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Abstract

Stimuli-responsive hydrogels, especially thegigh nanometer/micrometescale
dimensions have attracted intense research interest due to ity promising
applications. Poly (N-isopropylacrylamide) (pNIPAm)-based hydrogel particles
(nanogels and micr@ds) have been by far the most widely studied responsive materials,
and their use in electroresponsive optical devices and as asymmetriodilyed
particles are the focus of thiéssertatio.

According tothe differentfocuses othe projects, thidissertation is divided into
threeparts.

Chapter 3, 4 and 5 focus on investigating pNIPAm microgetbased
electroresponsive devices and their behaviorChapter 3, we demonstrate that
electrical potential applied to a microgel coated electrode can inokcetezked solution
pH changes that can be used to trigger a response from the microgel layer, and lead to
the triggered release of smalnolecules. In Chapter4, we show thatpoly (N-
isopropylacrylamideco-acrylicacid) (pNIPAm-co-AAc) microgels can be sandwiched
between two Au layers to generatalon device discoveed by our groupEtalons are
optical devices which can present tunable color in response to different stimuli due to
the light constructive/destructive interferencéke etalon was connected to a power
supply and used asworking electrode, which yielded a shift in the optical properties
of the devices in responseadtectrcally-induced pH change. IGhapter 5, an external

potential wadirectly applied to the two Au Yers of the etalon device, which could



interact with the charged microgalonolayer to make the microgel layer compress or
elongate

Chapterss and 7describe the generation afymmetrially-modified pNIPAmM-
based microgelsChapter 6 shows that asymmetmicrogels could be synthesized
througha seltassemblyprocesgo selectively coat one pole or both sides (poles) of
microgels with Au nanopartickeChapter 7 describes that such asymmetric structures
can also be obtained by selectively modifying ontg side of the microgels with thiol
groups.

The last part of the thesi&gpendix Aand B)describesmethod to form hydrogel
particles with complex patternsnd the generation of dissolvaldeipramoécular
hydrogetbased wound dressings (my project candd atTsinghua University in

China) respectively.
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by application of the BnRdhiicvadhdsehiaged ttd mdgice al s

i's theqtuiimeed to achieve the total shift an
Each value is the average of 3 experiments,
Reproduced with permi ssion from ref. 157,
(O3 oI 11 Y = A PP PP TP PP RTTPPPPPPRN 63

Tabl2 Reversibility of the etalon's reflec

followed by application of ontefa i viecdwesiitGiget €d p

voltagd i me i s the time requiteditso aaehiagee t
shift/ average ti me. Each value iIs the aver
the standard deviati on. Reproduced with pe
Royal Soci et.y...0f...Chemi.S.t.ry. . 6 4

Tablle T™Shreshold -vyobttagesrcmi thoand the thic

mi cr oge.l... = T = - P 77

Tablle J&anus microgel details. Reproduced wi

2017, -WCHEVYerl ag GmbH & Ca....KGaA.,..N8inhei m.

Tabl22 DBLS and zeta potematri ausdaptHa amadr t &Mp
Reproduced with permission fr-v@GHT r¥dr | alg8 8,
GmbH & Co. KGaA....We.i.nheil .M. .. 100



L1 st of Abbreviati or

pNI PAmNipolpypyl acryl ami de

LCSMbwer <critical solution temperature
UCSTpperitical solution temperature
AAc: acrylic acid

APS: ammonium persul fate

TEMEDN; ON8t et r amet hyl et hyl enedi ami ne

PVCL: Nwolnyycaprol act am)

PEO: poly(ethylene oxide)

PDEA: Npalli vt hyl acryl ami de)

Y: iGbs free energy

Y(: enthalpy

Y3: entropy

VPTT: volume phase transition temperature
AAm: acryl amide

MAA: methacrylic acid

BI:S,et hy laecmeyld iasni de

HEMP-hy2rlgx4y-hydr oxyet hBmeyt)tpghteonpya nfo n e

PE: polyelectrolyte

APMAN-(-&2mi nopropyl ) methacryl amide hydrochl

DLS: dynamic | ight scattering



p NI P-&@& P MA Holy(N-isopropylacrylamide eN-( & mi nopmephbagr yl

amide hydrochl ori de)

pNIPAmM-co-AAc: poly (N-isopropylacrylamideco-acrylic acid)

NPs: nanoparticles

Au NPs: gold nanoparticles
SPR: spurafsamcoen r esonance

NI R: near infrared

QDsguant um dot s

PL: photoluminescence
ECM: extracellular matri X
CDs: cyclodextrins

Azo: azobenzene

JPs: Janus particles

EHDIl eetrohydrodynamic
PDMS: polydimethylsiloxane
PMs: photonic materials
PS: polystyrene

CV: crystal violet

| TOudiiwimn oxi de

SAMsedadsembl ed monol ayers

TCEPricsa(rboxyethyl ) phosphine

TMP: 2r2mdt hyl pent ane

hydrochl oride



HEMAhgr oxyl et hyl methacryl ate
PEGD®oly (ethylene glycol) diacryl ate
FGGEA: tripeptide PheGly-Gly esterderivative

CB[8]: cucurbit[8]uri
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Chapter 1 IntroRespomnsi v® IBydmudgel s

Stimwelsiponsi ve pol ymertsha@ame emda rbo mo | dercaun

changes in response to external physical a
to form free chains in solution, -pol ymer
di mensional hgt wonls| i Whken t henkpeod ymetrveo ri kns

are hydropliyl if o Mm Chyagdtieged sses the gener al
of striemploinsi ve hydrogeltshosvet hcompipbadi sof

i Poopyl acryl ami dewh Nt RAmy emohaménsedpussertat

1.1St i AReelsiponydvedelosa:cM otgeil Mr ogel s

Hydr ogeclosmpasegddrodphi |l ic polymers that ar
physically «c¢r odsisnhe nnskieodn ail n tnoe ttwhorrekes . They ¢
watuepr to thousandsvseoffhti masthbeiagqudobpys env
di ssoluti on, d u éhheyt br d phtei Ipirce smaiceet iogfs s uch
phosphat ean shwyldfronxaytleen dhredrugpsss bt n kse®¥lln e
additiome béaeny hkalvoewnp otsodb r uct ures all owi ng
transported i ntHoy/doruotg edfs tchoeuilrd nad tsroi xb.e |1 nco
system without an adverse eflThecte, pslo@wirng
make hydrogel s as yretadhxe tmaad cealiladlsarf omatri x i n
engineering, cekdlli%Curny.ure and drug

Hydrogels can generally be made to respor

a sharp trisgweiltiog ofattilbpe defined as t he me



of e ydrryd3yTehe hyslrowell |l i ng dpersoccheysiseedctame drey

oFfl ory anWhRehmerdry hydrogel is soaked in
cautsheeat eecmbks to diffuse inside iIts matr.i
make the polymer network expand. Since the

byrosslthkschain expansi on craes thieo ictogu.nt er &
Thus, trhieurmmquweédlilbi n@ maki mumhydydgogel of wat e
i s governed by the balance of these two o0f
stimul i can cGhaomngper & idrgasswoigidn kiidpey edeosist y,
bal @dredeveaeinn cehx pansi on andvidlladtei a nrtegtrarpitrec
hydr ogel wi || adapt to the new environmer

exhi bi tirnegs psotnismwliit ¥i gh$ esbpwn erposure to

fal)

(temperatuecectrili gfthitel del magneti c field)
concentration, biomolecules) stimuli, acco
can reveashely chain conformation!s®3 mesh s
which has &abl bwewi dkém utilized Iin sensors

and smarlt**®s$ur faces.

