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Abstract

Thephysiological milieu othe normal skin islightly acidic with a pH value ranged between 4
and®6; for chronicor infected wound withahigher bacteriaload, its pH value isabove 7.3.

Motivated by the fact that monitoring the pH value is an effective way to monitor the status of
the wound, a novel smart hydrogebund dressing incorporatimgodified pH indicator dye

was developedPhenoked (PR)wasused as the dye aisdccessfully modified with

methacrylatd¢o allow acopolymerization withthe alginate/Polyacrylamide (PAArmydrogel
matrix. This covalent attachentprevenedthe dye from leaching out of the matrikhe

prepared pH responsive hgdel dressing exhibitealporous internal structurexcellent
mechanical properties and high swelling rati® well as appropriatwater vapor transmission
rate. All these characteristics indicatech e h y d r o g dor vioend dressing edddridlsi t vy
The responseof the alginate/P(AARMAPR) hydrogel dressing with diffené calcium and

water content weralso characterize consider the case of exudate accumutatio the

hydrogel It was observed thatcreased calcium content and reduced water content could
significantly improveelongation athe break of the hydrogeThe leachability of the dye was
evaluated bynonitoring theabsorbance at 568 nm on a W& spectrometer-rom day 3 to day

7, no loss of the dye was detectadhich demonstratetthat the covalent attachment of the dye to
hydrogel subsate can effectively eliminatie dye leachingproblem The colorof the hydrogel
dressingunderwent a transdn from yellow (pH 5, 6 and 7) to bisque (7.4 and 8) and finally to
red (pH 9),as pH increased his range of color changeatches thelinically meaningful pH
rangeof chronic or infected woursdThereforethe developed hydrogebuld be used as
wounddressing to monitothe wound healing process aysimple colorimetric display

A second aspect of my research involved the exploration of medical grade adhesives,



specifically in combination with surface electromyography (SEM8&hsors to detesEMG
signals have been widely used by researchers and clininiangerto captureelectricalsignals
from musclesWhile SEMG sensorsequire an adhesive layer to attach on human gkenmost
commonly available orsauseacrylic adhesives due to their stgprackiness and low cost.
However the acrylic adhesivesre not reusablelifficult to remove andtause skin strippinm
some individualsin addition, they have a tendency to leave residues onT3kenefore, the
adhesion performances of several contiamedical grade sdones were evaluated to find
nortirritative alternatives to acrylic adhesiv@se silicone adhesives were tacky, fioRic,
nortirritative, and residudree after removal. Moreoveheaywere easily washable aatlowed
multiple cydes of adhesion/debondinghese advantages render the material to be an ideal
solution for prolonge use of the electronic patdQuantitative analyseon the adhesive
performancs, including peel strength, reusabilignd durabilitywere performed inhis

research.

Key words: hydrogel wound dressingH responsive dye, molecular modification, mechanical

test silicone adhesivesijuman skin application



Preface

(Mandatory due to collaborative work)

Researchesn the skin adhesive, presented in Geep4 and 5, were conducted as a part of
research collaboration, led by Professor Jana Riggdéfaculty of Rehabilitation Medicine.
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BandAid®, and original Acrylic Pad®used in section 4.3.1 are acrylic adhesives; Nexcare
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All the data analysis in chapter 5 weney original work, as well as literature revieand
experimerdl evaluation in chapter 4. A summarized forntlofptes 4 and 5 will be submitted to

apeerreviewedjournal in November.

Researches on hydrogel wound dressimgdescribed irChaptes 2 and 3 The contenwill be

submitted to geerreviewedjournal in OctoberSection 6.2.1 in chapterférms a part in a book

chapter,i Tough Hydrogel s: Toughening Mechani sms
Electroniccandi Regener at intheboMkdldy lwi né skat eri al and | n
Marie Helene Delille & Andreas Taubert; Wileyin pres¥ Dr. Hyun-Joong Chung was the
supervisory authasf the book chapter, eauthored with three graduate students inclganyself;

Dr. Chungplanned, assigned, collected and edited the contents.
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Chapter 1. Intro duction

The pH value within avound milieuis an important parameter for therapeutic interventions in
wound care because it both reflects arfliliences numerous fundamental physiological and
biochemical proceses evolved in wound remodelifig. A chronicwound is inanalkaline state
before healing procest;progressesto a neutral and theamacidic stateas healingevolves
Therefore, pH can play a raés an indicator ofhe statusvound healing2]. Lots of methods to
monitor the pH of the wound have been propossaktlybased on either electioemical or
colorimetric mechanism8-5]. Current challengefor these devices include fragility of the
electrode complexty in output analysiand lack of flexibilityto conform the topography and the
movement of the wouni@]. ColorimetricpH-responsiveoughhydrogel wound dressirgas a
potential to address many of these challenBgsovalently attaching pH indicator dye
molecules to polymeric backbones, the modified hydrogel can display the status of wound
healing viaa simple color observatiofRurthermore, hydrogel wound dressing contéits of
wate, thus offeringvarious benefits for wound treatmesiich as pain control, secretion

absorptionpxygenpermeabilityand good mechanical properti@$.

1.1Skin surface pH and wound pH

1.1.1 Skin surface pH
Woundsare analogous touilding siteswhere degradation of dead tissue inteated with the
combination of new structures of extracellular matrix and the covering lining of epithelium. Due

to this complex regeneration processunds arenetabolicallyery active Many biochemical



reactions happen in the metabolism dutimgwoundhealingprocesgs, whichrequire an
optimum pH environmentTherefore, pH is ammportant parameter for therapeutic interventions

in woundcare[1].

Under normal conditions thmailieu from the surface of skiis acidic,according to the
discovery ofHesus et al. in 1898], which was lateconfirmed by Schade and Marchionini in
1928[9]. However, up to recent worthe average skin pkalueis inconsisteny reported for
human forearm, cheek and forehe®lde lowest range is givemith 4.0-5.5[10], whereasthe

most complete skin peported in papergoes from as low as 4 wp 6.3[11].

According to the literature,umerous endogenous and exogenous fadach as age, anatomy,
genetic background, gender, and moisthexe been reported iafluencethe pH of skin surface
[12, 13] Firstly, agedependence otine skin pH was reported Misscher et al[14]. The skin
surfa@ pH is neutralor neonates but iecreases to 5&fter 4 patnatal daysExperimental
results of the skin pH orckool children are rather scatter@the pH values increase with aige
the age group between 18 and[88]. Secondly, omparing skin pH data from different
anatomical sites may not be appropriate because skin surface is not uniform and our hygiene
habitsvary dependingn different body aresand on each pers¢hb6]. Thirdly, ethnic and
genetic backgrouds havealso been reported to vary skin grar example peoplewith darker
skintypically havelower pH values when compared to people with fagkin [17]. Fourthly, sex
causes variation in skin physiolody;recent studynvolving 6 male and 6 female kmteers
revealed that women hawgehigher pH (5.6 0.4) than men (4.3 0.4)[17]. Lastly, «in pH
also depends on the environmemtaisture Areas with igher moisturesuchas axilla and

inguinal regionshavehigher pH valug18].



