3 6 1- 3 7 9.  

7 3.  D el m as  P D,  E nsr u d K E,  A d a c hi J D, et  al.  Effi c a c y  ofr al o xif e n e o n v ert e br al fr a ct ur e ris k 

r e d u cti o n i n p ost- m e n o p a us al w o m e n wit h  ost e o p or osis: f o ur-y e ar  r es ults fr o m a r a n d o mi z e d 

cli ni c al  tri al. J Cli n  E n d o cri n ol M et a b  2 0 0 2; 8 7: 3 6 0 9 – 3 6 1 7. 

7 4.  B arr ett - C o n n or E,  M os c a  L,  C olli ns  P,  et  al.  Eff e cts  ofr al o xif e n e  o n   c ar di o v as c ul ar   e v e nts  

a n d  br e ast   c a n c er   i n  p ost - m e n o p a us al w o m e n. N E n g  J M e d . 2 0 0 6;( 3 5 5): 1 2 5 – 1 3 7. 

7 5.  H e a n e y  R P.  B o n e m ass,  n utriti o n, a n d ot h er lif est yl e f a ct ors. A m  J M e d.  1 9 9 3;( 9 5): 2 9- 3 3 S. 

7 6. C arri é  F ässl er  A L,  B o nj o ur J P. Ost e o p or osis as  a p e di atri c  pr o bl e m. P e di atr Cli n  N ort h  A m  

1 9 9 5;( 4 2): 8 1 1- 8 2 4. 

7 7.  J a c ks o n  R D,  L a Cr oi x  A Z,  G ass  M,  et  al.  C al ci u m  pl us vit a mi n  D s u p pl e m e nt ati o n  a n d t h e 

ris k of fr a ct ur es. N E n g  J M e d. 2 0 0 6;( 3 5 4): 6 6 9 – 6 8 3. 

7 8.  C hi o di ni I, B oll a n d MJ. C al ci u m s u p pl e m e nt ati o n i n ost e o p or osis: us ef ul or h ar mf ul ? E ur J 

E n d o cri n ol . 2 0 1 8; 1 7 8( 4): D 1 3- D 2 5. 

7 9.  T a n g  B M,  Esli c k  G D,  N o ws o n  C,  et  al.  Us e  of c al ci u m  or c al ci u m  i n c o m bi n ati o n wit h  

vit a mi n  D s u p pl e m e nt ati o n t o pr e v e nt fr a ct ur es a n d b o n e l oss i n p e o pl e a g e d  5 0 y e ars  a n d ol d er: 

a m et a -a n al ysis.  L a n c et. 2 0 0 7;( 3 7 0): 6 5 7 – 6 6 6. 

8 0.  W hit a k er M, G u o J, K e h o e T, et al. Bis p h os p h o n at es f or Ost e o p or osis — W h er e D o W e G o 

fr o m H er e ? N E n gl J M e d . 2 0 1 2; 3 6 6( 2 2): 2 0 4 8- 2 0 5 1.  

8 1.  L e wi e c ki E M. Bis p h os p h o n at es f or t h e tr e at m e nt of ost e o p or osis: I nsi g hts f or cli ni ci a ns. 

T h er A d v C hr o ni c Dis . 2 0 1 0; 1( 3): 1 1 5- 1 2 8.  

8 2.  P o ol e K E, C o m pst o n J E. Bis p h os p h o n at es i n t h e tr e at m e nt of ost e o p or osis. B M J . 

2 0 1 2;( 3 4 4): e 3 2 1 1- e 3 2 1 1. 
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8 3.  R uss ell R G G, W a tts N B, E b eti n o F H, R o g ers MJ. M e c h a nis ms of a cti o n of bis p h os p h o n at es: 

Si mil ariti es a n d diff er e n c es a n d t h eir p ot e nti al i nfl u e n c e o n cli ni c al effi c a c y. Ost e o p or os I nt . 

2 0 0 8; 1 9( 6): 7 3 3- 7 5 9.  

8 4. S u n y e c z J. A. Z ol e dr o ni c a ci d i nf usi o n f or pr e v e nti o n a n d tr e at m e nt of 

ost e o p or osis. I nt er n ati o n al j o ur n al of w o m e n's h e alt h. 2 0 1 0; 2: 3 5 3 – 3 6 0.  

8 5.  H arris  S T,  W atts  N B,  G e n a nt H K,  et  al.  Eff e ct  of ris e dr o n at e tr e at m e nt o n v ert e br al a n d n o n-

v ert e br al  fr a ct ur es i n w o m e n  wit h  p ost m e n o p a us al ost e o p or osis. A r a n d o mi z e d c o ntr oll e d  tri al. 

J A M A. 1 9 9 9; 2 8 2: 1 3 4 4- 1 3 5 2.   

8 6.  R e gi nst er J Y, Mi n n e H,  S or e ns e n  O,  et  al. R a n d o mi z e d tri al of t h e eff e cts  of ris e dr o n at e o n 

v ert e br al  fr a ct ur es i n w o m e n  wit h  est a blis h e d  p ost m e n o p a us al ost e o p or osis. Ost e o p or os I nt . 

2 0 0 0; 1 1: 8 3- 9 1    

8 7.  D el m as  P D,  R e c k er  R R,  C h es n ut C H  3r d, et  al.  D ail y  a n d  i nt er mitt e nt or al  i b a n dr o n at e 

n or m al i z e b o n e t ur n o v er a n d pr o vi d e si g nifi c a nt  r e d u cti o n i n v ert e br al  fr a ct ur e ris k: r es ults fr o m 

t h e B O N E  st u d y. Ost e o p or os I nt. 2 0 0 4; 1 5: 7 9 2- 7 9 8. 

8 8.  Bl a c k  D M,  D el m as  P D,  E ast ell  R,  et  al.  O n c e -y e arl y  z ol e dr o ni c a ci d  f or tr e at m e nt of 

p ost m e n o p a us al ost e o p or osi s. N E n gl  J M e d. 2 0 0 7; 3 5 6: 1 8 0 9- 1 8 2 2. 

8 9.  M c Cl u n g M R,  G e us e ns  P,  Mill er  P D,  et  al.  Eff e ct  of ris e dr o n at e o n t h e ris k of hi p  fr a ct ur e i n 

el d erl y  w o m e n. Hi p  I nt er v e nti o n Pr o gr a m  St u d y Gr o u p. N E n gl  J M e d . 2 0 0 1; 3 4 4: 3 3 3- 3 4 0. 

9 0.  Br o w n  J P, K e n dl er D L,  M c Cl u n g M R , et  al.  T h e  effi c a c y  a n d t ol er a bilit y of ris e dr o n at e o n c e 

a w e e k  f or t h e tr e at m e nt of p ost m e n o p a us al ost e o p or osis. C al cif  Tiss  I nt. 2 0 0 2; 7 1( 2): 1 0 3- 1 1 1 

9 1.  D el m as  P D,  M c Cl u n g M R,  Z a n c h ett a  J R, et  al. Effi c a c y  a n d  s af et y  of ris e dr o n at e 1 5 0 m g  

o n c e a m o nt h i n t h e tr e at m e nt of p ost m e n o p a us al ost e o p or osis. B o n e. 2 0 0 8; 4 2: 3 6- 4 2. 