Swollen state Deswollen state

A Chemical stimuli: pH, salt, biomolecules J 5
J L

. Physical stimuli: temperature, light, magnetic field, electric field

Fi gL eHyds ogel vati oshnsraseoabbange different



Fast r d ssppoenesree qui si-t esgonmsisvtel muwaear bdel s |
applications. Tanaka and Fill mor ¢ Uporroposed
ag@l volumetric change is dire@tlsyzer ¢ Ror biu
inversealty omradpd o the dit¥lfusion coefficient

T Yr o ()

Therefore, 1insteaadvidéfbmadcmmoagred nsiga rdoygderl osg)e |
havedeeen ogp edadtto rs.e sMiocnrsoeg e ltshaedcambagesagfr ol
col | padittad sd macr oajhd lgsh, shuatvieesod et mer ecad i |l @i d al
stabgdowdy.er alpsgorpetaisdnr,oiutsy ,samadictfase sti mu
responsi vity. Hence, tthatyt raarcet icnotnrsiigdueirnagb | r
att emtitome ifsiugpledsabebr henmi nmatteamrii Zzlesdd devi c

coatings amnabeéenafikzeirsn

1. hefTmor es pamrigwed sH

Thermeponsi ve hydrtohgaealns eaxrhe bp < Inyl ne@empsk r at u

vol umeh asnigre a sSldhlevetneampgepandeert behavior,

critical t e mp bpehaytsuirodl somgp lesasie (UF @ ~+ as@eUC) , h
been extensively studied. Her ei n, t her mal
of pNIPAmMmciatecohcepa in this section.



1.2.1 Mechhaeairsms pfonrs e

Ther moresponsi ve hydrogel s exhibit a vV Q
temperatures. They can be di vided i nto t
tempedapendent bebage swish | sOngargtri cul ar s ol
heating, exhibiting a | owelk?®dhiitiecdlhes olt inte
group presents an upper criticardetswdruks on
s h rliz@rk

Hydrogel s possessbegr aboaCls Tamflg e mwthb iy ¢ c
gr oupsBhea eplagtehora of examphesa &@aiCSH-ydsagéal
i sopropylacryl amiNdeloappol &4 mpam)dp GIFOINC/L(

di et hyl ac rEyA) %3 hdees)e (pbolh g miec 81 structures ar
Fi glkZ(ea) .

of all tbepomeirme material s, pNI PAm is t
with a LCST aroidodi BBuhOreameswegatead.ent phas:
transi tAimms, ngdlleBPemavinor i s needed to be exrg
energy:

Yo Y 4¥3 ()

Where G is the Gibbs free energy for di s:
is the entropy change mainly due to the 1inf
T is the environmenYaneanempémat prod.y mde g atii
spontaneous and pol ymer sol Mt imemans st hatmog

pol ymer is insadal plhlaes ei s eqpcagualt v emt wan |

4



Theemped atdupcheads e tr ansiitnigeo e fpidNd Phat e€rm ai &
SshowRi gh2lg The interaction between water a
critical atobhesforosucAtt He€8Fer pNUPA® bebhow
have two different Kkinds of bdthred pwdtPAmMm o
ami de swamd the toehaeat-lhirileste e wat er wi t h order ¢
surrounding the hydaophmbic hypopoiomdibongr ol:
a resul ty am¥gamni we observed from the abo\
Enthal pydemifeant i at $roavs utletmpnegrMitannrdeaeagat i v
spontaneous polymer dissolution process. H
LCST, entropy term become¥ adamiama nutn f raevsou latl
di ssolution proctehses.t-eAmpeaxedastalatnsi ti on fr
(extended coil) to obosaluble (globule) sta:

Li kewi se, pNI PAm hydrogels show deswel |
surpasses Stultédhi ra UCRM.si ti on tempeobhtmee car
phase transiti oAttt ¢ eame e a /iPUETetshVd Dtdrvaensi t i or
the prefer-wateal i ppeymeti opoltymmeravaort ablaet

forces the hydrogels to collapse by squeezi



ai@
PN

b o
SRS

pNIPAm PVCL PDEA
b Coil Globule
T>LCST
/0-—\* Yo
W Xy r\ o
n
T T<LCST
'y \\HN. O---—H/O\H HN 0]
Ty
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Figu2ea)l Chemical structures f &rchewmait c al p

represent at® one mpienpdNi dPeAdn r ever si bl e phase t

LCST can be influenced bhyhle€8Vewal | fatcser
addi ng moirlei chygntaohpghs r bpgeloydmeac k bone whil e m
hydrophobic groups wilP*Hacvaawser ,L CtShTe tpo Idyencerr
cannot be too hydr diphlwédiadi sool vedds ei nt heagt em
pol yoheyrds op hiST ciist yal 40> olev ert te,dc rgand sdnaem ksi n g

density, molecul ael®R%ight and architecture



1. PNRPAmMBased Tlesmpmonsi ve Hydrogel

pNI PAm mestt hextensi verlespotnssdived ptoH egrmma .
pol ymeri zatyoemplkowehetral synt lseshiyz engipxNI PAm
NI PAm monomer, initiators and cr Ns&NI i nker s
met hylacmeHtdiasni de (BI S) is thel*Mdst acommonohy
initiator, ammohi amnpdesompase (ABSr high
radicals to initiate polymeri zNatiiha.N APS ¢
tetramethyl ethyl enedi amine (TEMBEM®E aatsi can p ai
at room tl&%fiphee agturriect ures of ab oFiegilerhee mi c al
3.

Furthermore, pNI PAmM hydrogelbsy caddi hgve
comonomers with various functional groups

i s the most commonlhy camned eanna@mon @mid rPAwh ipdd r

wi | | be discussed in detail | ater .
Crosslinker Initiator Co-initiator
o 0
i Vi |
0 o) + N
/\ . \S\ / \S/ NH4 \N/\/ \
N N NH,4 // o / ~o
H H / |
o o
BIS APS TEMED

Fi g3 eChemicaé¢our 8BS and TEMED

Within the size range froms 1&@®é hloyi dal 1 C
stabl es pmandfcilttétd ingbdfggb mf uncti onal groups
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chaiom theissr!*Compaeed to their bulky <cou
mi crogel s retain aegopewdteur &b syeestpatintsarivri tsy
Ssize resultgespomsealddi 8§63 earslyy toe f p NEPAmM
mi c r ongoerl psh @ loo gna k ea ntwwislacew | < %P Miccruageel s can
albe depdsonto surfateyethamassgmbl gyeappr oac!
mul tiwiayker specildai®!¥moppNel rPtAime smi cr ogel s have
considerable research interests.