In addition,external factors also hagensiderablempact on the measuredisisurface pH.
Skin cleansing is one of tmeost impotant aspectsfter cleansiig the skin with alkaline soaps
the pH value was observed to rise for a few holine use okynthetic detergent with the same
pH as skiror eventap wateralsoincreass the pH values butthe retention time was noticeably
shorter The tempaoary skin pH changes weoaused by the changethe uppermddayers of
the stratum corneufd9, 20] Topicalproducts such asleodorantshave been reported to
influence the skin pH for a few houj®1]. Occlusive dressings also have eféamt the skirpH.
Hartmann22] found that the skin surface pH in hegltholunteers was greatly increasster
three days of occlusive dressing applicatioumt thevalue returned to thbaselinaipon the
removal of the dressing within one détycan beattributedto the increased ion permeability of
the stratum corneumesulting from occlusion, whichesults in the neutralizatiosf the skin

surfacethat is inherently acidic

The acidic pH milieu is considered as an important aspectsfthe n 6 s b amgainser f unc
external chemicalsSeveral pHdependant enzymeseainvolved in the formation of the stratum
corneum barrierespecially in the construction of lipophilic components and the destruction of
desquamationTheenzymes n c | gldoecerkbrosidase, acid sphingomyelinase, acid lipases,
phosphatases and phospholipa3é® enzymes exhibit tHeghestactivity atthepH of 5.6,
where thesynthesis of thenost important ceramidés optimized23]. Some acid hydrolases,
the contents of lamellar bodies, are released form the stratum granulosum/stratum compactum
interface into the extracellular space by differentiated kereytes These hydrolases as well as
the glucosylceramides and phospholigituenced by the pkre important in the lamellar
arrangement of the barrier lipif34]. The effect of proteolyticreymes on the egermal barrier

function wagnvestigated by Leyvraz et 4R5]. They found thamice,whenmembrane



anchored channelctivating serine protease (CAPid)absentin skin, died within 60 h after

birth.

Many researchdsave proved that low pH values in the extracellular space are important in
keratinization and barrier regeneration by regulating the enzyme activity. Thetkéarsage of

acid buffersubstancemay be helpful in the maintenance of ttmmeostasisf theskin [18].

1.1.2Wound pH

A woundon skinis the consequee of the damaged integrity ofultiple skin layersTo startthe
healng process, manfactors including local wound conditions, systemic mediators, underlying
diseasesand kind of injuryneed to be taken into cadsration Foranacute {.e., physiological)
wound, its healing is a coordinated process containing three major phases: the initial
inflammatory phase, the following inflammatory phase and the last remodelling phase. In
contrast to physiologat wound heling, a chronic wound is defined @aswoundthatdoes not

follow threestagef physiological healingthe healing process trapped in a selfustaining

phase of inflammatiof6].

The skinbés aciadifce cmhieldi ebwy iwso uenads itlhyat causes
internal fluid, whose pHalue is 7.4Generallyspeakingit is advantageous for wound to have a
low surface pH value to preveacteridinfection. Most relevant humapathogenic bacteria
proliferateat pHvaluesabove 6; their growth is inhibited atower pH[27, 28] Stlettgen and
Scha f e r 6 R9] kas aonfiyned that the pthlue of thamilieu becomesnore alkaline
compared to healthy case whgarcterial colonisatioforms In other reportGreener et al30]
collected 19 secretion samples from patients with chronic wabagH values wereanging

between 7.5 an8.9. A clinical investigation enrolling 50 patients with chronic leg ulcers

a



showed a rangef pH between 7.3 an8.9, while the average pH value was 31]. Another

studyin leg ulcerdisplayed a similar pH rangee. 7.58.9[32].

In chronic woundsthe balance between tissue degradatiahrageneration is disturbedt
such circumstancethecarbolicprocess becomaominat. This results in the plethora of
proteoytic enzymes in the chronic wound miligl]. Some of theeenzymnes are proteases
which have the abilityo cleave proteins. These proteases hlge highest activitieat acertain
range of pHFor example, cathepsin G shoavmaximumactivity at pH 7.0; elastase at 8.0;
plasmin at 8.0, MMR2 at 8.0 and neutrophielastase at 8 [33]. In addition, lacteriaalso
produceproteases. #a toxinto the wound, ammonia oducel by both enzymes and bacteria.
The ammonigrefers an alkaline environmemather tha anacidic ong34]. In the chronic

wound four or moredifferent types of bacteria may be harboured at any diwes[35].

Moreover, he pHvauesin the chronic wounslalso influencéhe oxygen delivery to damaged
tissue. Leveen et dBB4] . reported that 50% more oxygen will be reledsgtbwering pH by
0.6 units. When the shiftas increased to 0.9 pH tmitherelease of oxygen wascreased by
five times Therefore, in chronivoundwith elevated pHthe transportation ability of oxyges

dramaticallyreduced36].

To acceleratghewound healing procestewound surface pteeds to be lowered\ccording
to literature, an intensive number efforts have been madm earlier days,@etic acid in 1%
and 5% solutionbas been extensdly used to lower wound pHRlinfortunatelythe lowered pH
only lass one hour and then tahs b the pretreatment leve]34], thus ts effect on bacterial
burden management is limitedtherproblemdike product quality and safety issues also raised
concerns on its applicatio@onsidering all oadverse effectsacetic acid is currently najpplied

as a licensed sterile agent for wound ¢afe



On the other hand ressings can b&uccessfullyused to modify the pMalue of the wound
Their permeability to carbonakide would contributéo the lowering othe pH values[37].
Gethin and Cowmaf88] used the honey dressing to alter surface pH. In their experiment, the
time-dependant evolution of tleurface pH anthesize of 20 chronic nehealing wounds were
monitored ovetwo-week period. It was found that teze did not decrease pexfy when
wound pH is highWhenthe honey dressing applied which has a pH of 3.5, the woundfsice
pH was significantly lowexd, resulted irnthe reduction of the wound siZzomanelli et al[39]
applied Alevyn foam dressigs on granulating leg ulcers; hengund pH decreased to 6.2 from
the original 8.2 after 72 hourbklydrocolloid dressings was also useful in reducing wound pH

[40].