9 2.  D el m as  P D,  B e n h a m o u C L,  M a n  Z,  et  al.  M o nt hl y d osi n g of 7 5 m g  ris e dr o n at e o n 2 

c o ns e c uti v e d a ys a m o nt h: effi c a c y  a n d  s af et y  r es ults. Ost e o p or os I nt . 2 0 0 8; 1 9: 1 0 3 9- 1 0 4 5. 

9 3.  C a m a c h o P M, P et a k S M, Bi n kl e y N, et al. G ui d eli n es f or t h e Di a g n osis a n d Tr e at m e nt of 

P ost m e n o p a us al Ost e o p or osis: A A C E/ A C E 2 0 1 6. E n d o cr Pr a ct . 2 0 1 6; 2 2( S u p pl e m e nt 4): 1- 4 2.  

9 4.  Cr a m er J A, G ol d D T, Sil v er m a n S L, L e wi e c ki E M. A s yst e m ati c r e vi e w of p ersist e n c e a n d 

c o m pli a n c e wit h bis p h os p h o n at es f or ost e o p or osis. Ost e o p or os I nt . 2 0 0 7; 1 8( 8): 1 0 2 3- 1 0 3 1. 

9 5.  G e d mi nt as L, S ol o m o n D H, Ki m S C. Bis p h os p h o n at es a n d ris k of s u btr o c h a nt eri c, f e m or al 

s h aft,  a n d  at y pi c al  f e m ur  fr a ct ur e:  a  s yst e m ati c  r e vi e w  a n d  m et a -a n al y sis .  J  B o n e  Mi n er  R es. 

2 0 1 3; 2 8( 8): 1 7 2 9- 1 7 3 7.      
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9 6.  Mi gli or ati C A, Si e g el M A, Elti n g L S. Bis p h os p h o n at e -ass o ci at e d ost e o n e cr osis: a l o n g -t er m 

c o m pli c ati o n of bis p h os p h o n at e tr e at m e nt. L a n c et O n c ol . 2 0 0 6; 7( 6): 5 0 8- 5 1 4. 

9 7.  Y o o d R A, E m a ni S, R e e d JI, et al. C o m pli a n c e wit h p h ar m a c ol o gi c t h er a p y f or ost e o p or osis. 

Ost e o p or os I nt . 2 0 0 3; 1 4: 9 6 5- 9 6 8. 

9 8.  C ar o JJ, Is h a k KJ, H u y br e c hts K F, et al. T h e i m p a ct of c o m pli a n c e wit h ost e o p or osis t h er a p y 

o n fr a ct ur e r at es i n a ct u al pr a cti c e . Ost e o p or os I nt . 2 0 0 4; 1 5: 1 0 0 3- 1 0 0 8. 

9 9.  M c C o m bs J S, T hi e b a u d P, L a u g hli n- Mil e y C, et al. C o m pli a n c e wit h dr u g t h er a pi es f or t h e 

tr e at m e nt a n d pr e v e nti o n of ost e o p or osis. M at urit as . 2 0 0 4; 4 8: 2 7 1- 2 8 7. 

1 0 0.  M u ñ o z- T orr es M, Al o ns o G, M e z q uit a R a y a P. C al cit o ni n T h er a p y i n Ost e o p or osis. Tr e at 

E n d o cri n ol . 2 0 0 4; 3( 2): 1 1 7- 1 3 2. 

1 0 1.  K alli o D M, G a n at P R, Mi n ki n C. Ultr astr u ct ur al eff e cts of c al cit o ni n o n ost e o cl asts i n tiss u e 

c ult ur e. J Ultr astr u ct R es.  1 9 7 2; 3 9: 2 0 5- 2 1 6. 

1 0 2.  C h a m b ers TJ, M a g n us CJ. C al cit o ni n alt ers b e h a vi o ur of is ol at e d ost e o cl asts. J P at h ol . 

1 9 8 2; 1 3 6: 9 7- 1 0 6. 

1 0 3.  Lj u n g h all S, G är ds ell P, J o h n ell O, et al. S y nt h eti c h u m a n c al cit o ni n i n p ost m e n o p a us al 

ost e o p or osis: a pl a c e b o- c o ntr oll e d, d o u bl e- bli n d st u d y. C al cif Tiss u e I nt . 1 9 9 1; 4 9: 1 7 –1 9.  

1 0 4.  T h a ms b or g G, St or m  T L, S y k uls ki  R, et al. Eff e ct of diff er e nt d os es of n as al c al cit o ni n o n 

b o n e m ass. C al cif Tiss u e I nt . 1 9 9 1; 4 8: 3 0 2 – 3 0 7. 

1 0 5.  Sil v er m a n S L, C h es n ut  C, A n dri a n o  K, et al. S al m o n c al cit o ni n  nas al  s pr a y  ( N S -C T)  

r e d u c es  ris k  of  v ert e br al  fr a ct ur e(s)  ( V F)  i n  est a blis h e d  ost e o p or osis  a n d  h as  c o nti n u o us 

effi c a c y  wit h  pr ol o n g e d  tr e at m e nt:  a c cr u e d  5 y e ar  w orl d wi d e d at a of t h e P R O O F St u d y . J 

B o n e Mi n er R es . 1 9 9 8; 2( S u p pl 5): S 1 7 4. 

1 0 6.  H o ds o n A B, B a u er D C, D e m pst er D W, et al. P ar at h yr oi d h or m o n e a n d  t eri p ar ati d e  f or  t h e  

tr e at m e nt  of  ost e o p or osis:  a r e vi e w  of  t h e  e vi d e n c e  a n d  s u g g est e d  g ui d eli n es  f or  its  us e. 

E n d o cr R e v . 2 0 0 5; 2 6: 6 8 8 – 7 0 3. 

1 0 7.  N e er R M, Ar n a u d C D, Z a n c h ett a J R, et al. Eff e ct of P ar at h yr oi d H or m o n e ( 1- 3 4) o n 

Fr a ct ur es a n d B o n e Mi n er al D e nsit y i n P ost m e n o p a us al W o m e n wit h Ost e o p or osis. N E n gl J 

M e d . 2 0 0 1; 3 4 4( 1 9): 1 4 3 4- 1 4 4 1.  

1 0 8.  H o ds m a n A B, St e er B M. E arl y hist o m or p h o m etri c c h a n g es i n r es p o ns e t o p ar at h yr oi d 

h or m o n e t h er a p y i n ost e o p or osis: e vi d e n c e f or d e n o v o b o n e f or m ati o n o n q ui es c e nt c a n c ell o us 

s urf a c es. B o n e.  1 9 9 3; 1 4: 5 2 3- 5 2 7. 
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1 0 9.  Z a n c h ett a J R, B o g a d o C E, F err etti J L, et al. Eff e cts of t eri p ar ati d e [r e c o m bi n a nt h u m a n 

p ar at h yr oi d h or m o n e ( 1 - 3 4)] o n c orti c al b o n e i n p ost m e n o p a us al w o m e n wit h ost e o p or osis. J 

B o n e Mi n er R es . 2 0 0 3; 1 8: 5 3 9- 5 4 3. 