There aremedbbddlendenopef abricatel*pNFPAM mi ¢
alt hfoergshdi cal opr pol pmeat zatuiserd iin e@xwal ggiowq
will be discussed in detail next.

To synthesi zespNbBPAm®I| mitNIoRVgNE, |0 nctoam camaothnge r
BI'S purgedowrebomtd | @wed to heat to a tempe
above @GNILPAASWC (4530 e UC)TLh ehsooubru.t i oins oaf d dAePdS
to initiate @dhley meersiuzlatiinogn suspension is f
aggregaured i &@mdd vp al oenatddyi faudgdatnigona sur f act ar
dodecyl syl ima e odfp&EY) can decrease since S
mi crogel s aRresendil ¢&@IF pieeispitation pol ymer:
be advant ageaccwsmireirdosgezlessdi stri buti o i s nar
struciamr b eBb°7Al keyupedr esqucicsdshses f appt bach
i s tthmmotnomer can be dissolved in water whi
insolubl e i n watsédss haotwhh iggnd et ampér ghut e mper

APS wi l | decomposteca lasecacftorwmm t h monomers an



i ni ti adrei zpaotliyom . Since pNIPAmM hagy oavi bGST, a
pNI PAmM @iwn | | coll apse and for msepgrveecuasor
nuclperiecur sdhepar pr ecklegdss arhe p@ao tl iyc ostt baobil dea |
coalemddd Am monamdepocant o nobdsourtfhaec ep.a rBviecnl teuse
thegn further gmiowr a¢Spael ©.r me ad tssibV ibti yg hfear t ha
NI PAm momMImRAmmc r osgterlesc i sr not homogeneous afl

hi gher cr oss| isckoinpga rdeedn stsot yt haeti rc osrhee | |

o 0 o 0
. ;O\‘S//\__ /o\_s//\ _ nH,o Initiation 'o—|s!—o- Propagation _O_Q_O/_\_/—‘\
AR A n ||
© 0 o}
Chain coIIaEse . Monomer additon

= —_— \_’

Precursor particle n

o

Final microgel

Fi gudMeclhani sm imo c r pfiyoerPmant fi reen@ dvpicaa ti pi t at i on

pol ymerization met hod

1. B-Respongdwvegdl s
pH espensydrogel s ar eg elodbyaiomtc iwadié i e s( PE

in their baoekgbuanas.r iRUEn gseMed | i ng rati o can
that of coneutspldogemo t he Coul ombic repul s
grouptshenalddi ti onal osmotic pressure from r
The i1 onic monAAre r sRIAB(udcrhi naospr oy ly)l ame dle a

hydrochl oride (APMAH), can be incorporated



them pH rRymaomisglvte. scattering (DLS) dat a |
pNI PABsed i awvi adelhi gher AAc percentage ha\
di ame’er

As commonl y wusesd tnhoensoinse,r sAP MAWMhhNAGs a pKa
hass pKa of ~ 4. 25 mohlmenestsr wac teu rsEh®hwanf pikhh &1 g L
i nducedt rvaor sufnteive aleenrPeElIs| si np edicaunrg e tchpeks e t o
of tileiirzablkeowusxed itelsei r degmHdeéfefenbnatkad
pHS herefore,cdAPMAPINMPsRAmaorgee lposi tpMelO9y char
while thedApNl MAmr ogeedlsy aclepltheddh2 atv

As sholing Gibfeh ) t ake AAcCc gel o asx plnaienx atntpd e
depemdevol ume tr amgidtgisoand d iWhge nt rpaHc e Na OH a
sol wst iioonni ¢ sttrwedgtiit i omand g egssmaat irmeoskurl letes soufr e
sodicuoount eriamisported I ntamdbhhbeedierdd med twatrikec
repul si ome goaettiweee nc h a roguegda ucsaer btohxey | whdaodger g el
expand®n t he pdoonwerrairnygepHeasi ng amount of mo

and protonat edc amarkleo X yhleiGov mgertt awomsk | col | apse.
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o) HoN o
\)L e
OH NH
b AAc APMAH

Fi git5ae) Chemi cal structur&dheiman i ERApraersdck nARN

t he-i pfluced phase transition for AAc gel

There are sevaf bhbkRbhegdpHsr e h@manskbe For i
i oni c stsroelnugttiho hi me aas o4 & tae i o A ogneslsdecar k
pol yaci d aseecmd ngx aamphleeg. plaermameheri cammins t atnn
|l ow, SsolpH iiosn t he domi nantoff ssonvfedord i@ detl err
When the i onitchmetr @ mgprriostbosnp mngcbodpse wi | |
exchangel @i i bnsrodg wlm israd bion ha mobuereta safngi oni z
grouptshoeeamdt i cf pomsmobiel e coPEtsgvepdrsent her e
increased swelling hehh avDedry.e Astc rheiagnhd ni go nwicl
the whol eswehiinwialdldidroosns!| i nki ng density,
hydr ophobicity of the ©pol ymern cPhEap thesl scoul «

sensilt®lvi ty.
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l1.4eEtroregpdoosgebhe H

El ectsriignall s plray ¢ amaowemearmatl of sIRori ng cr e
exampl e, Venus flytraps can trap their pre

controlled by tlhedpi racd i by rpdteleenrt ormatsyproen s i

dready become a hot research ared& in whic
PE gels introduced in the previous sectd.i
electrolysis can result in a dramatic pH c

near one electrode to sense such pH.change
Generally speaksiatdieend de Vaime omi &d wgadyd nega
charged groupsreawsultbegpirowmialbaveid&krscodt ia@rs i

at hceat hode "WwWhegen®©®Haltgehda, rggpeods p 6 i wiel t ede depr

and thelsewi | | [81dAmroit mile r mechani sm 6 for t h
el ectroresponsiveness is that elec&Bric fie
net wor k, resulting in anisotropicsaeaswel |l

polacryl amide hydrogel $Extpcerdamee ndfalt hree saill @ cst

the mobile hydronBumet woski mBgdat ehtogehe
negative charged immobilized carboxyl ate
attomstbet ween mobile/i mmobilized groups a
stress gradife natx iasl,o nrge stuhlet ignegl i n ani sotropi

Il n this diasbsoevremattwhoanj sthnbeamakemphey ed atl o

12



device di scgrvoeupedr ebsypoonudr t o exter nal el ect

potential applications in display as wel/l a

1. %Y bH iyddrHsg el

Hydrogels could be hybridi ZAegd awmittuhm war isq
Au NPs, Ag NPs,) greangeneatddiianig | , magaéyitcc a
propéPtiiheesr,reeampplroacheshydrsivydhi di §feer ent
Il n one ARsprcaanchb,e synthesi zedcdn risd .o Hyadirn
by di sper sitnhgr gNePsol ubht on, whi c hunwielrlgosubs
pol ymerization osr ibmg assmaiksicre tay dirb®ibge INP s
anot heNPxasan be synthesi z étdhrfdenanen giuo nwailt h
net worlR®bH | ymer chhgnadboaovoshiPsmace tihest to
nucl eation center fof’% ubsequent microgel |

Au NaPrse t he most commonl yb es tiundcicerdp omr aart ez

hydr olgheelys .can eit her beobénanmodrikKs zenl hbe doat

thin gel | ayeksowAuf lPst hekerwsulultface pl asmo
possessing highly enhanced visible/near i nf
absorbed Il i ght can then be quickly <conver
phenomena. Thus, Au NPs are often selected

i n pNd PAemtowamrakk ett beomal 'y responsi wanhydr og:¢
convert l'ighupeneegyosor éireadu Iptriorpgdsri M i ghit k

shrong¥iAddi tjohhkl yedmpendentesolphltRAm st at

13



cahavienf lusempd i cal propertiesl™8Pr esvuiconushyb
|l iteratures show that above LCST, change
di stancAubé&fPweean result in relatively str
Au NPs dhiufst-Wiedd a&Jb/sor bance peak.