1.1.3Summary

The skin stface is acidign normal circumstancesvhich supports naturdlarrier function and
prevents microbial colonisatioA. wound tends tincrease the pH value of thisilieu. Chront
wounds exhibitin elevated pH range of 7859. This alkaline environmeirifluences the
proteolytic activity and oxygen delivery abililty an adverse way for wounbh recent
developmerg, wound dressings have been shown to be effective in reducinvpbii

resulting in an accelerated wound healing

1.2 pH-sensos for wound monitoring application

Recently skin adhesive or mountabjgd sensors have been developed to monitor skin
conditiors. The mechanical properties thifesesensors shdd matchthos of human skisothat
they can form a conformalcontagti t h s ki n and mhavemerd. ExistingpHd e r
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sensors are based eitherelectrochemical or colorimetric methods. For electrochemical
sensors, they measure the concentration of hydrogsrby processing electrochemical signals.
Theother appoach, colorimetric sensongse pH sensitive materials and luminesaemgigment

dyes to detect skin pH. In the following part, we will give some examples on both methods and

alsocompare theiadvantages and disadvantages

1.2.1Electrochemical wound pH sensors

In 1999,Wang et al[3] developed a new wearable electrochemical sensor for monitoring the pH
of wounds A set of screeprinted silversilver chloride(Ag/AgCl) electrodes was embedded to
a commercial adhesive bandagesefig 1.1). It was mdified to perform as a potentiometric
cell. The reference electrode cafnem apolyvinyl butyral polymer(PVB). The working
electrode wasomposed of electropolymerized polyaniliméyose éectrochemical potential
changedvith pH. Polyaniline can be obtad from chemical or electrochemical oxidation of
aniline (CsHsNHy2). Oxidation of this leucoemeraldiieone of the idealized form of polyaniline;
(CeHsNH>)n) form resultedn the formation of iminoquinond€sHsNHo) in its polymer
structure. When the sdlan wasacidic, polyaniline was in a partially oxidized foim
emeralding([CsHaNH]2[CsHaN]2)n). A completely oxidized form, polyphenylene
iminoquinone, wageferred to usually as pernigranili(@HaN),. The pHvaluewas monitored
by measurig the chenical potential that wadetermined by the ratio betweemeraldine salt
(ES) to emeraldine base (EBYyhich wasa result of electrochemical equilibrium between the

polymer and the environment
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Insulating layer polymer membrane

Figure 1.1 Fabrication process to create the pH-sensitive bandage. Sensor components
including A) UV-insulating layer B) Ag/AgCl layer C) carbon layer and D) insulating
layer. E) Images showing the potentiometric sensor on an adhesive bandage.
Reproduced with the permission from [3].

The reporteghotentiometric sensor combinee screesprinting technology and solistate
potentiometrylIt highlights some advantages, suchsasplicity, robustness, maintancefree
and low costThepH sensitivityis in the range of 4.38.0, whichwell spanghe physiological
range of interest. The bandagrmbeddedensor hadood resiliene against mecinical stress,
as well agepeatabilityand reproducibilitylt is able to track pH fluctuations without apparent
carry-over effect The carryover effect is that effects from previous treatment may still be

present in the new treatment, thus influendhmg outcome of the new treatmé¢ay.



Anot her el ectrochemical s y s[4lleThey wrapareddagade | o p e d

printed carboruric acid composite sensor to measure pthatsurface of a woun@eeFig 1.2).

It was used as biologicallyafe pH probe to offer a simple voltammetric response. Electrodes
were printed on acetate shéearspaent film for overhead projectotd provide a flexible
printing substrateThe sensor has beeropen capable of monitoring pH ovawide analytical
range from 4 to 10. Therefore, it might be a powerful tool with clinical utility for wound
managemenf protective polyl,2-diaminobenezene coating was deposited on the surface of
carbon electrode to prevent biofouling, alEdh20 replicatd measurements in a simulated

wound fluid.

- Magnestised Ink Cup
1 i
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e Sensor Substrate —
Carbon Ink Electrode Pcﬂern ! |

3
&

=
=
—rr

Figure 1. 2 The pad printing process of electrode. Reproduced with permission from
[41].

The electrochemical technique provides high accuracy and sensitivity towards hyormgen i

solution as well aseliability and s$raight forward operatiorVarious typef electrochemical



sensos hae been developed recentlincludingion sensors by incorporating selective
membranes or metal oxiden selective field effect transistqiSFETSs),and conductometric pH
sensing devicegl2, 43] However, these sensasffer from degradation of the sensor
performancestemming from mechanical fragilitfouling by nonspecific absorption, and
requirement of frequent recalibratipf]. In addition,bulky electronic circuitry and power

source are required for electrochemical system to analyze the ré@ldout

1.2.2Colorimetric wound pH sensors

Colorimetric sensors display changes in color to représerdoncentration or activity of
hydrogen ions. Several colorimetric sensors have been proposed for pkdbumanitoring. heir
working principles are based on either fluorestehromophorenolecules or moietiesndicator
dyesaretypically immobilized on the surface of sens&ther by covalent linkage @hysical
entrapmenf44]. For example, Khadenasseini et al[6] reported a flexible pH sensing hydrogel
fibres for longterm monitoring of epidermal wound conditidviesoporous polyester beads were
loaded with a pH sensitvdye and subsequently embedaethe alginatebased fibers, which
werefabricated in a coaxial flow microfluidic device made from pulled capillgdsesFig 1.3).

The fabricated fibre changed color from yellow to darkiregcidic (pH of 6.2) and basic (pH of

8.2) solutions, respectively
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Figure 1. 3 Fabrication of the pH sensing microfibers. (a) A schematic illustration of the
pH sensing hydrogel fibers. (b) Schematic of the fiber fabrication process. Reproduced
with permission from [6].

The fibrous pH sensors aftexible and can be integratéal medical tapgto create a wearable
platform. Electrostatic interactionigetween the dye and mesoporous parti@éiently
prevent the dye from leaching out of fibeds image analysis was developed to asamart
phoneto determingoH valuesThese pH sensitive fibers can be easily incorporated to

commercial wound dressys tomonitor thewound healing proceg6].

In other wok, Trupp et al[45] synthesized a series fafnctional hydroxyazobenzene dyes for
optically monitoring pH in the range from 6 to (§&e Fig 1.4)The sensitivity of the dyes was

tailored by substituestin positionparaor ortho to the hydroxyl groughe indicator dyes were

11



modified with vinylsufonyl groupand then bond to cellulose films by attacking hydroxyl groups
of the cellulose film to achieve covalent bondi@gllulose film shrived in aqueous solutionsy
swelling Therefore,tiis necessary to laminate the fibontoa polyethylene terephthalate film,
which serves as a passivation layer. The laminated ¥ilere patterned into arrayacdisplayed
good reversibility. The array can map the pH distribution acrossthet nds . As t he

pH values changedkidic to basicthe film changed its coldrom yellow to red.