1 1 0.  Ji a n g Y, Z h a o JJ, Mitl a k B H, et al. R e c o m bi n a nt h u m a n p ar at h yr oi d h or m o n e ( 1 – 3 4) 

[t eri p ar ati d e] i m pr o v es b ot h c orti c al a n d c a n c ell o us b o n e str u ct ur e. J B o n e Mi n er R es . 

2 0 0 3; 1 8: 1 9 3 2 – 1 9 4 1. 

1 1 1.  B o d y JJ, G ai c h G A, S c h e el e W H, et al. A r a n d o mi z e d d o u bl e-bli n d   tri al   t o   c o m p ar e   

t h e   effi c a c y   of   t eri p ar ati d e [r e c o m bi n a nt h u m a n p ar at h yr oi d h or m o n e ( 1 – 3 4)] wit h 

al e n dr o n at e   i n   p ost m e n o p a us al   w o m e n   wit h   ost e o p or osis. J Cli n E n d o cri n ol M et a b . 

2 0 0 2; 8 7: 4 5 2 8 – 4 5 3 5. 

1 1 2.  V a hl e J L, S at o M, L o n g G G, et al. S k el et al c h a n g es i n r ats gi v e n d ail y s u b c ut a n e o us 

i nj e cti o ns of r e c o m bi n a nt h u m a n p ar at h yr oi d h or m o n e ( 1- 3 4) f or 2 y e ars a n d r el e v a n c e t o h u m a n 

s af et y. T o xi c ol P at h ol . 2 0 0 2; 3 0: 3 1 2- 2 1. 

1 1 3.  P al m er M, A d a mi H O, Kr us e m o Y B, et al. I n cr e as e d ris k of m ali g n a nt dis e as es aft er 

s ur g er y f or pri m ar y h y p er p ar at h yr oi dis m: a n ati o n wi d e c o h ort st u d y. A m J 

E pi d e mi ol . 1 9 8 8; 1 2 7: 1 0 3 1- 1 0 4 0. 

1 1 4.  L a n e N E, S a n c h e z S, M o di n G W, et al. P ar at h yr oi d h or m o n e tr e at m e nt c a n r e v ers e 

c orti c ost er oi d -i n d u c e d ost e o p or osis: r es ults of a r a n d o mi z e d c o ntr oll e d cli ni c al tri al. J Cli n 

I n v est. 1 9 9 8; 1 0 2: 1 6 2 7- 1 6 3 3. 

1 1 5.  Cr a n d all C. P ar at h yr oi d h or m o n e f or tr e at m e nt of ost e o p or osis. Ar c h I nt er n M e d . 

2 0 0 2; 1 6 2( 2 0): 2 2 9 7- 2 3 0 9. 

1 1 6.  S c h w a b P, Kl ei n R F. N o n p h ar m a c ol o gi c al a p pr o a c h es t o i m pr o v e b o n e h e alt h a n d r e d u c e 

ost e o p or osis. C urr O pi n R h e u m at ol . 2 0 0 8; 2 0( 2): 2 1 3- 2 1 7. 

1 1 7.  C or o n a d o-Z ar c o R, Ol as c o a g a -G ó m e z D e L e ó n A, G ar cí a -L ar a A, Q ui n z a ñ os - Fr es n e d o J, 

N a v a -Br i n g as TI, M a cí as- H er n á n d e z SI. N o n p h ar m a c ol o gi c al i nt er v e nti o ns f or ost e o p or osis 

tr e at m e nt: S yst e m ati c r e vi e w of cli ni c al pr a cti c e g ui d eli n es. Ost e o p or os S ar c o p e ni a . 

1 1 8.  P a zi a n as M, A br a h a ms e n B, F err ari  S, et al. Eli mi n ati n g t h e n e e d f or f asti n g wit h or a l 

a d mi nistr ati o n of bis p h os p h o n at es. T h er a n d cli n ris k m g mt.  2 0 1 3; 9: 3 9 5 – 4 0 2. 

1 1 9.  M aj or P , Li pt o n A, B er e ns o n J. et al.  Or al bis p h os p h o n at es. C a n c er . 2 0 0 0;8 8: 6- 1 4.  

1 2 0. Li n J H. Bis p h os p h o n at es: A r e vi e w of t h eir p h ar m a c o ki n eti c pr o p erti es. B o n e . 1 9 9 6; 1 8: 7 5-

8 5.  
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1 2 1. Cr e m er s S, Dr a k e M T, E b eti n o F H, et al . P h ar m a c ol o g y of bis p h os p h o n at es. Br J Cli n 

P h ar m a c ol . 2 0 1 9; 8 5( 6): 1 0 5 2- 1 0 6 2. 

1 2 2. C h a e J W, S e o J W, M a h at B. et al. A si m pl e p h ar m a c o ki n eti c m o d el of al e n dr o n at e 

d e v el o p e d usi n g pl as m a c o n c e ntr ati o n a n d uri n e e x cr eti o n d at a fr o m h e alt h y m e n. Dr u g 

D e v el o p m e nt a n d I n d ustri al P h ar m a c y . 2 0 1 4; 4 0: 1 3 2 5- 1 3 2 9. 

1 2 3. S att er w hit e J, H e at h m a n  M, Mill er P D , et al. P h ar m a c o ki n eti cs of t eri p ar ati d e (r h P T H[ 1 -

3 4]) a n d c al ci u m p h ar m a c o d y n a mi cs i n p ost m e n o p a us al w o m e n wit h ost e o p or osis. C al cifi e d 

tiss u e i nt er n ati o n al. 2 0 1 0;8 7 ( 6): 4 8 5 – 4 9 2. 

1 2 4 . F ort e o pr o d u ct i nf or m ati o n. U S F e d er al Dr u g A d mi nistr ati o n ( F D A). 2 0 0 8. R etri e v e d fr o m:  

htt ps:// w w w. a c c ess d at a.f d a. g o v/ dr u gs atf d a _ d o cs/l a b el/ 2 0 0 8/ 0 2 1 3 1 8s 0 1 5l bl. p df 

1 2 5.  R es z k a A A, R o d a n G A. Bis p h o s p h o n at e m e c h a nis m of a cti o n. C urr R h e u m at ol R e p . 

2 0 0 3; 5( 1): 6 5- 7 4. 

1 2 6.  M as ar a c hi a P, W ei nr e b M, B al e n a R, et al. C o m p aris o n of t h e distri b uti o n of 3 H-

al e n dr o n at e a n d 3 H - eti dr o n at e i n r at a n d m o us e b o n es. B o n e . 1 9 9 6; 1 9: 2 8 1 – 2 9 0. 