Quantum dots (QDs) are seamitcam@udercatbdre nan
research abitemdadiomali nf it ddgeglr. e PDsSe are @qasgot ®
and have considerasearmrys oa laxdidezcerye@Bédy dr o g €
cytotoyi cincyrporating them Anhsttde tsheepoin
these hybrid hydrogels woullrd worbg ae ma mpelwe ,prk
group immobilized CtdApeNIPAMoO chriytiset oagl esls.u Intsa ndte
hybr isd pgheolt ol umi nescence (PL) densiithy and p

a temper At’dre cycl e

1.6 GttheaRelsiponygdiveg ¢l

Hydrogel s calnl uhaveé bi ochemi cal responsi v
bi omol etbhkeées snient womne&k ,eliaeamphé er aant ogemet we
antipaidys within the polymer matrix can fo
antiresmondr olgEllyon exposure to free antig
binding between free antigens andingnmobi |l
poi ntheenacaekle t he whAlonloet hgeerl ismterlilgui ng exampl
responsive pbyddaefQéeks hydr adgel scaffol ds. (I

desi ntablhave t ke a fhohdaklrgdr spedla tiino nswinech e t i ssue

14



regenerati on s pgeoead., Tao haycdhrioegveel tchriosss | i nked
synthesi zed amoc dee gocesdedclademtzegdmeé pat can cl ea)
peptide ¢%% sslinkers

Hydrogels cornhaintnivg Impdlet oesir msaoalmloy ec
show i nter ersesipnogns p klé¥’bmomper tvyari ous photor
mol ecul esen@azpophBhero) derivatives have been t
are therefore oft enodnienomorrpkosr.atlend oinnet ot yhpyi dcre
mi xture of a host pol ymer containing cycl
containing aAzoupraaamofloercrul ar hydr ogel Cross
CD#Azo which i s a Tlgiugehstt rpeasipronsWpwpwen hbwstirr
moi eti escirusnsdeirgomer i zati-gonestt hunet @rhaecth oant
di srupted and suchea Riyda bdyeedbledh snaldeevge ad ab
di fferent ssvblenwatexposetdatseo | weehnitohs makgant be
a perfect candi dl@®®e®flor solvent sensor

I n this dissertation;r ewe omaii nhiwtdinedsg ddifez & ch
to realize applications in electroresponsi

detailed in Chapter 2.
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Chap2Aeprp!l i cattiiomiBd sfpormigyXivegel s

Thi s Cdhegdreiolmeasg @exi sa g mlgi ¢ agtiiomelk poofnsi ve
hydr-ogeéd matlarmiusipshat ontclbe matrengi alsl i very

and sensors, which ankialdosstepiasi onvesti

2. JlankPag t i cl es

Named af tfeaceadeRameon God Janusnmodmifdrea anc
with two chemically/ physically distinct re:
Since their feirGetnnmaentiinomilsy NDbel Prize | «
been synthesized by a varietydofonoweli appt
range of applicationpapery., Specieliecallown, c
epaper wutilized JPs that were coated on on:¢
pol yethylene on the otheropThealdi ahdr entec:i
ani sotropy, which could be used to display
the potential applied to the paft&iiocnl es emb
another interesting demonetdr @thiadn ,J aQruess mian
with Pt and Au segments could be generated
due to the ability of the Pt portion of th
peroxide to generate oxy8%n bubbles, which

S nce numerous approaches have been deve
di ver SR69r ofi mpt ercewsetyr,i ct our d-basedsid®n t

fabrication, which afle@Ttdemmarnipdedsti mnHBi ¢gu

16



tradiapporncaalch i s toposeAecpi Feqgrtbed)fda cat i o
monol ayer of par toindloe s udarthrida he damsgmasseks e d
and onl y onoef htehnei speiretriecclaen ibse enxopda sfe de da nbdy

chemicaal/ physatment, vaspudcehpoabst inoent abhnd flu

abdPihlyep esligaelsi gned micrafsaidi pogabvace met

(on

reak @sayrmméciPreyh’deomet tyypofcabh microfl uidic
sketclredai(eo) Two separabke U¥treams fl ow th
central chazmmadédes cttchanedn@,of the central c¢hi
into droplets wthhdnmn wne dstsabinicit zplbealslyess ur f a
channel d3 fawdnsuonddielry Ui rMalglhys1 (E)) gshe® w3 t he
procedscftorohg drEcHDyghatmt € o lg n wqaoure . npobrley me r

sol saienpsmmetdt d me cwaspli y | %fthye nreue diliecso mpar t me
dropl et s ahree ofuotrimeetd raetgiton of the needl es,
high electric field and collected from th
mi crofl ui dwhceotesphreirq cea l JPslaamamues <wynht maleir se
fibers can eniolgt gienad ngy condi ti ons such

pol ymers, viscosity of the sol ult®?lons, the

17



a Metal deposition
. ——
it et -

e - e e s

I |

Fi g@t®hr ee caopnppmmooac hg@ener ate popygsmsmerect iJWPe:
modi ficadaheomeomptcry ctionngeelnsecladaenelPs]l and
contdaiher ent monomer solutiaaqwe cansd scuhrafnancetl
solution which can stTalhdd siizge f rcé&gslddd &t iamg@ dr

techmniogpeoduce JPs

| hhaecbove exlaempd esul ti nghgvaea tancd essi dneo ronfa ltlh
t hat i's distinct from the other. Al t hough
particles that have multiple distinct regi
number ofs ahpapvreo abceheen used t o generate part.i
surface chemistries, with sequenti al mas ki
most widely used and easiest to iI®mpleegment.

Ocontact pdinwi synmételsd ze t rditvhad seentp arotlil coli

can be modi fied from both sides while t he
unmodi fied, resulting in particllP&o with
accompl i sh thiane difhlkse&ntwese transferre
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pol ydi methyl sil oxane (PDMS) stamps by spin
into contact with one side of a | ayer of s
on a flat substumnee.tWetbi apphi pdrpresses ai
stamp, which all owed them to be I|ifted off
stamp <containing another silane ink was b
unmodi fied side dfi cthhel diolwieda tper tiinkl € 0, tw
the particle. Sonication allowed the modif
and isol ated. lowa &6d gtr baurp e>amp lop.egbaear atpe r
parti cmuwlst iwglteni dnstspatinbby isbi*dthdds on a
was accompli sfaddoudviengcolt badal spheres as
|l ayers of Au followed by reactive ion etct
"dots" spatipadrltyi calrersa nggiefdngd dagr c uloa rs po,r bsipt al s
Aumodi fied regions of the resultant particl
sites to for mmrcdmfl feexw crl ustteertsqg creating c
with novel phypypeothemi cdah yetOgamatpheero adxam
a monol ayer of silica particles with a sac
(PMMA). Then, the PMMA | ajypdraswmsas, peaxrptoisa Inlgy
portion of t,hewhsiiclh cche ppeanrdteidc lcers t he ti me o
the exposed portion of the particles coul
sacrificial | ayer could be dissolved and tt
be further fhnamiooma&lPtzéde mvist ry.