Figure 1. 4 Flexible array-type of sensor layer. Color changes of the immobilized dye
was observed from yellow to red as the solution became from acidic to alkaline.
Reproduced with permission from [45].

Colorimetricmonitoling is one of the simplésnd most coseffective methodfor wound pH
detection46]. Thesensory systens able to displagasily visible signal in a nedestructive
way without inegrated electronics. Thegan ke incorporated into fabric or wound dressings to
obtan high flexibility, which isa major advantage over thenventionaklectronicsensor
systemg47]. Currently,the most cruciathallenge is thahedyes are easily leached from

matrix during operation; the leaching can be toxic to the wound, not to mention that it
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compromiseshe sensitivityThere is plenty room to improve the colorimetric pH sensolofay

termpractical use in woundhonitoringapplication[6].

1.2.3Summary

Electrochemical and colorimetrgH sensorfiavedemonstatedtheir own advantages and
drawbacksn wound status monitoringlectrochemical methods are senatand accurate but
arefragile, vulnerable to foulingproneto performancealegradation in relatively short timand
requiringfrequent recalibratiorin comparisonby soling issues related to dye leaching
coloriméric methods can be a mar@bust andstraightforward method to monitor the status of

wound

1.3 Chronic wound dressing

Before 1960adry environment was believed to be good for woundihg$48]. Therdore,
clinical wound dressing products wenéendedly made from cotton or wdolr covering and
concealing the wounf@d9, 50] The importance of dressing materials in thdihggrocessvas
not fully recognised until thgroundbreakingresearctof by Winter[51]. He found that ira

moist eavironment, epithelializatio onporcine wounds occurred two times faster compared to
thatin adry environment. This discoverwyas further confirmed by Hinman and Maibdb6&] on
human wound Since thenpeople began to realize that dressingshateonly functioning as
passive coverage, but also activeltenmact with the wound environment and affect the healing

process

Moist wound environments haveany benefits fowwound healingThe benefits include

enhanced keratinocyte and fibroblast proliferation, keratinocyte migration, collagen synthesis,

13



angiogemsis, wound contraction, autolytic debridement, iatichatewound closurg53, 54}
However someclinicians still have concerns about moist wound environneiggpitethe
aforementionedtrong evidencen their opinion, wound healing could be inoped bya moist
environment, howevehacterial growth andubsequentvound irfection may also baccelerated
by suchanenvironmen{55]. To address this concern, Hutchinson and McGuS6ih
performed an experimeirt 4000 wounds treated with occlusifreoist)dressings and
conventionaldry) dressings. Infection rates showed ttaventional dressingxhibiteda

higher infection rate (7.1%) than occlusive dressings (2.6%). This proved that a moist

environnent is beneficial to healings well asa decreased risk of infection.

In the past thirty years, hundreds of dressings have been developed andtapymiaatis.
Most of them are developed poovide a moist wound environmeit.addition to the moist
environmentit is important to understand the requirements of an ideal dresging
benchmarking thdifferencesamong variousiressings so that tlegiteria foroptimum dressing

material can be identifiefbr best wound care.

1.3.1Requirements foran idealdressing
An ideal wound dressing should be able to guarantee the physical continuity of the wound,
absorb excess exudates, protect against infection armta&xtecors, and providegood

humidity. In addition, they need to be comfortalwleen wornand notbe allergenic[57].

Water vapotransmission rate ( WVTR)ssed t o measure wound dressi
ability. It is a measure of the passage of water vapor through a dressiisgjaatified by
dividing thedaily weight loss of water bihe area of dressiné. dressing can be regarded as
moisture retentive when iWVTR is less than 840 gAfday.Different dressings have various
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WVTR values for example, hydrocolloids haweWVTR lesshan 300 g/riYday. Gauzes ar
moreprore to water loss, as shown by thé/TR valueof 1600 g/n¥/day[54]. A moisture
retentive dessing withalow WVTR is especially usefuior dry or lowexudating wounds
whereasa morewaterpermeable dressing withhigh WVTR is beneficial for wounds with a
large amount of exudate. Improper use of wound dressiitigout considering wound tyge
would result in exudate leakagewound drying Frequent dressing changmy leado further
physicaldamageof wounds. As a consequencelinicians should be familiar wWitWVTR of

different dressings so théte appropriateonecan be prescribefr eachspecific wound58].

Despitethe fact that moist environment is important for wound heaérgessiveexudates
wouldresult indelayed healingnd skin breakdowdue to ncreased wound bacteriablds, as
well asperiwoundskin maceration and wound oddhereforea dr e s s i nogpgadgty swel | i r
shouldbe considereth addition toWVTR [59]. Gentlepacking a wound prevents premature
wound closure and subsequent abscess formation. Hoveeveund should not be overpacked
because excess pressoam damage fragile tiss{@0]. Besides, an ideal dssing should not
contain poisonoushemicals and harm the wound bed. Tissamage should also be avoided
uponthe removal of dressings. Herités necessary foclinicians to find a balance between
dressing adherence and atraumatic removal when choosing the right products for wound

management8].

In order to guarantegormal cellular activitiesa woundshould be keptloseto body
temperatureThis can be achieved by selecting the right retentive dressing and controlling the
frequency of dressing chang&sostdressing can stay o the wound up to 7 days, but this
variesaccording to the amount of exudaf59]. And it is alsoof particular imporancefor

dressings to provide a bacterial barrier to proteatregexternalcontaminatiorj58].

15



Amongall thereported worksonly afew dressings can satis@yl the requirement® qualify
as an ideal one. Therefore, it is necessary to examine woundsf fygigent, consider the goal of
therapy, review the indications and contraindications for each dreasithghen match the right

dressing to wound.

1.3.2Hydrocolloid dressing

Hydrocolloid dressings made of carboxymethylcellose, gelatin, and pectinlt appears

either plateor hydrocolloid geform. Forplateshapediressinganexternal layers requiredo
protectthe wound against debris and pathogenic microbial penetration, while the internal layer
has hydrophilic carboxymethylcellulose maldes suspending in a hydrogifio mass of gelation

and pectinMeanwhile, lydrocolloid gel form hashe same purifying features.