1 2 7.  B e nf or d H L,  M c G o w a n  N W,  H elfri c h  M H,  et  al.  Vis u ali z ati o n  of bis p h os p h o n at e-i n d u c e d 

c as p as e - 3 a cti vit y  i n a p o pt oti c ost e o cl asts  i n vitr o.  B o n e. 2 0 0 1; 2 8( 5): 4 6 5 – 4 7 3 

1 2 8.  M o n k k o n e n H, A uri ol a S, L e h e n k ari P, et al A n e w e n d o g e n o us A T P a n al o g ( A p p pI) 

i n hibits t h e mit o c h o n dri al a d e ni n e n u cl e oti d e tr a nsl o c as e ( A N T) a n d is r es p o nsi bl e f or t h e 

a p o pt osis 

1 2 9.  R uss ell R G, R o g ers MJ, Frit h J C, et al. T h e p h ar m a c ol o g y of bis p h os p h o n at es a n d n e w 

i nsi g hts i nt o t h eir m e c h a nis ms of a cti o n. J o ur n al of B o n e a n d Mi n er al R es e ar c h . 1 9 9 6; 1 4: 5 3- 6 5. 

1 3 0.  S u n y e c z J. O pti mi zi n g d osi n g fr e q u e n ci es f or bis p h os p h o n at es i n t h e m a n a g e m e nt of 

p ost m e n o p a us al ost e o p or osis: p ati e nt c o nsi d er ati o ns. Cli ni c al i nt er v e nti o ns i n a gi n g , 2 0 0 8;3 ( 4): 

6 1 1 – 6 2 7. 

1 3 1. S c h nit z er T, B o n e H G, Cr e p al di G, et al. T h er a p e uti c e q ui v al e n c e of al e n dr o n at e 7 0 m g 

o n c e- w e e kl y a n d al e n dr o n at e 1 0 m g d ail y i n t h e tr e at m e nt of ost e o p or osis. Al e n dr o n at e O n c e-

W e e kl y St u d y Gr o u p. A gi n g ( Mil a n o ). 2 0 0;1 2 ( 1): 1 – 1 2. 

1 3 2. B o n e H G , D o w ns R W, T u c ci J R, et al.  D os e -R es p o ns e R el ati o ns hi ps f or Al e n dr o n at e 

Tr e at m e nt i n Ost e o p or oti c El d erl y W o m e n . Al e n dr o n at e El d erl y Ost e o p or osis St u d y C e nt ers. J 

of Cli n E n d o cri n ol M et a b.  1 9 9 7; 8 2( 1): 2 6 5- 7 4.  
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1 3 3.  Y a n g D, Si n g h R, Di vi eti P, G u o J, B o u xs ei n M L, Bri n g h urst F R. C o ntri b uti o ns of 

p ar at h yr oi d h or m o n e ( P T H)/ P T H -r el at e d p e pti d e r e c e pt or si g n ali n g p at h w a ys t o t h e a n a b oli c 

eff e ct of P T H o n b o n e. B o n e . 2 0 0 7; 4 0( 6): 1 4 5 3- 1 4 6 1. 

1 3 4.  Sil v a B C, Bil e zi ki a n J P. P ar at h yr oi d h or m o n e: A n a b oli c a n d c at a b oli c a cti o ns o n t h e 

s k el et o n. C urr O pi n P h ar m a c ol . 2 0 1 5; 2 2: 4 1- 5 0. 

1 3 5.  Bil e zi ki a n J P. A n a b oli c t h er a p y f or ost e o p or osis. I nt J F ertil W o m e ns M e d. 2 0 0 5; 5 0( 2): 5 3-

6 0. 

1 3 6.  Kr o n e n b er g H M. P T H: m e c h a nis m of a cti o n. I n: F a v us M, e d. Pri m er o n m et a b oli c b o n e 

dis e as es, 3r d E d. A m eri c a n S o ci et y of B o n e a n d Mi n er al R e -s e ar c h. P hil a d el p hi a: Li p pi n c ott 

R a v e n. 1 9 9 6; 6 8 – 7 0. 

1 3 7 . L o m b ar di G, Di S o m m a C, R u bi n o M, et al. T h e r ol es of p ar at h yr oi d h or m o n e i n b o n e 

r e m o d eli n g: pr os p e cts f or n o v el t h er a p e uti cs. J E n d o cri n ol I n v est . 2 0 1 1; 3 4( 7 S u p pl): 1 8- 2 2. 

1 3 8.  Hilli k er  S,  W er g e d al  J E, Gr u b er H E,  et  al.  Tr u n c ati o n of t h e a mi n o  t er mi n us of  P T H  alt ers  

its a n a b oli c a cti vit y  o n b o n e i n vi v o. B o n e.  1 9 9 6; 1 9: 4 6 9 – 4 7 7. 

1 3 9.  Ri x o n R H,  W hitfi el d  J F, G a g n o n L,  et  al.  P ar at h yr oi d  h or m o n e fr a g m e nts m a y  sti m ul at e  

b o n e gr o wt h i n o v ari e ct o mi z e d  r ats b y  a cti v ati n g  a d e n yl yl c y cl as e.  J B o n e Mi n er  R es.  

1 9 9 4; 9: 1 1 7 9 – 1 1 8 9. 

1 4 0.  O n yi a J E, H el v eri n g L M, G el b ert L, et al. M ol e c ul ar pr ofil e of c at a b oli c v ers us a n a b oli c 

tr e at m e nt r e gi m e ns of p ar at h yr oi d h or m o n e ( P T H) i n r at b o n e: A n a n al ysis b y D N A mi cr o arr a y. 

J. C ell. Bi o c h e m . 2 0 0 5; 9 5: 4 0 3- 4 1 8. 

1 4 1.  Is hi z u y a T, Y o k os e S, H ori M, et al. P ar at h yr oi d h or m o n e e x erts dis p ar at e eff e cts o n 

ost e o bl ast diff er e nti ati o n d e p e n di n g o n e x p os ur e ti m e i n r at ost e o bl asti c c ells. J Cli n I n v est . 

1 9 9 7; 9 9: 2 9 6 1- 2 9 7 0. 

1 4 2.  Kris h n a n V, M o or e T L, M a Y L, et al. P ar at h yr oi d h or m o n e b o n e a n a b oli c a cti o n r e q uir es 

C bf a 1/ R u n x 2- d e p e n d e nt si g n ali n g. M ol E n d o cri n ol.  2 0 0 3; 1 7: 4 2 3- 4 3 5 

1 4 3.  C h e n v H L, D e mir al p B, S c h n ei d er A, et al. P ar at h yr oi d h or m o n e a n d p ar at h yr oi d h or m o n e-

r el at e d pr ot ei n e x ert b ot h pr o- a n d a nti-a p o pt oti c eff e cts i n m es e n c h y m al c ells. J Bi ol C h e m  

2 0 0 2, 2 7 7: 1 9 3 7 4- 1 9 3 8 1. 