Final ly, i n tshhioswedd stsheartt actoinopnl,e xweani sotr o
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generated using iIron oxi dgee Imidcrroopplaertt.i cTlhees m
particles could be inducrends,t ovha scshe necbolud di nbte
into place by pelymodiuziomogp.t Aihepraevant age
the number, direction and distance between
be tuned by manipul ati omatofditrhectex ttelren adr gre

the micrldpParticles.

2. BoPomiteerN al s

Phot oni c madcmrsiadtsi (P Msf) ,at | east two per
wi t h di fferent , dicalnecdx hicb nhd @ mcadclalnrtngghbtyw i t h
propagating through its structure. Speci fi
in PMs |l eads to constructive and destructd.i
through it [°Y¥Htedrdd nayr ec oth@R W e & k aitmp hrgast worfe .
Butter fl y swvhefgésgc obceked fl eea tolpaal s gemst ones al |l
colbesause their osdemaed i mterastr wdtthr el i g

mat erimaheriesntl y bright under straeng tloi ght

photobl eaching making it i's mamandudaehbl e t
candi daaptpel ifcoart i ons i oobppaddéd¥! sensors and
PMs campédmaivedi c tvlageifataican vef i ndex 1 n one

di mensi ®Ons ANDYDc,h 2can pr odfi baar tpaionp mavgaded loenn g |
2D and this servingPBs opmatsai wihtyler gsir sf er en

refractiawvax hirediitoedd ¢ nt dinreend tyi loanyv, e wthh &€ hsi mp | €
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streatnurr @i del y [S°f%WNd iPAdn. mh &g eodielet sl on dev
di scoared eidnvestigatead sby bebongroop 1®r €& Ms w
di scugs a@dettian | i n2DeRMs spas$s $ @sns tpweor idoidrieccittiy
and tradaveoaabtyuctuofe oif elpeéatavthiicclh ararnay s
form triangul at!?38®d S¢sphmisepdaticiiacde sv.ar i at i ¢
three directiaonsbheandbrheptedmrodimadimspgeéonsed .y
namo/cr oslgh®%t e

PMg apabl e of ophtaincgalngp sghmeenrstei € 0 iex tree n al
have a | ot of @pplhbiacazoiden $i enickisnd ilpshgplitaopy ol t ai
high efficsemcysk®adresc.tioirt eresbonng aappli imuat
respomMciammee made to onl iynfsdroma ttalogne gusnédieorl
sti mulamsabvent, whi ahandamulde MadSediiladr.| vy,
i Btimeksponsive PMs can giiwenad stoseidiftearxepnt

di fferent caonnacleyntter,a ttihoeny ocfan be usleéfi® as che

109]

2. 2.1 oBracseipct @f 1 D P Ms

The key fturepac elsDs omMsmfi d erpud stiistiva tyy B r
alternatively high¢ amdil)olnotwm unae fiSmpacdotei.tvien gi nd e
and -asseslefmbl y met hods are traditwhinah | gr € mp |
also known as Bragg stacks.

The hemati c aBerpaigegt KisdtinsusftFi gtuz @ Whren i nci den
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' T ght ompian ®de sagg esatcachke o wieldanryye r s , mul tiple
refl ection and transmission wi || happen,
i nt er f expeencciefsi cosf w aWtedl ee risgttedicikodi ci ty is on t
t he waysef)jreomny $ hb|tehelyi gchaib rldiasigl lacyo laadrdd t i on
Fi gu2ael s20 s honwsr etalsatng |talyermsu mmenr i nfér ease B

reflectivity.

Reflected light
air

High

low
high

low

substrate

Transmitted light

Fi gu2Ae B2 ag@muwlittaislkaywert ur e anedctld d hart etdrna rosemi

t hr ouogrhd eirtesd structur e

Assumi agltthked tmu btthiilcakyneerssses ar e perfectly
wavelengtimhthe reflectance band can be dete

equations:

G cQ Q & {0 — (2)

€ (2)
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© - — (3)

Where m is thet¢e didnhfd aateomi ghdet ow and
refractive index of thed altlRenanhghve obBhyens
with respect to thé mauriMmaah@emrf e tthiee Br miggk rs e s
the correspoWids nghé ayamd windt h.

| f the ilngihden ¢ opdrmhiege sdidck @gquatli on 2
can be converted into:

a_ ceEQ €0Q (2)

Fromsdedquati wascan dr aw thiekeo |l coan celxuhsiiboint etdh
Braggi setlaactked to the refracuomber iodeal| t ¢ hmn:;
| ay&pecifically, if the thicknesses and/ or
decr evees ensi,| | observe a blue shifttefolhct heeBr
i ndex ceorktnasdtet@er mines the bandwidth of t
increasing contrast bet weemetfhectmiuvitt y agar
bandwlarrdeef racti ve i ndex condfr @&3Nr easl owotrelnd
appl i ovahtiichre gcfaencd e yreé yse t he amounttoof mu |
achieve the desirab]|PeMsr ecfalne chte \&idOjfpg ocOsFeod cefx
bilayers, since they are transp@gar=elnt24and h:
and =1.T4) summavyryibng the par smeRMg scam al

have tunabl e whpitclt awi Iplr olperdi £csums.sed i n det
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2. Po2 y-hheskRMs

Sti melsiponsi ven ®iMist@lalpe de¢ hei r i npectspd NnEEs i
to diffebentumsitngnutheir refractive Iindex ar
As stated in -Chapboersi Mleanmsdatpmeags t heir vV 0
reversible expansion/shrinkihbhfgeim emBipoOOIS®E
Further motl ewo,$ hrebdiasrtcean be easily(mspgj) fied.
pol y( met hyl met hacryl at e) ( PPMMARB ETa)n darpeo | gl
typical pol ymers uasmdtfioe Pdst PolLlddenl ae
inert inorsganiabmatateahybridized PMs.