When appliedn the wound, hydmlloids absorb wound exudates and form soft gels. As the
gelationprocess starts, the drasgibecomes progressively more permeableater vapofrom
the original impermeable state. This permeability lowers the pH and allows the wound to stay at
an optimal stable tengpature and moisture level.denefits the successive phaséthewound

heding and relieveshe pain associated withe existenceof wound[61].

Hydrocolloiddressings indicatedfor chronic wound with minor or medium amosiraf
exudateswingto their low WVTR, which is less than 300 df/aay. The list of applicable
wounds includeskin ulcers, burns and abrasiohsaddition, hydrocolloid dressing [ginless
and injuryfree during the dressing changing process. Due tagher wateiproof layer,it is
possible to wear these dressings even when taking shdverbydrocolloid dressing is not

applicable for infected or necrotic wounds.
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1.3.3Hydrofiber dressing

Hydrofiber dressings a composite material thatainly contamns carboxymethylcellulose. It
forms a gel coating on the wound degdabsorhig the exudates into the fibers. Then, the
exudates are confined inside of the dressiing. dressing has a high swelling ratio of exudates
which is up to 25 times of its originaleight. It keeps micreorganismsn the exudatemside the
gel so that they can be isolated from the wound. The dressing can alsthieweund pH
valueto inhibit bacterial growth and prevent skin irritatiamund the woundn addition, it

maintans a moist environment for wound and activates angiogenesis and fibrinolysis.

Hydrofiber dressingaregoodfor bacteriainfected woungdand neglected wounalith heavyor
mediumamount ofexudates. Bt they $iould not be used for dry woutldat does noproduce
significant amount oéxudate$62, 63} A secondary top dressirmas to be covered on

hydrofiberdressing. When chgmg dressings, it is painless and inpirge[61].

1.3.4Polyurethane foam dressing

Polyurethane foam dressing is hydrophilic foam with porous structure containing two layers.
Onelayer is thermally processed to fomapillariesto absorb water anth keep tle wound at a
good moisture level. Thetherlayeris amembrane, which allows water vaforevaporate from
the wound surface while blockinmthogens and water enter from outsidgg1]. The WVTR of
foam dressings variegidely from 800g/n?/dayto 5000 g/m/day depending on the thickness

and composition of the foafb3, 64]

Foam dressingan be applied tavounds wih medium or higHevel exudates and to granulating

or necrotic wounds; it also can be appliedviunds of any etiology. But it inot beneficial on
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dry wounds. Friction is deeased bypplyingfoam dressing but ithickness is not enough to
reduce pressure in bony pnonencearea. Besides, it &ble to provide protection for autolytic

debridement and decrease exuberant granulation tissue.

Adhesive foam dressinghould be usedarefully for patients withfragile skin. Ndon-adhesive
dressing requires an additiortape or other method to ketge dressingn contact with the
wound. These foamréssings should cover minimum aneh of themargin around the wound
and get changed at least gv@rdays. Thick foams can be wrapped compressively and then used
on venous ulcers to increase local compression, aiding in local edema control and healing

improvemen{58].

1.3.5Gauze dressing

Gauzes still the most commonly used dressing in wound management nowadays. It consists of
natural or synthetic materials, or a mixture of both, and can be woven or non&6y66]

Woven gauze is usually for packirguitablefibers aremade into lireads and theweaved into

the fabricto produce woven gauzes. @pared to nonwoven gauzes, theirelling ratio is lower

and thus easid¢o dry the wound surface aadhere to wound bed. Nonwoven gauze is made

only by blending fibers without thread development. This gauze high swelling ratio, thus

less prone to adhete the wound.

Gauze dressing is indicatéor wounds with heavy exudates and alsedas aprimary
dressing over ointments, enzymes and growth fadd@sidesit can be applied over wound
fillers and hydrogels as a secondary dresdirtge gauze dressingdhers to viable tissue or

damage skin upon removal, gauze dressing should not bamgedoreg58].
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There aralisadvantages ahe gauze dressing is helpful in the debridement of necrotic tissue
but the @bridement is not selective. So the dressingastful to the viable tisset whenit
adhersto the wound. Gauzes hathe propensity to dry out the wounthey need to be
moistened severdéimes daily to maintain a wet environment for wound, whsctime- and
labourconsuming. Furthermoyeotton fibers left in the wound siteaylead to infammation

and slow wound healin7].

1.3.6Hydrogel dressing

Hydrogel has a three dimensional netwstrkicture that can contain lots of watdmorphous
gel packed in tubes, foil packets, or as saturated gauze paddablaviair serilizationand for
single ormultiple uss when preserved. Alginate, collagen, and starch copolymer are
incorporated into hydrogel to provide some exudate absorgdimse dressings are mainly for

wound hydration.

Hydrogel dressingan be used to cle¢he ulcer of necrotic tissue and migrganisms by
binding them into the gel structure. The moist environment providédedydrogel stimulates
the growth of new tissues and the migratdmepithelial cells. Pain can likecreased by cooling
the woundksite. In addition, the hydrophilic features thfe hydrogel can moisteadry wound bed,
dissolve crust/black necrosis and activatesys the wound. Therefore, hydrogel wound
dressing can be applied to dryromimally-exudating wounds. Amorphous gel nitag/applied
on infeced wounds; in this case, the dressing musthiamged everyday. Baydrogel dressing

should not bapplied towounds with heavy exudate.

Hydrogel is typicallynon-adhesive and easy to dorm on wound bed. However, the dressing

may cause neration for periwound skin. Some of the hydrogel dresdauk sufficient levels
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of humectantshus may dry out when appliedttee woundThe frequency ofhe dressing

change is related themoisture levebf the wound If the wounddriesout inone day, the

dressing has to be changed daily. But if they are able to keep the wound hydrated for a longer
time, the changing frequency can be lesseSedtetimes a secondary dressing is nece$sary

the amorphous hydrogel to keep wounds at anogpiate moist level. Gauze may be ussd
secondary dressirfgr wounds with some exudates and inherent moistunge less permeable

dressingss preferred for wounds that tend to anyt [58].

1.3.7Summary

Hundreds of dresings have been developed owver past several decaglésusit is importantfor
cliniciansto know therequirement®f an ideal dressingccording to the class of woundhese
requirementsnclude the maintenance of a moistumd environment, absorption of excess
exudates, elimination of the detissue and provision of bacterial barrier. The goal of care for
anindividual patient and wound should also be identified, so that the most appropriate dressing

can be selected fromany dressing categories to accelevabeind healing.