1 4 4 . B elli d o T, Ali A, Pl ot ki n LI, et al. Pr ot e as o m al d e gr a d ati o n of R u n x 2 s h ort e ns p ar at h yr oi d 

h or m o n e-i n d u c e d a nti- a p o pt oti c si g n ali n g i n ost e o bl asts. A p ut ati v e e x pl a n ati o n f or w h y 

i nt er mitt e nt a d mi nistr ati o n is n e e d e d f or b o n e a n a b olis m. J Bi ol C h e m . 2 0 0 3, 2 7 8: 5 0 2 5 9- 5 0 2 7 2. 
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1 4 5.  M arti n TJ. B o n e Bi ol o g y a n d A n a b oli c T h er a pi es f or B o n e: C urr e nt St at us a n d F ut ur e 

Pr os p e cts. J B o n e M et a b . 2 0 1 4; 2 1( 1): 8. 

1 4 6.  M erri c k M V. R e vi e w arti cl e - B o n e s c a n ni n g. Br J R a di ol . 1 9 7 5 M a y; 4 8( 5 6 9): 3 2 7- 5 1. 

1 4 7.  Gil L, H a n Y, O p a s E E , R o d a n G A, R u el R, S e e d or J G, T yl er P C, Y o u n g R N. 

Pr ost a gl a n di n E 2- bis p h os p h o n at e c o nj u g at es: p ot e nti al a g e nts f or tr e at m e nt of ost e o p or osis. 

Bi o or g M e d C h e m . 1 9 9 9 M a y; 7( 5): 9 0 1- 1 9. 

1 4 8.  Hir a b a y as hi H, F ujis a ki J. B o n e-s p e cifi c dr u g d eli v er y s yst e ms: a p pr oa c h es vi a c h e mi c al 

m o difi c ati o n of b o n e-s e e ki n g a g e nts. Cli n P h ar m a c o ki n et . 2 0 0 3; 4 2( 1 5): 1 3 1 9- 3 0. 

1 4 9.  Ar ns S, Gi b e R, M or e a u A, M o n z ur M ors h e d M, et al. D esi g n a n d s y nt h esis of n o v el b o n e -

t ar g eti n g d u al-a cti o n pr o -dr u gs f or t h e tr e at m e nt a n d r e v ers al of ost e o p or osis. Bi o or g M e d C h e m.  

2 0 1 2 M ar 1 5; 2 0( 6): 2 1 3 1- 4 0 

1 5 0 . Bli c k, S. K. A., D hill o n, S. & K e a m, S.J. Teri p ar ati d e.  Dr u gs. 2 0 0 8; 6 8: 2 7 0 9 – 2 7 3 7.  

1 5 1 . M urr a y T M, R a o L G, Di vi eti P, et al. P ar at h yr oi d h or m o n e s e cr eti o n a n d a cti o n: e vi d e n c e 

f or dis cr et e r e c e pt ors f or t h e c ar b o x yl-t er mi n al r e gi o n a n d r el at e d bi ol o gi c al a cti o ns of c ar b o x yl- 

t er mi n al li g a n ds. E n d o cr R e v . 2 0 0 5; 2 6( 1): 7 8 – 1 1 3. 

1 5 2.  S es h a dri M S, C h a n M R, Wil ki ns o n R S, et al. S o m e pr o bl e ms ass o ci at e d wit h a d e n yl at e 

c y cl as e bi o ass a ys f or p ar at h yr oi d h or m o n e. Cli n S ci . 1 9 8 5; 6 8( 3): 3 1 1 – 9.  

1 5 3.  D os c h a k M R, K u c h ars ki C M, Wri g ht J EI, et al. I m pr o v e d b o n e d eli v er y of ost e o pr ot e g eri n 

b y bis p h os p h o n at e c o nj u g ati o n i n a r at m o d el of ost e o art hritis. M ol P h ar m a c e uti cs , 6( 2): 6 3 4- 4 0, 

2 0 0 9. 

1 5 4 . Y a n g Y, P a n a hif ar A, W u Y, et al. B o n e-t ar g eti n g p ar at h yr oi d h or m o n e a n al o g u es o ut p erf or m 

u n m o difi e d P T H i n t h e a n a b oli c t r e at m e nt of o st e o p or osis i n r ats. P o di u m pr es e nt ati o n at t h e 

A n n u al M e eti n g a n d E x p ositi o n of t h e C o ntr oll e d R el e as e S o ci et y ( C R S) i n C hi c a g o, U S A J ul y 

1 1- 1 5, 2 0 1 4. 

1 5 5 . H e n n e m a n ZJ, N a n c oll as G H, E b eti n o F H, et al. Bis p h os p h o n at e bi n di n g affi nit y as 

ass es s e d b y i n hi biti o n of c ar b o n at e d a p atit e diss ol uti o n i n vitr o. J Bi o m e d M at er R es A . 

2 0 0 8; 8 5( 4): 9 9 3- 1 0 0 0. 

1 5 6 . W ells D A. Hi g h t hr o u g h p ut bi o a n al yti c al s a m pl e pr e p ar ati o n: M et h o ds a n d a ut o m ati o n 

str at e gi es. 2 0 0 3. 1st e d. A mst er d a m: Els e vi er S ci e n c e B. V.  
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1 5 7.  T h ur m a n E M, Mills M S. S oli d-p h as e e xtr a cti o n: Pri n ci pl es a n d pr a ctis e. C h e mi c al a n al ysis: 

A s eri es of m o n o gr a p hs o n a n al yti c al c h e mistr y a n d its a p pli c ati o ns. 1 9 9 8. Wi n ef or d n er J. D. 

V ol. 1 4 7. N e w Y or k: J o h n Wil e y & s o ns I n c. 

1 5 8.  Str at a -X P ol y m eri c S P E I n f or m ati o n. P h e n o m e n e x . R etri e v e d fr o m:  

htt ps:// w w w. p h e n o m e n e x. c o m/ Pr o d u cts/ S P D et ail/ Str at a -

X/ X, % 2 0 P ol y m eri c % 2 0 R e v ers e d % 2 0 P h as e ? p h as e T a b =tr u e . A c c ess e d M a y 2 8t h 2 0 2 0 

1 5 9.  M c P oli n, O. A n i ntr o d u cti o n t o H P L C f or p h ar m a c e uti c al a n al ysis. N e wr y, U K. M o ur n e 

Tr ai ni n g S er vi c es, 2 0 0 9.  

1 6 0.  H a n ai T. S e p ar ati o n of p ol ar c o m p o u n ds usi n g c ar b o n c ol u m ns. J C hr o m at o gr A . 

2 0 0 3; 9 8 9( 2): 1 8 3- 1 9 6. 

1 6 1.  L C• G C E ur o p e- D e c e m b er 2 0 0 1 2 L C Tr o u bl es h o oti n g . htt p:// w w w. c hr o mf or u m. c o m. 

A c c ess e d M ar c h 3 0, 2 0 2 0. 

1 6 2.  S n y d er L R, Kir kl a n d JJ, a n d D ol a n J W. “I o ni c S a m pl es: R e v ers e d-P h as e, I o n - P air, a n d I o n-

E x c h a n g e C hr o m at o gr a p h y. ” I ntr o d u cti o n t o M o d er n Li q ui d C hr o m at o gr a p h y, J o h n Wil e y & 

S o ns, I n c., P u bli c ati o n, 2 0 1 0. 