There are ditfd esemt hesdiane ¢ pedskgneebty | ayer
| ayleerposmdéthodh mentthppgreed oudMos edi sprer se pol yn
mi cploesr es -acsare mbdlef -patbed| osegs tyalGr atvo tfygr m
centrifugati on, pressure orstfoi lftftdwelmbs en ar e
packed S'Auurctthuerremor ecathhbeeutiybrzabdsas r emo
t o mankveer se opatassienucehresirteatradevad i Isgphalcee sf or f u
monomer infiltrati'dhOr der ens dgpeinietreattinecdn . f r on
| it hogr aeptafy s eemhdl ys o f bl ock copolymers are

fabricate pYrEYmeric PMs.
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2.3 Eteaviome D

Our group has previously fabricated asfthracterized 1I®Ms using pNIPAm
based optical deviseknown as etalorA etalon device has a thrgeyer structure by
sandwiching the pNIPArbased microgels between two reflective metal layers (Au).
Specifically, the etalon devisdabrication process shown inFigure 23. 2 nm Cr as
anadhesive layer and 15 nm Au layer were evaporated onto@gameed glass slide
sequentiallyNext, theas prepared Au coated slide was annealed at 250 € for 3 h and
then cooled down to room temperature prior to éssingle layer ofpNIPAm-based
microgels couldbe painted orsucha Au-coated glass substrate followidpginto n 6
protocol published previousi#!®! In brief, a40 (L aliquot of concentrated pNIPAmM
microgelsolution was trasferred micropipitte ontdhe annealed Au surface atie
pipitte tip was used to spredite microgel solution to each edgethe slideuntil the
whole slideis covered with microgse!l Then the resultant slide wadlowed to dry
completely on dot plate at 35 € for 2 hLater,the slide was washembpiousy with
DI waterto remove the microgels that are not bound directly to the Au suafadte
soaked into DI water overnight at 30 € @hat plate. After overnight incubatioithe
slide was washedgain by DI water, and dried witN> gas.In such a process, drying
of the highly concentrated microgel solution is critical to form clgsstked microgel
monolayer. The interaction between microgel layer and Au layer is so strong that there
is no observation of microgel layer migratioig the Au surface during soaking process.
Another 2 nm Cr/ 15 nm Au overlayer was deposited thremicrogel layer by therad

evaporation.
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Fi gu3Tehe? al omsfddviicat i dnt pr olcaGpeesrAuwla)s deposi
ormagass sl ipgphl;PAR2m nmmihcer ogel s were painted ont

Anot her Cr/ Au | ayen hwiacr alg@loslidyar on top o

Sucha device displays vivid colors, which are dynamically tunable over a large
range of visible wavelengths. As presenteligure2-4(a), the devices operate by light
impinging on the etalgrentering the microgdbased cavity and resonating between the
two semitransparenfAu layers. This behavior leads to constructive and destructive
interference, which leads to color. This isiect result of interference, where specific
light wavelengths are reflected, while others are transniffdhe specific reflected
wavelengths lead tmultipeaks in a reflectance spectrum, where the peak position(s)

can be predicted by Equation:

Go=2d €%  (25)

Where & is the wavelength maxi mum of a pe
refractive index of the dielectric (microgel) layerjsdthe distance between the Au
|l ayers and b i s t he antphsetheintidemtligltisdoenalc e. Un d
to the etalon surface and the effect of refractive index is negligible compared to the
change induced by the change in d. Generally speaking, as shbiguarea 24(b), for

a given m, microgel swelling leads to an ins®an d, which yields a red shift in the
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position of a giveneaflectance peak. Likewisenicrogel collapse leads to a blue shift.

Thereforep NIPAm i s the active compomemslelbffHa et a
gluddbfempeltddud emacr dhftd¥ eeul enwdi fication a
t et i mul i I nts€Cooptareal toi gndaler stimuli, el
appl vy, program and shows the tremendous vVva
I n this dispamntdpphemfattiviea eaevti &ledsn by expl ori
color change in respohlse diomexft ermias réeecad
out the possi bl eelmec ttaumcagbinhl ey dceoviiocres whi ch

potenti @losrmdoedbe ni el ectronic circuits to m

Reflected light b a

I Incident light —_
1 38 | ddecreases d increases
K g
! c
! [l
3 —Gold mirror B
X 7\ 7
\ AN [ ’ [}]
\ 2N 7\ I’ ) [ —
d 4 N\ SN SN Vi —Microgel layer &

\ / 1\ s \ /

— Gold mirror

\\ ,r' kY ur" ‘\\ ':'
/ / / Wavelength (nm)

Transmitted light

Figud4ae)hZl i nteraction bet meetead oinn cdiedve ncte |liegah
|l i ght eref,erbgncThe di st adryerbetdtwee rabdwe Aws ul

shiftar@ghshieft will be observed for a | arge.

27



2.CGBontroll etdi Deuyg D

Drug delivery devices capable of controlling the release of loading and releasing
therapeutic small molecule ("drugs”) to a system can have major positive implications
on human health care and disease treatment. Because of the potential impact, this
research area has been receiving a considerable amount of attention over the past
number of year82'%¥ |n order to have practical applications, the drug delivery
devices ned to be capable of releasing precise amounts of drug (dosage) over many
cycles. The devices should also be faxic/biocompatible and allow for easy
triggering of drug release. In previous studies, various materials have been for
intelligent drug delivey devices, such as graphene based scaffttd®] magnetic
nanoparticle$?”1?8l liposomeB?® and hydrogel$®!.

For this application hydrogels are of particular importance, and show a
considerable amount of promiget?® 3Generally spedhkg, since hydrogels are soft
materials, they are better tolerated by the body, and lead to a low amount of
inflammation and irritatio®:3%1%3 To realize controlled drug release from hydrogels,
their chemistry can be modified in such a way to allow tteerespond to temperature,
light, magnett field and electricity. For examplpNIPAmM hydroges are widely used
for temperaturdriggered drug release. Generally speaking,oat temperature, a
pNIPAmM hydrogelcanswell and drug is easy to diffuse outtb& hydrogel network

resulting in omstate. On the contrary, when temperature rises above L@®T,
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pNIPAmM hydrogel collapses and forms a dense, compacted, less permeable surface,
turning off drug releaseHydrogels can also be designed limdegrade, theby
disintegrating after they are exhausted of their drug paytéad® It is also possible
to modify hydrogel sng themw vitp metal N8, catbgn hy br i d
nanotube$®”1%8 and QB to realize different controlled drug release

Among various stimuli, electric stimuli is believed to be an efficient approach to
realize drug controlled release because it is easy to precisely control the magnitude,
frequency of applied voltage/current andniature power supply. Electmowered
drugdelivery products have already been commercialized such as iontophoresis device
from IOMED Inc. which can deliver drug through skin by a low level curféft.

Therefore developingydrogetbaseddrug delivery systesicontrolled by electric
field will be promising approach to enhance the meditedatment. The
electroresponsive moietie$ hydrogels are generally from the ionisable gsimgtheir
networks, which will also rendéhem pHresponsive. There are different mechanisms
for hydroges to releasdrugs triggered bglectric field. For example, when there is an
electric field applied on the negatively charged hydrogel, free cations will move to the
cathode while polyion will remain immobilized and be attracted to anode. Thus osmotic
pressure diffenece will be generated and lmege the driving force to trigger drug
releaseEl ectric field can make certain gelsd n
For example Kwon et al. found out thgtolyethyloxazolineand PMMA can forma
complex through hywgen bondingnd trap drugs inside its networkhis hydrogen

bonding can only be stable at pH¥8Bhen pH rises above 5 due to water electrolysis,
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hydrogen bonding is destroyeduc® a complex will decompose andeate the drug

[61]