1.4 Polyacrylamide (PAAmM) /alginate hydrogel

Hydrogelhas been explored in a variety of biological applicatisnsh as regenerative

medicine, drug delivery, stem cell and cancer rebeasovell agell therapy. Hydrogel has
tunablephysical, chemical and biological properties, high biocompatibility, ease of fabrication,
and similarity to native extracellular matrix. Howeue application of the hydrogel in

medicine haslwaysbeenlimited to appications that do not require physical integrity due to its
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weak mechanical strengfé8-70]. Mechanically strong hydrogel has the potential to expand the

applicationgowards those that require significant ldaelaing and agile movements

S u o 6 s [7f] atdlarvard University developed a&xtremely stretchable and tough hydrogel
by creating an interpenetrating networks of PAAm/alginate hydrogeése hydrogels are
crosslinked by covalent and ionic molecular forces, respectividig. ionically crosslinked
alginate chain contains mannuronic acid (M unit) and gulutonic acid (G am#ahgedn blocks
rich in G units, blocks rich in M units, and blocks of alternating G anahit4.Calcium ions are
used to crosslink the G blocks irffdrent chaindo form alginate hydrogeéh aqueous solution
In contrast, the polyacrylamide hydrogel veassslinked by agerhat promotes network

formation by covalent bonding

The PAAm/algirate hydrogel was fabricated by a one step otethroughmixing all of the
ingredientgdissolved in waterSodium alginate and calcium chloride were used to form ionically
crosslinked alginate; acrylamide, covalent cfoss n k e fmetliyldnesacrylamid@&iBAA),
thermainitiator (ammonium persulphate, APS) and accelerator (N\gNAMN
tetramethylethylenediamine, TEMED) wargedto form PAAmM network. As a@nsequence,
alginate chainfterpenetraténto the network ofcovalently crosslinked PAAmM chainshile the

two hydrogels are formed concurreni2]. The schematic diagram is illustrated in Ei§.
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Figure 1.5 One-step method to synthesize PAAm/alginate hydrogel. Reproduced with
permission from [72]. Copyright (2013) American Chemical Society.

Even though this hydrogéhls a high content of water (~ 9Q%)canwithstand a greatraount

of strain up to 20 timeis initial strengthTheh y dr oge |l 6 s f ambeupor9@00d o u g h n «
m2. This value ilramatically highecompared with that of the pure alginate hydro@a J

m'2) andpurePAAm hydrogel D150 J m?) [71]. The remarkable toughnesshydrogel can be

explained as follows. When the hydrogel is subjected to a small stretch, the elastic modulus of

the hydrogel is the sum tfiose of alginate and PAAmM hydrogelBheapplied load is distributed

to bothof thehydrogels because the two polymerseartangled. Bssible crosslinks between the

amine groups on PAAm chains and carboxyl groups on alginate ¢hetmsr facilitates th load

sharing As the stretch progress, the loosely crosslinkétAAm (i.e., long chain length between

crosslinking pointsghain remains intact and stabilsabe hydrogel undedeformation, while
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the alginate network is unzippéda reversible manndxy thebreak of ionic bonding between

the polymer chainsyhich offers an efficient mechanism for energy dissipdgtrdsn.

The high water content, highughness, good stretchabiligndstructuralresilience along
with easy method of synthesis, renBé&Am/alginate hydrogehnideal candidatéor
applications suchas artificial tissues, soft rokics, and structural materidlg3]. In my thesis, |

focused on the possiltty of applying the hydrogel to wound dressing.

1.5 Objectives

The objective of theme i& todevelopa pH indicating colorimetric tough hydrogel
alginate/PAAmM forasmart wound dressing application. The pH indicator dye phenol red was
modified with methacryloyl moietyto allow the modified monomer to participate in thdical
polymerization reaction of PAArso that it can be covalently incorporated in the hydrogel
network Since unmodified dye will not be anchored to the hydrogel mattiksequent digsis
can naturally remove the unattached dye, which can potentially be cytdtaxicermore,
covalent attachmentd the dye can possibBliminatethe problemsassociated with leaching
under prolonged use of the hydrogel as wound dresshgpreparedlginate/PMAPR-AAM)
hydrogel dressing was flexible, moistechanically strong and can indicate the progress of

wound healing by a simple coloretric display
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Chapter 2. Materials and methods

2.1 Materials

Phenol red dye, methacryloyl chlorideethylamine (TEA), anhydrous tetrahydrofuran (THF),
dimethyl sulfoxide (DMSO), ammonium persulphate (APS)NNmethylenebisacryhaide
(MBAA), acrylamide (AAm),N, N, N 0N éetramethylethylenediamine (TEMED), calcium
chloride (CaC) and sodium alginateere purchased from Sigr#ddrich and used as received.
Potassium sodium buffer solutions with pH values of 5, 6, 7, 7.4, 8 and 9 were obtained from

Fisher Scientific. All other chemicals used in this work were used as received.

2.2 Experimental methods

2.2.1Synthesis and characterization of methacryloyl modified phenol red (MAPR)

A mixture of phenol red (0.5 g, 0.0014 mol) and triethylamine (250 pL, 0.0018 mol) was
dissolved in 40 mL anhydrous tetrahydrofuran, and the mixture was kept in an ice bath.
Afterwards, a solution of methacryloyl chloride (136.8 pL, 0.0014 mol) in 10 mL anhydrous
tetrahydrofuran was added dropwise to the above mixture slowly undgmidsphere. After the
addition of methacryloyl chloride, the resultant mixture was stirrechaylet: The solid was

filtered and the solvent was removed by rotary evaporation. The red modified dye powders were

obtained.

Thechemicalstructure of MAPR was confirmed by Fourier transform infrared spectroscopy

(Nicolet 8700, Nicolet Instrument Co.,I)VTo obtain FTIR spectra, the dye powders were
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mixed with dry KBrpowdersand then loaded into the sample holder. The resolution was'2 cm
and the sample was scanned from 4000 to 40bfom64 times. ThéH NMR spectra was
recorded on a VNMRS 600 MHspectrometer with DMS@s beingthe solvent. Chemical shifts
were recorded in ppm and referenced against tetramethylsilane (TMSPRV#owders were
dissolved in buffer solutions fropH 5 topH 9 to observe the color changes. Mechanism was
explained by W-Vis spectroscopy. The catte with MAPR buffer solutiorwas placed in the
sample compartment of the WWis spectrophotometer (PerkiEimer NIR-UV, PerkinElmer,

USA) and the UWis spectrum was recorded.