1 6 3.  W a n g S, Xi n g T, Li u A P, et al. Si m pl e a p pr o a c h f or i m pr o v e d L C- M S a n al ysis of pr ot ei n 

bi o p h ar m a c e uti c als vi a m o difi c ati o n of d es ol v ati o n g as. A n al. C h e m. 2 0 1 9; 9 1( 4): 3 1 5 6- 3 1 6 2 

1 6 4.  Xi e Z, Ji a n g Y, Z h a n g D- Q. Si m pl e a n al ysis of f o ur bis p h os p h o n at es si m ult a n e o usl y b y 

r e v ers e p h as e li q ui d c hr o m at o gr a p h y usi n g n-a m yl a mi n e as v ol atil e i o n - p airi n g a g e nt. J 

C hr o m at o gr A . 2 0 0 6; 1 1 0 4( 1- 2): 1 7 3- 1 7 8.  

1 6 5.  G h ass a bi a n S, Wri g ht L A, d e J a g er A D, et al. D e v el o p m e nt a n d v ali d ati o n of a s e nsiti v e 

s oli d - p has e - e xtr a cti o n ( S P E) m et h o d usi n g hi g h- p erf or m a n c e li q ui d c hr o m at o gr a p h y/t a n d e m 

m ass s p e ctr o m etr y ( L C – M S/ M S) f or d et er mi n ati o n of ris e dr o n at e c o n c e ntr ati o ns i n h u m a n 

pl as m a, J. C hr o m at o gr. B: A n al. T e c h n ol. Bi o m e d. Lif e S ci . 2 0 1 2;( 8 8 1 – 8 8 2): 3 4 – 4 1. 

1 6 6.  Y a m a d a M, L e e X - P, F ujis hir o M, et al. Hi g hl y s e nsiti v e d et er mi n ati o n of al e n dr o n at e i n 

h u m a n pl as m a a n d di al ys at e usi n g m et al- fr e e H P L C-M S/ M S. L e g M e d . 2 0 1 8;( 3 0): 1 4- 2 0.  

1 6 7.  Ts ai E W, I P D P, a n d Br o o ks M A. D et er mi n ati o n of al e n dr o n at e o n p h ar m a c e uti c al d os a g e 

f or ms b y i o n c hr o m at o gr a p h y wit h c o n d u cti vit y d et e cti o n. J. C hr o m atr o gr a. 1 9 9 2; 5 9 6: 2 1 7 

1 6 8.  Q uit as ol J a n d Kr asti ns L. A n al ysis of p a mi dr o n at e dis o di u m i n p h ar m a c e uti c al d os a g e 

f or ms b y i o n c hr o m atr o gr a p h y. J. C hr o m atr o gr a A. 1 9 9 4;( 6 7 1): 2 7 3- 2 7 9. 

1 6 9.  Us ui T, W at a n a b e T, a n d Hi g u c hi S. D et er mi n ati o n of a n e w bis p h os p h o n at e, Y M 1 7 5, i n 
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pl as m a, uri n e a n d b o n e b y hi g h- p erf or m a n c e li q ui d c hr o m at o gr a p h y wit h el e ctr o c h e mi c al 

d et e cti o n. J C hr o m at o gr. 1 9 9 2; 5 8 4( 2): 2 1 3- 2 2 0 

1 7 0. M ast a n a m m a S K, S ur es h G, Pri y a S, e t al. A v ali d at e d R P - H P L C m et h o d f or t h e esti m ati o n 

of z ol e dr o ni c a ci d. I ntl. J. P h ar m s ci e n c es & r es e ar c h. 2 0 1 2; 2 5: 8 2 6- 8 2 9. 

1 7 1. Sil v estr o L, T ar c o m ni c u I, S a v u R S. H P L C- M S/ M S of hi g hl y p ol ar c o m p o u n ds. T a n d e m 

M ass S p e ctr o m etr y - A p pli c ati o ns a n d Pri n ci pl e s. 2 0 1 2: 4 9 4- 5 2 4.  

1 7 2. M at us z e ws ki L, M at us z e ws k a A, M a z ur ki e wi c z T, et al. D et er mi n ati o n of Bis p h os p h o n at es 

b y I o n- p air H P L C. J o ur n al of t h e f a c ult y of A gri c ul utr e, K y us h u U ni v ersit y . 2 0 1 1; 5 6( 2): 2 1 3- 2 1 6. 

1 7 3  F els J P, G u y o n n et J, B er g er Y, et al. D et er mi n ati o n of ( 4- c hl or o p h e n yl)ti o m et h yl e n e 

bis p h os p h o ni c a ci d, a n e w bis p h os p h o n at e, i n bi ol o gi c al fl ui ds b y hi g h- p erf or m a n c e li q ui d 

c hr o m at o gr a p h y. J C hr o m at o gr. 1 9 8 8; 4 3 0( 1): 7 3- 7 9. 

1 7 4.  Y a n g Y, Li u C, Z h a n g Y, et al. O n-c artri d g e d eri v ati z ati o n c o u pl e d wit h s oli d -p h as e 

e xtr a cti o n f or t h e ultr a -s e nsiti v e d et er mi n ati o n of mi n o dr o ni c a ci d i n h u m a n pl as m a b y L C-

M S/ M S m et h o d. J P h ar m Bi o m e d A n al. 2 0 1 5;( 1 1 4): 4 0 8- 4 1 5. 

1 7 5.  W. F. Kli n e, B. K. M at us z e ws ki, I m pr o v e d d et er mi n ati o n of t h e bis p h os p h o n at e al e n dr o n at e 

i n h u m a n pl as m a a n d uri n e b y a ut o m at e d pr e c ol u m n d eri v ati z ati o n a n d hi g h- p erf or m a n c e li q ui d 

c hr o m at o gr a p h y wit h fl u or es c e n c e a n d el e ctr o c h e mi c al d et e cti o n, J. C hr o m at o gr. – Bi o m e d. 

A p pl . 1 9 9 2; 5 8 3: 1 8 3 – 1 9 3. 

1 7 6.  H.J. L eis, G. F a ul er, W. Wi n dis c h h of er, Us e of 1 8 O 3- cl o dr o n at e as a n i nt er n al st a n d ar d f or 

t h e q u a ntit ati v e a n al ysis of cl o dr o n at e i n h u m a n pl as m a b y g as c hr o m at o gr a p h y/ el e ctr o n 

i o nis ati o n m ass s p e ctr o m etr y. R a pi d C o m m u n. M ass S p e ct r o m. 2 0 0 4; 1 8: 2 7 8 1 – 2 7 8 4. 

1 7 7.  Z h u L, L a p k o V, L e e J, et al., A g e n er al a p pr o a c h f or t h e q u a ntit ati v e a n al ysis of 

bis p h os p h o n at es i n h u m a n s er u m a n d uri n e b y hi g h- p erf or m a n c e li q ui d c hr o m at o gr a p h y/t a n d e m 

m ass s p e ctr o m etr y. R a pi d C o m m u n. M ass S p e ctr o m . 2 0 0 6;( 2 0): 3 4 2 1 – 3 4 2 6. 