2. Hlydr &galsor s

A sensor ,whsi cah dceavni cdee t ecchta nagnedsmr e s p b ndninba
Generally speakingwhiac hs echasno ri nhtaesr aac tr ewietpht oar
specific stimuli; a transduceradtatbdte dm nad
and a data process system. Hydrogels are wi
i n sewsiools can sense environment al trivial
magni fied readable output (normally optical

Conshyeér opelts cad transducer®fhwdaogelkamp
i s highly r &l astoeldv attdi lahey dsrtpagteek.p alnrded st at e,
transpar enhi gahn dt rhaanvsemiraa sis onn dewlyirelaesiel lwhen t
hydr oge.l sArsshlayntnegal aavreg e e nofnl utetné Mmywerldgellg r at
which can be converted into theVitsr Eonsmi ssi
example, carboxyl iotbagkbope teromfdbgrr @aigmps$ e
catsi(oha 2Qu Irteisnug i 8shydnkigep. Byyt eorrel a

concentration with transmiss$t*dh, metal ion
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Chapter 3Tr Eyeet eod Smal | Mol ecal ¢N- Rel ease
i sopyloacr yclaaan @lei d)crMgel | ayer

This Chapterdescribeselectrically glectrg-stimulated small molecule release
from a pNIPAmbased microgel monolayer. As detailed iBection 1.4,
electroesponsive hydrogels can be made from PE gels with ionizable groups in their
networks which are also piesponsive. Electric fieklc an al t er t he sol utii
water electrolysis which will modul ate the
to trigger drug release. According to different charged groups, these PE géls can
divided into three broad categories: polyanions, polycations and polpéytgsh while
polyanions (pNIPArco-AAc) are the most intensively studied which are also the focus

in this Chapter

3.1 Introducti on

As mentioned in the previo@haptes, pNIPAmmicrogels are extensively studied
in our group which are thermoresponsive with a LCST around 32 € in Watef?!
Generally speaking, whetie temperature increases above the LCST, the favorable
interactions between the polymer and water aemakerd (swollen state) while
polymerpolymer interactions start to play a dominant role (deswollen state), resulting
in a volume phase transition. Through free radical precipitation polymerization,
pNIPAmM microgels can be easily synthesized. Furthermore, bypoamg different
functional monomers during polymerization, pMM-based microgels can be

multiresponsive. Specifically, in this work, AAc was chosen to render pNIPAmM
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microgels pH responsive. AAc groups haveapd . 25. That i s, when th
isbelowA A c PKs, most ofthe AAc groups will be neutralized while thraajority of

AAc groupscan be dprotonated and negatively charged at pH > 4.25. Ther¢ioie,
pNIPAmM-co-AAc microgelscan act as a reservoir atndp positively charged molecules

at high pH via electrostatic interactions while release these molecules when they are

neutral at low pH. Such pHdependent behavior can be used for controlled drug release

mentioned in section 2.3.

In this Chapter, a monolithic pNIPAw©D-AAC microgel layer was deposited on one
Au el ectrode following a O6paint ond6 protoco
Chapter, and loaded with a positively charged dye, tri@di@ethylamino)phenyl)
methylium chloride (crystal violet, CV). Next, the -psepared slide was treated as an
anode and assembled in an electrochemical cell. It has been proven that the application
of a suitable potential between two electrodes in water leads to water electrolysis
(reduction potential for water is 1.23V at pH 7), which results in a decreasing pH near
the anode. Hence, the ionization degree of AAc groups can be totally controlled by the
external potential, which can disrupt the strong electrostatic interactions neghtio
previously and realize controlled small molecule relelastne meanwhileit could also
be possible that electrophoresis effect also contributed to the CV relegeseCy¥ is a
positively charged small moleculét is possible that CV could migrateward the

cathode accelerating the release process.
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3.2 Experimental Section

Materials: N-isopropylacrylamide (NIPAm) was purchased from TCI (Portland,
Oregon) and purified by recrystallization from hexanes (ACS reagent grade, EMD,
Gibbstown, NJ) prior to us&l , Meéthylenebisacrylamide (BIS) (99%), acrylic acid

(AAC) (99%) , ammonium persute (APS) (98%) were obtained from Aldrich (St.

Louis, MO) and were used as received. Deionized (DI) water with a resistivity of 18.2
MgqLcm was wused. Mi croscope gl ass slides

(Ottawa, Ontario) and cut into piece$ (225 mm).

Microgel Synthesis Microgels were synthesized by free radical precipitation
polymierzationin one typical experimenNIPAm (10.52 mmol) and BIS (0.702 mmol)
were dissolved in 99 mL deionized water first, which was later filtered through a 0
pm filter. We filtered the monomer solution at this step because impurities inside the
solution can have influence on the nucleation process resulting in inhomogeneous
particles.Then the filtered solution was transferred to-ae8ked round bottom flks
equipped with a reflux condenser; iNlet, and thermometer. The solution was purged
with Ny, stirred at 450 rmp and heated to 70 € for about 1 hour. AAc (2.81 mmol) was
added to the heated reaction solution in one aliquot. The addition of 1 mL APS (0.2
mmol) then initiated polymerization. The reaction was allowed to proceed at 70 € for
4 hoursunder a nitrogen atmosphere. The reaction solution was allowed to cool
overnight, and then it was filtered through glass wool to remove any large aggregates.

The resulting microgel solution was placed in centrifuge tubes and then purified via
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centrifugaton at ~8300 relative centrifugal force (rcf) to form precipitation at the
bottom of the centrifuge tubes, followed by removal of the supernatant and

resuspension with deionized water; this process was repeated 6 times.

Fabrication of Au electrodesAu coded coverslips were generated by thermally
evaporating 2 nm Cr followed by 50 nm of Au onto a 25 x25 mmgeaned glass
slide. (Torr International Inc., thermal evaporation system, Model THEUPG, New

Windsor, NY).

Paint ond pr ot ocadlayertanod CY badiogprotedusBefone ther o g
mi crogel monol ayerds deposition, 2 1 25
one side of the Au coated glass slide where is used to connect to external power supply.
A 40 L aliquot of concentrated microge{sbtained via centrifugation of a microgel
solution) was added to the substrate and then spread by a micropipet tip at 30 € until
the whole slide was covered with microgels. The microgel solution was allowed to dry
completely on the substrate for 2 h &t@ on a hot plate. After that, the glass slide

was rinsed copiously with DI water to remove excess microgels which were not directly
attached to the Au surface. The glass slide was then placed into DI water again and
incubated overnight on a hot plate3 €. Following this step, the substrates were

then rinsed wittDl water, dried with N, and then soaked into 10 mL 0.04 mg/mL CV
solution at pH 6.5 overnight. After overnight, CV loaded glass slides were thoroughly
washed with DI water and then soaketbipH=6.5 solution for 2 hours to remove the

excess CV.
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Electrochemical cell assemblyhe electrochemical cell was constructed as depicted
in Figure3-1. The two electrodes (one 50 nm Au glass slide and one CV loaded slide)
were placed inside a cubicagk cell with 3cm x3cm x3cm dimension and 2 mm wall

thickness. The distance between each slides is 2.4 cm.