2.2.2Preparation of P(AAm-MAPR)/alginate hydrogd dressings

The hybrid hydrogel was synthesised by two stefiswing to the method developed by Zhou et

al. [73]. Firstly, Sodium alginate (0.1 g), modified dye M?R (0.001 g) and acrylamide grain

(0.8 g) werdissolved in 5 mL deionized water. MBAA (0.0008 g, 0.1 wt % to Afas)the
crosslinking agentand APS (0.0008 g, 0.1 wt% to AAn@s the thermoamitiator, were

subsequently added into the solution. The mixture was stirred to become homogeneous solution
and then degassed under vacuun2fbomins to remove air bubblestter adding the accelerator
TEMED (5 uL), the solution was transferred into a glass mould and then incubated in an oven at
70°C for 3 hours. This step produced a&lginate/P(AAMMAPR) hydrogel. Secondly, the Na
alginate/P(AAMMAPR) hydrogel was soaked in 2 wt% Ca€blution (0.2 g CaGlin 10 mL

H20) for 3 hours at room temperature to crosslink the alginate. Afterwards, the synthesized
P(AAM-MAPR)/alginate hydrogel dressing was dialy$ed3 days to wash away unreacted
monomers and dried in a vacuum oven at®®ver 2 hours. The blank hydrogel without MA

PR dye was also synthesized as the control group using the same recipe.
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A series of P(AAmMAPR)/alginate hydrogels with 0.05 wtMBAA (0.0004 g), 0.1 wt%
(0.008 g), 0.15 wt%0.0012g) were prepared. Amounts of other chemicals were kept the same as
used in the above recipe. Similarly, hydrogels with 0.1 wt%, 1 wt%, 2 wt%, 5 wt% ®af&
synthesized by only adjusg the amount of @Ck to be 0.01 g, 0.1 g, 0.2 g, 0.5 g in 10 miCH

respectively

2.2.3Characterizations

The morphologiesf the assynthesized P(AARMAPR)/alginate hydrogels with different
concentration of MBAA wereobserved with a scanning electron microsc(geM) (Zeiss

EVO MAL0, Zeiss, Germanypfter the hydrogel was immersed in deionized water for 1 day, it
was rapidly frozen in liquid nitrogen a0 °C and lyophilized at50°C for 24 h in a
SuperModulyo freezerger (Thermo SavantNY, USA). The swollen frezedried sample then
was mounted onto an aluminum stub and spetteted with gold for SEM observatida(AAm-
MAPR)/alginate hydrogels were soaked in buffer solutions afthl valuefrom 5 to 9 to

observe the color changes. Mechanism was explained byis/8pectroscopy. The buffer
solutionsoaked hydrogels were cut into strips to fit in the cuvette and subsequently placed in the
sample compartment of the WWis spectrophotometer (PerkiEimer NIR-UV, PerkinElmer,

USA) andthe UV-Vis spectra wereecordel.

2.2.4Mechanical test
The mechanical properties of the prepared hydrogel dreswiitiy variousvater contergand

crosslinking densities were measured using an Instron t8948etester equipped with 10 kN

26



load cell at room temperature. The hydisgeere cut into strips with dimension of 6 cm x 1 cm
x 0.1 cm. Both ends of the sample were gripped with a special gmwipes crosshead speed
100mm A mi n. Y o(&)wgsineasuman framlthe slope of the linear section of the
stressstrain curve. The elongation at break was calculated by comparing the length of the
hydrogel athe breakage to the initial length of the hydrogel. Six measureswegre repeated

for each sample to obtain the average value.

2.2.5 Swelling ratio test

The hydrogel dressing samplegh three different MBAA concentrations (0.05 wt%, 0.1 wt%,
0.15 wt%) were cut into 2 cm x 2 cm squares and dried & 6fder vacuunfor 24h.
Subsequently, they were immersed in phosphate buffer solution (PBS, pH 7.4Ld&0b872 h

until equilibrium. At specific time intervals, the excessive surface water was remavefilter
paper and the weights of samples were measuredthalimeasurements were condudiete
timesto confirm the valuesThe swelling ratio (SR) was determined using the equation SR%=
(Ws - Wg)/Wg x 100; where Wand W, are the weights of the hydrogel sample swollen in PBS at

37°C and dried for 24 h at 6%, respectively.

2.2.6 Water vapor transmission test

The water vapor transmission rates (WVTR) of hydrogel dressings with three different MBAA
concentrations (0.05 wt%, 0.1 wt%, 0.15 wt%) were determined according to the ASTM E96
standard method. Brieflghe hydrogel dressings were mounged sealed othe top of opened

vials (diametepf 17 mn) containing 20 mL deionized water. Barrier tapes were used to tightly
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fasten the hydrogel dressings. The hydragal assemblies were placed in an isothermal

incubator at 3PC for 72h. Periodic weightings were carried out to measure the water

evaporation through the hydrogel dressings. The measurement was repeated three times for each
sampleThe WVTRwas determined by dividing the daily weight loss of water ttharea of

vial opening.

2.2.7 Leaching test

The degree of dye leaching was determined by monitoring the absorbance at 568 nm-on a UV
VIS spectrometer (Perkielmer NIRUV, PerkinElmer, USA). The hydrogel dressings were
prepared to be strip samplesiwiimension of 1cm x 3 cm and stoiadieionized water for 7

days. The aterfor dialysiswas changed everyday. The blank PAAm/alginate-fdse) gel was
measured aa control sample; its spectrum was used for backgreuhttaction Absorbance
spectra bP(AAm-MAPR)/alginate hydrogel samples were also wigd from day 0 (without
leaching) to day 7 (leached férdays). Al measurements were performtbdee timesThevalue

of absorbance of P(AARMAPR)/alginate hydrogel at 564 nm was plotgghinst theime of

leaching
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Chapter 3. Results and Discussionf Hydrogel Wound Dressing

3.1 Synthesis and characterization of MAPR

The pH indicator dygphenol red (PR)consists of three benzene rings with one sulfonate group
and two hydroxyl groups thaenderpH-sensitivity. Nucleophilic substitution of one hydroxyl

group on PR dye with methacryloyl chloride results in the formation of a methacryloyl functional
dye, MA-PR. The reaction scheme ahé concept of the functionalizatiane depicted in Fig.

3.1 (a) and (b), respectively. Tlome step modification was simple and straightforward to

perform. After the reaction, the crude product was isolated from THF solvent by rotary
evaporation. Further purification was not necessary becausBRwill be covéently anchored

to the hydrogel matrix in the following copolynmation, while the residue PR whse to

diffuse out of the matrix by dialys[g4].