1 7 8.  H as a n M, S c h u m a c h er G, S e e k a m p A, et al. L C – M S/ M S m et h o d f or t h e d et er mi n ati o n of 

cl o dr o n at e i n h u m a n pl as m a. J. P h ar m. Bi o m e d. A n al . 2 0 1 4; 1 0 0: 3 4 1 – 3 4 7. 

1 7 9.  M. - H. Y u n, K. K w o n, Hi g h- p erf or m a n c e li q ui d c hr o m at o gr a p h y m et h o d f or d et er mi ni n g 

al e n dr o n at e s o di u m i n h u m a n pl as m a b y d et e cti n g fl u or es c e n c e: a p pli c ati o n t o a 

p h ar m a c o ki n eti c st u d y i n h u m a ns. J. P h ar m. Bi o m e d. A n al . 2 0 0 6; 4 0: 1 6 8 – 1 7 2. 

1 8 0.  M u nt o ni E, C a n a p ar o R, D ell a P C, et al. D et er mi n ati o n of dis o di u m cl o dr o n at e i n h u m a n 

pl as m a a n d uri n e usi n g g as- c hr o m at o gr a p h y- nitr o g e n- p h os p h or o us d et e cti o ns: v ali d ati o n a n d 
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a p pli c ati o n i n p h ar m a c o ki n eti c st u d y. J. C hr o m at o gr. B: A n al. T e c h n ol. Bi o m e d. Lif e S ci.  

2 0 0 4; 7 9 9: 1 3 3 – 1 3 9. 

1 8 1.  Is m ail Z, Al d o us S, Tri g gs EJ, S mit h urst B A, et al. G as c hr o m at o gr a p hi c a n al ysis of 

di dr o n el t a bl ets. J C hr o m at o gr.  1 9 8 7; 4 0 4: 3 7 2- 3 7 7. 

1 8 2.  K at a o k a H, S hi n d o h S, M a kit a M. S el e cti v e d et er mi n ati o n of v ol atil e N- nitr os a mi n es b y 

d eri v ati z ati o n wit h di et h yl c hl or ot hi o p h os p at e a n d g as c hr o m at o gr a p h y wit h fl a m e p h ot o m etri c 

d et e cti o n. J C hr o m at o gr A. 1 9 9 6; 7 2 3( 1): 9 3- 9 9.    

1 8 3.  R o el ofs AJ, C o x o n F P, E b eti n o F H, et al. Fl u or es c e nt ris e dr o n at e a n al o g u es r e v e al 

bis p h os p h o n at e u pt a k e b y b o n e m arr o w m o n o c yt es a n d l o c ali z ati o n ar o u n d ost e o c yt es i n vi v o. J 

B o n e Mi n er R es . 2 0 1 0; 2 5( 3): 6 0 6- 6 1 6.  

1 8 4.  B asi cs of L C/ M S. A gil e nt. A c c ess e d M ar c h 2 2 2 0 2 0.  R etri e v e d fr o m:  

htt ps:// w w w. a gil e nt. c o m/ cs/li br ar y/s u p p ort/ d o c u m e nts/ a 0 5 2 9 6. p df. 

1 8 5.  W hitt al, R. M. L C-M S 2 0 2 0. L e ct ur e i n A n al yti c al T e c h ni q u es i n P h ar m a c e uti c al S ci e n c es 

( L e ct ur e 4, P H A R M 5 7 3). J a n u ar y 2 3 2 0 2 0. U ni v ersit y of Al b ert a. 

1 8 6 . W h y D o es M S R e q uir e Hi g h V a c u u m ? S hi m a d z u C or p or ati o n, 1 3 J ul y 2 0 1 7. R etri e v e d fr o m 

w w w.s hi m a d z u. c o m/ a n/ ms _r q uir e _ hi g h _ v a c u u m. ht ml. A c c ess e d M ar c h 2 2 2 0 2 0. 

1 8 7.  H o C S, L a m C W K, C h a n M H M, et al. El e ctr os pr a y i o nis ati o n m ass s p e ctr o m etr y: 

pri n ci pl es a n d cli ni c al a p pli c ati o ns. Cli n Bi o c h e m R e v . 2 0 0 3; 2 4( 1): 3- 1 2. 

1 8 8.  D ass, C., F u n d a m e nt als of C o nt e m p or ar y M ass S p e ctr o m etr y Wil e y - I nt ers ci e n c e S eri es o n 

M ass S p e ctr o m etr y, e d. D. M. D esi d eri o, Ni b b eri n g, N. M. 2 0 0 7, N e w J ers e y, U S A: J o h n Wil e y 

& S o ns, I n c. 

1 8 9.  Gr oss, J H., M ass S p e ctr o m etr y: A T e xt b o o k . Pr a cti c al As p e cts of El e ctr o n I o ni z ati o n. 2 0 0 4, 

H ei d el b er g, G er m a n y: S pri n g er- V erl a g  

1 9 0.  G as k ell SJ. El e ctr os pr a y: Pri n ci pl es a n d Pr a cti c e. J M ass S p e ctr o m . 1 9 9 7; 3 2( 7): 6 7 7- 6 8 8. 

1 9 1.  M all et C R, L u Z, M a z z e o J R. A st u d y of i o n s u p pr essi o n eff e cts i n el e ctr os pr a y i o ni z ati o n 

fr o m m o bil e p h as e a d diti v es a n d s oli d- p h as e e xtr a cts. R a pi d C o m m u n M ass S p e ctr o m . 

2 0 0 4; 1 8( 1): 4 9- 5 8.  

1 9 2.  D e m arti ni, D. R. ( 2 0 1 3) A S h ort O v er vi e w of t h e C o m p o n e nts i n M ass S p e ctr o m etr y 

I nstr u m e nt ati o n f or Pr ot e o mi cs A n al ys es, T a n d e m M ass S p e ctr o m etr y - M ol e c ul ar 

C h ar a ct eri z ati o n ( C o el h o, A. V., E d.) I n T e c h, Rij e k a, Cr o ati a 
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1 9 3.  A d a w a y J E, K e e vil B G, O w e n LJ.  Li q ui d c hr o m at o gr a p h y t a n d e m m ass s p e ctr o m etr y i n t h e 

cli ni c al l a b or at or y. A n n Cli n Bi o c h e m . 2 0 1 5; 5 2( 1): 1 8- 3 8. 

1 9 4.  W ats o n TJ a n d S p ar k m a n D O. I ntr o d u cti o n t o M ass S p e ctr o m etr y: I nstr u m e nt ati o n, 

A p pli c ati o ns a n d Str at e gi es f or D at a I nt er pr et ati o n. J o h n Wil e y a n d S o ns, 2 0 1 1.  

1 9 5 . G ui d eli n e o n Bi o a n al yti c al M et h o d V ali d ati o n. E ur o p e a n M e di ci n es A g e n c y. 2 0 1 1. 