Next, 20 mL pH=6.5 2 mM solution were added into the glass cell. And the two
electrodes were connected to the external power supply. Paraffiwdidnused to seal
the cell to prevent water evaporation and tbkitson was stirred at 60 rmg@d. mL
solution was transferred by a digital pipite iroquartz cuvette to monitor the
absorption change during the whole process. After takefVIs\spectra, e solution

were redumped into glass cell.

UV-Vis spectra werebtainedusingan Agi |l ent 8453 UVI Vis spe

pH was measured with a Jenco model 6173 pH meter (San Diego, CA).

3. 3 Resulstcsu sasnido nD

Devices used for electrstimulated drug release were fabricated as shown in
Figure 3-1. To preparehe Au electrode, 2 nm Cwas deposited on glass (as
6 adh e s i)folldivedlby theedepositon 8 0 nm Au. Foldnbwvi ng a
protocol mentionedn the experimental sectioof this Chapter*'® we painted a
densely packed pNIPA#o-AAc microgel monolayer on top of an Au electrode. In
order to connect tanexternal power supply conveniently, we left one side (0.5 mm x

2.5cm) of the slide unpainted. Once the microgel layer was deposited on-toatéd

35



glass slide, the whole slide was incubated in a CV solution with a pH of 6.5 overnight
to load CV.*+1%1 We also observed there is no color change for the bare Au slides
soaked into CV solution. Onlyjhé color of themicrogetlcoatedslide became dark
purple after incubation, demonstrating the successfulness of CV loading. To remove
any excess CV, the GWaded slide was washed under copious DI water and then
soaked into pH=6.5 solution for 2 h before continuing any experiment. Then two
electrodes, the C\baded slide as an anode and the bare Au electrode as a cathode,
were inserted into a homemade glas$ @&l aqueous solution (20 mL, pH=6.5) was
added into the glass cell and one piece of paraffin film sealed the cell to prevent water
evaporation. Two leads from a power supply were clipped to the two electrodes to

provide DC voltages.

Power supply
Glass slides [ _ paraffin film _
Metal evaporatiorl
— stir bar;
“\\ Electrochemical cell
N
\\
Au coated slide Assemble the electrochemical cell

Microgel deposition

Load CV
w"'\\ — Bare Au PH=6.5
Slide with microgels Slide with CV loaded microgels
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Fi g3t e Schemaotf the fabrication of the micr

construction of the el ectrochemical cel |

Figure3-2(a) shows the chemical structure of CV, a model drug used in this work.
It is a hydrophilic, positive charged small molecule. Furthermore,c@¥V easily
dissolve in water, exhibiting a purplolet color. Its typical UWVis spectrum is shown
in Figure 32(b) and in this work, the amount &V release was quantified by

monitoring the change of the absorbance maximum at 590 nm over time.
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The CV loading and release mechanism is shestiematicallyn Figure3-3. The
strong electrostatic interactions between positively charged CV and negatively charged
pNIPAMmco-AAc mi cr ogel at pH 6.5 can trap CV
However, upon exposure to a proper anodic potential, whdetrolysismakes the pH
near the anode dropramatically, which neutralize8Ac groups and weakens GV

microgel interactiond!*®! As a result, pNIPArto-AAc microgels collapse and expel

CV from their networks.
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Figu3 e8|l oading and release mechanism

As stated above, we assume that the walamtrolysiscan decrease pH near the
anode which can modulate the @vcrogelelectrostatic interaction and trigger CV
releaseTo prove this hypothesis, we measured the pH value in the vicinity of the anode
upon exposure to different external electric potentials. To accomplish this, two naked
Au electrodes were connected to a DC power supply. A miniature pH electrode was
placednear the anode at a distance of ~ 2 mm to monitor the pH change. Water
electrolysispotential is ~1.23 V in a neutral soluti#fi”) and the potentials we used
here were all more than 1.23 V émsurewater electrolysis However, the potential
should not b too largeas this can lead to théu layer peeling off the glass slide and
bubble generation. To establish a stable d
V throughout the whole experiment. In such a way, there is no Au detachment, and the
bubblegeneration is minimized and cannot be observed directly by naked eyes.

The result for electrochemicalipduced pH changes near the anode is shown in

Figure3-4. The appl i catviodn agfe sditfof erheentel ectr oche

38



enough ®@toeyi el@é@cwrol ysi s, |l eading to a sub
| n d mdreasing the magnitude of the applied potential (from 2 V to 4 V) will
acceleratehe waterelectrolysisrate and result in a larger drop of pH value near the

anode over @aange of ~ 5.20 ~ 3.2. Uponremoval of the appliegotential, the pH

guickly changed back to the original bul k
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the cell and the pH near anode Awd ®rmda&drOi0tsor
(as the arrow points out), these potential:
As detailed above, the solutionbs pH cha

potential, which could modulate the interaction between CV molecules and microgels,
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thus realizing controlled release. To demonstrate our assumption, we applied different
pulsed voltages to trigger the CV release. Specifically, in one cyel@eppliedthe
external potential on for 1 min and thesmoved ifor 5 min. The whole owff process

was repeated four timeAs detailed in the experimental section, we monitored the CV
solutionb6s ahtdSWmrh evergome nunuta 10 getermine the amount o
CV releaseAs shown inFigure3-5, in the controlled experimemihen there was no
potential applied, no obvious CV release was observed. Absorbance only increased
when the voltage was applied. Thirge puledCV release profile wais syncwith the
frequency of applied potential. In addition, increasing the external potential resulted in
a higher CV release rate. For examjtefFigure 35, when theexternalvoltagewas
applied under the same amount of time, the\d¥absorbance was highender larger
voltage Suchaphenonenoican be explained fronmé above pH measurement results.
That is, the higher the potential camake the pH near anode loweéks detailed
previously, electroresponsivity of the device stefram the negatively charged
carboxylic groups opNIPAmM-co-AAc microgels. Lower pH means more negatively
charged group will be neutralized and more CV will be released from the microgel layer
thus resulting in a higher release rate under larger volklageldition, yon potential
removal, pHquickly changes back to 6.5, carboxylic groups becaosgative charged

and CV washeld upagainin the polymer network through electrostatic attraction, thus

turning off CV release.
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Byacl ose examination ofFi gbh-64¢ CRowsel elase

cumul ati ve absorbance at 2 V/ 3V was direc

i s, the absorbance increased | i nperaorfliyl ewsi t h
wer e +or deer o However, for hi gher voltage (
initially and its slope representing the C

increased. The reason might be tédrag wase CV
eventually depleted and it is harder for C
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concentration. To better compare the relea
that there i s endwuegthwsdCrYkhiensind d i dilamsd @ogles @ ¢
from 2 V Ringdue& werienpl otted against their c
As shdwmubl® I he release rate increased | i

increased.

Figuag eh)8 T el ationship bébdaweenaanudmeclal evauak
di ffererst heglrt€d gt i onship between release r
voltabesred | ine represents the best fit

regression analysis

One of thanajoradvantages for electtoiggered drug débery is that the external
potential is very easy to be programmed and different drug release profiles can be
generated under the same device. Next, we want to prove that we can akérabe
profile by simplytuning external potential$n Figure3-7, to release the same amount
of CV (the absorbance reached around 0.08), continuous or pulsed voltages were used.
For continuous release profiles, the external voltages were applied all thd tiene.
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