FTIR and'H NMR spectroscopies were used to reveal the chemical structure of synthesized
MA-PR.H NMR spectroscopy is illustrated in F3gl (c);, here the spectrum of PR was
compared with that dhe MA-PR. The peak at 1.81 ppm (#asassigned to the protons of €H
of methacryloyl group. The two singleas5.57 (9) and 5.94 ppm (8) weaxssigned to the vinyl
protons of CH-C=CH*; the splitting couldbe attributedo the conjugation of carbonyhd
vinyl group. This conjugation limitedhe mobility of double bondingnd consequentlythe two
protons orthevinyl groupexperiencediifferent chemical environments each other. The
multiple peaksn the range of 6.74 8.02 ppn wereassigned to thprotons inthe aromatic
rings. The results dH NMR indicatel that unsaturated C=C bonds were successfully

introduced to PR the MA-PR
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FTIR spectra from PR and MRR FTIRwerecomparedn Fig 3.1 (d). They both exhib#da
phenol band of PR and MRR consisting of two components: a broad band centered at 2967
cm?, attributed to hydrogehonded phenol groups, and a relative narrow band at 3584 cm
assigned to free phenol groups. The dgpstretching absorption carbonylgroupin the methyl
methacrylate structure wdscatedat 1739 crtt; only MA-PR spectrunexhibitedthe peak The
peak at 1671 cmwasoriginated from the C=C stretching of the vinyl structure and multiple
peaks from 1460 1640 cmt weredue to the C=C stretching of aromaiicgs. Bands at 1156
and 1366 cm wereresulted from stretching vibrations of sulfonate grolpsummary, tie

results offH NMR and FTR confirmed the modificatioof MA-PR dyewasas | designed

MA-PR dyes displayed a distinctlopvariation in bufér solutions with five different pH
values. WithincreasingoH, the MA-PR dyes underwent transition from yellow (pH 5) to
orange (pH 7) and finally to magenta (pH 9)shewn in Fig3.1 (e). The colochangesvere
guantitatively displayed the UV-vis spectra a a function of pH, as shown Fig 3.1 (f). Here,
theMA-PR showednaximum absorbance peaks at 388inmacidic conditios. The peak
intensity decreaseaspH becamenore basic, and peakat 588 nm emergedhe 588 nm peak
correspondetb the aprotonated fornof the dyeswhich becamabundint as pH increasedhe
transition in the dominant peakasdue to the resonance transformatiomhemolecular
structureof MA-PR, as schematically described in Fig 3.1 {dje peak at 388 nm was
attribue d t @ *t hter a'n s i tjugabed benzenoid ring systemhéh the solution
becamemore alkaline, theew absorption band at 558 nm vessignedtothe-n * t r ansi ti on

resulting from benzenoid to quiniod excitonic transformation.
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Figure 3. 1 Synthesis and characterization of MA-PR. (a) Reaction scheme for the
preparation of MA-PR. (b) Schematic diagram for the synthesis of MA-PR. (c) 'H NMR
spectra of PR (blue) and MA-PR (black). (d) FTIR spectra of PR and MA-PR. (e) A
photographic image that shows the colorimetric transition of MA-PR in buffer solutions
with pH values from 5 to 9 (from left to right). (f) UV-Vis absorption spectra of MA-PR in
buffer solutions with pH values from 5 to 9. (g) A schematic drawing that represents the
resonance transition in the MA-PR molecule in acidic (left) and basic (right)
environment.
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3.2 Preparation and characterization of P(AAmMAP R)/alginate hydrogel

dressings

The P(AAmMAPR)/alginate hydrgel dressingvassynthesized by two-step @proach
including the synthesis of M&RR dye ad the synthesis of the double network hydrogel
fabricate the hydrogel dressiradl ingredients were mixed water to formthetwo
interpenetrating hydrogeletworks: sodium alginate and crosslinker Gd@ the ionically
crosslinked alginate; monomer AAm and MR, crosslinker MBAA, thermoinitiator TEMED
for the covalently crosslinked P(AAMAPR). The chemical structures and names of the
monomersthedye andhecrosslinker are presented in B@ (a).As a result, the loosely
crosslinled long PAAM polymer chaineterpenetrate with the densely crosslinked @dginate
to developa tough double network hydrod@I3]. Schematic diagram is illustrated in @ (b).
The high mechanical strength of thigdnogel could be&lescribed as followinfy1]: when the
load wasapplied, thdoosePAAmM network remained intact and stabilizee deformation;
meanwhile alginate netwiks unzppedprogressively. The closgkpaced ionic crosslinks
unzippedat small stretchiput the ionic bonding wa®versible and neapecific. Therefore, the

unzipping of ionic bonding dissipatddacture energy in an efficient way.

A transparent medical tapvas adhered on one side lud pH-responsive hydrogel dressitmy
createawearable platform on wounduBsequentlythe dressing wasoaked irbuffer solutions
with variouspH values (pH =5, 6, 7, 7.4, 8, 9he colorof the hydrogel dressingnderwemna
transitionfrom yellow (pH 5, 6 and 7) to bisque (7.4da8) and finally to red (pH 9), as captured
by a smartphonphotographyn Fig 3.2 (c). The pH window of the color transitianatcheghe
pH rangehat is required to display the statfschronicor infected wounds. As the wound heals,

its chronic environment progresses from an alkaline condition to a neutral arahtzdic
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condition[2], and the hydrogel dressitigrns from red to bisque anithen to yellow Fig 3.2 (d)
illustrates the UWis absorbance spectratbie MA-PR inthehydrogel dressing after exposed
to different pH buffer solutiondn acidic buffer only one absorptiopeakwas observedt 427
nm, similar to the case of the free MAR dye in solutionsNhen the pH varied from acidic to
basic, the absorption startelundergo a red shifas qualified by thélecreasingntensity of the
427 nm pealandby the increasing intensity 673 nmpeak, which waghe result of the
resonance transitiol quantitative comparison of the MRR peaks between the free and the
hydrogel state showedthat he most hypsochromic maximum wavelength shifted from 388 nm
(free)to 427 nm [iydroge), whereashe most bathochromic wavelengthifted from 558 nm
(free) to 573 nmHKydroge). A possible explanation wabkatthe interactions beteenthedye
andthehydrogel lowered thexcitationenergy of MAPR moleculesvhenthey werecovalently

immobilized within thehydrogelnetworks
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Figure 3. 2 Preparation and characterization of P(AAm-MAPR)/alginate hydrogel
dressings. (a) The chemical structures and the names of the monomers, the dye and

the cross-linker used in the synthesis of the alginate/P(AAm-MAPR) hydrogel dressing.

(b) Synthetic strategy and colorimetric transitions of the alginate/P(AAM-MAPR)
hydrogel dressing. (c) Photographic images that captured the colorimetric transition of
the hydrogel dressing in buffer solutions with pH values from 5 to 9 (from left to right).
(d) UV-Vis absorption spectra of the hydrogel dressing while immersed in buffer
solutions with pH values from 5 to 9.
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