A c c ess e d M a y 1 2 t h 2 0 2 0. R etri e v e d fr o m: htt ps:// w w w. e m a. e ur o p a. e u/ e n/ d o c u m e nts/s ci e ntifi c-

g ui d eli n e/ g ui d eli n e- bi o a n al yti c al- m et h o d- v ali d ati o n _ e n. p df 

1 9 6  Wils o n, I D. H a n d b o o k of M et h o ds a n d I nstr u m e nt ati o n i n S e p ar ati o n S ci e n c e . Li q ui d 

C hr o m at o gr a p h y: D et e ct ors: M ass S p e ctr o m etr y. Els e vi er, 2 0 0 9. 

1 9 7.  Bl a c k  D M,  D el m as  P D,  E ast ell  R,  et  al.  O n c e -y e arl y  z ol e dr o ni c  a ci d  f or tr e at m e nt of 

p ost m e n o p a us al ost e o p or osis. N E n gl  J M e d. 2 0 0 7; 3 5 6: 1 8 0 9- 1 8 2 2. 

1 9 8.  Z h o u W, Y a n g S, W a n g P G. M atri x eff e cts a n d a p pli c ati o n of m atri x eff e ct f a ct or. 

Bi o a n al ysis , 2 0 1 7; 9( 2 3): 1 8 3 9 – 1 8 4 4. 

1 9 9.  T a n A, A w ai y e K.   Us e of I nt er n al St a n d ar ds i n L C- M S Bi o a n al ysis. I n H a n d b o o k of L C-

M S Bi o a n al ysis . J o h n Wil e y & S o ns I n c. 2 0 1 3: 2 1 7- 2 2 7 

2 0 0.  B a k hti ar R, M aj u m d ar T K. Tr a c ki n g pr o bl e ms a n d p ossi bl e s ol uti o ns i n t h e q u a ntit ati v e   

d et er mi n a ti o n of s m all m ol e c ul e dr u gs a n d m et a b olit es i n bi ol o gi c al fl ui ds usi n g li q ui d 

c hr o m at o gr a p h y- m ass s p e ctr o m etr y. J P h ar m a c ol T o xi c ol M et h o ds.  2 0 0 7; 5 5: 2 2 7 – 2 4 3 

2 0 1.  C h a m b ers  E E, L a m e M E, B ar dsl e y  J, et al. Hi g h s e nsiti vit y L C – M S/ M S m et h o d f or dir e ct 

q u a ntifi c ati o n of h u m a n p ar at h yr oi d 1 – 3 4 (t eri p ar ati d e) i n h u m a n pl as m a. J C hr o m at o gr 

B . 2 0 1 3; 9 3 8: 9 6- 1 0 4 

2 0 2.  K a y R G, H a n ds J T, H a wt h or n e G, C o nst a bl e S, Gr os v e n or M, S h ar m a n J A. V ali d ati o n of 

a n ultr as e nsiti v e L C- M S/ M S m et h o d f or P T H 1 - 3 4 i n p or ci n e pl as m a t o s u p p ort a s oli d d os e P K 

st u d y. Bi o a n al ysis . 2 0 1 5; 7( 1 2): 1 4 3 5‐1 4 4 5. 

2 0 3.  M a c N eill R, Str o m e y er R, Ur b a n o wi c z B, A c h ar y a V, M o uss alli e M. L C -M S/ M S 

q u a ntifi c ati o n of p ar at h yr oi d h or m o n e fr a g m e nt 1- 3 4 i n h u m a n pl as m a.  Bi o a n al ysis . 

2 0 1 3; 5( 4): 4 1 5 ‐4 2 2.  

2 0 4.  D ol a n J. A g ui d e t o H P L C a n d L C- M S b uff er s el e cti o n. A c e H P L C C ol u m ns .  

A c c ess e d M a y 1 4 t h 2 0 2 0. R etri e v e d fr o m: 

htt ps:// w w w. h pl c. e u/ D o w nl o a ds/ A C E _ G ui d e _ B uff er S el e cti o n. p df   
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2 0 5 . S h a bir, G. A. H P L C M et h o d D e v el o p m e nt a n d V ali d ati o n f or P h ar m a c e uti c al A n al ysis . 

2 0 0 4 . A c c ess e d M a y 1 4t h 2 0 2 0. R etri e v e d  fr o m: htt p:// w w w. p h ar mt e c h. c o m/ h pl c- m et h o d-

d e v el o p m e nt- a n d- v ali d ati o n -p h ar m a c e uti c al -a n al ysis  

2 0 6.  Or n af, R. M., a n d D o n g, M. W., H a n d b o o k of P h ar m a c e uti c al A n al ysis b y H P L C . S e p ar ati o n 

S ci e n c e a n d T e c h n ol o g y, e d. S. A h uj a, a n d D o n g, M. W. V ol. 6. 2 0 0 5: Els e vi er A c a d e mi c Pr ess. 

2 5.  

2 0 7.  T h o m p s o n R, L o Br utt o, R. H P L C f or P h ar m a c e uti c al S ci e ntists , e d. Y. K a z a k e vi c h, 

L o Br utt o, R. N e w J ers e y: Wil e y -i nt ers ci e n c e 2 0 0 1 2 9, 3 0 3, 6 4 4. 

2 0 8.  H er o d es K. L C-M S M et h o d V ali d ati o n, S el e cti vit y: L C s el e cti vit y. U ni v ersit y of T art u. 

A c c ess e d M a y 1 4 t h 2 0 2 0. R etri e v e d fr o m: htt ps://sis u. ut. e e/l c ms _ m et h o d _ v ali d ati o n/ 2 1-L C -

s el e cti vit y 

2 0 9.  L e e H R, K o c h ar S, S hi m, S M. C o m p aris o n of el e ctr os pr a y i o ni z ati o n a n d at m os p h eri c 

c h e mi c al i o ni z ati o n c o u pl e d wit h t h e li q ui d c hr o m at o gr a p h y- t a n d e m m as s s p e ctr o m etr y f or t h e 

a n al ysis of c h ol est er yl est ers. I ntl J of A n al C h e m. 2 0 1 5: 1- 6. 

2 1 0.  C h a m b ers E E, L e gi d o- Q ui gl e y C, S mit h N, F o u nt ai n KJ. D e v el o p m e nt of a f ast m et h o d f or 

dir e ct a n al ysis of i nt a ct s y nt h eti c i ns uli ns i n h u m a n pl as m a: t h e l ar g e p e pti d e 

c h all e n g e.  Bi o a n al ysis . 2 0 1 3; 5( 1): 6 5- 8 1. 

2 1 1.  P a p a y a n n o p o ul os I A. T h e i nt er pr et ati o n of c ollisi o n‐i n d u c e d diss o ci ati o n t a n d e m m ass 

s p e ctr a of p e pti d es. M ass S p e ctr o m. R e v . 1 9 9 5; 1 4: 4 9- 7 3 

2 1 2.  Vis w a n at h a n, C. T., et al., Q u a ntit ati v e bi o a n al yti c al m et h o ds v ali d ati o n a n d 

i m pl e m e nt ati o n: b est pr a cti c es f or c hr o m at o gr a p hi c a n d li g a n d bi n di n g ass a ys. P h ar m R es, 

2 0 0 7. 2 4( 1 0): p. 1 9 6 2- 7 3.  
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