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Abstract

This work focuses on preparation of a hybrid hydrogel congisfitboth natural and
synthetic polymers including the polysaccharide gum karaya vidiobth inexpensive and
abundant, the protein silk fibroin which exhibits remarkable mecabproperties and
poly(vinyl alcohol). These polymers were primarily selected dubeir biocompatibility, but
also through their ability to be combined together in an aqueoustoxic route, thus
facilitating their potential future use as burn dressings. A rangeuatsral, mechanical and
practical techniques were employed to characterise the hydrogels ig¢lE@iR, UV/VIS,
phase contrast microscopy, XRD, DMA, swelling and hydrolytic stabHityally, looking
towards application as a dressing, these materials demonstrated lovheslbadhrough a
keratinocyte cell culture assay. The results support both the potentiahtipp of these
hydrogels and provide insight into the role of each componeytngolin the material.
Therefore, we propose hybrid hydrogels such as these offéqaeucombination of
performance, ease of processing and low cost that can serveiggiorsfor the next wave
of bespoke medical products.

Keywords: Biocompatible polymers; Hydrogel; Gum Karaya; Pahy(valcohol); Silk fibroin

43 hydrogels and skin wound coverings that satisfy a range of
1. Introduction 44 technical requirements, at an affordable price, is a big

Gels are cross-linked macromolecular networks dsjyiollgna”enge [1314]. However, previous work has suggested a

. - . . otential solution; a hybrid hydrogel material basedeaon
in a liquid[1-3] and if done so in water are termed hy Qgels. O .
n}lxture of natural and synthetic biopolymers which can meet

[4]. Their three-dimensional networks are capab ) .
retaining large volumes of water or biological fluids g j%;g]se complex requirements for successful wound healing

thousgnds of t"T‘eS .the'.r dry yvelght) [.5]' As such hyd§8g sAddressing this challenge, this work focuses on the
are widely studied in biomedical applications becausg, their

physical properties are similar to human tissues a %tcgmbmatlon of four pres of bloma_lterlals in order to design
. - . drogels for potential future use in burns treatment. These

possess excellent biocompatibility [6] making them égh .
ydrogels are based on a natural polysaccharide, gum karaya,

desirable for burns treatment 54 a natural protein, silk fibroin, a synthetic biopolymer
Specifically for burns treatment, hydrogels prov (ie a P ' ' y Poly

moist environment which is has been shown to g(r)]Iy(vmyl alcohol) and f.|naIIy glycerol.. .
. . . ) Gum karaya (Sterculia urens, GK) is a natural gum which
important factor in accelerating the wound healing %f?cess : :

- . : . c?n3|sts of a complex, branched and partially acetylated,
[7] as well as providing a cooling effect, a barrier |n1§ drophili . l harid taini D
infection and can be easily removed without pain-{ ydrophilic, - anionic polysaccharide containing

. : alactose, lrhamnose, f-D-glucuronic acid and D-
Yet despite several solutions currently on the market Jere’| . . . . . .
: . .60. galacturonic acid. It is commonly available and is considered
still plenty of room for improvement and designin

XXXX-XXXX/ XX/ XXXXXX 1 © xxxx IOP Publishing Ltd
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a relatively cheap, biodegradable and biocompatible hitedatl has been shown to reduce the degree of phase separation
[9,16]. GK has garnered widspread interesttdsas unigle acting as a compatibiliser and resulting in increased breaking
material features such ashigh viscosity and capacitypor strength and elongation of films [38]
swelling and water retention, it is both gel and film fosming Therefore, under the premise that a combination of the
and has adhesive properties [16from a chembBkl above materials can be determined that results in a hybrid
perspective GK is resistant to hydrolysis by mild acid5&ndhydrogel whose properties exceed that of any individual
is partly resistant to bacterial and enzymatic degré&@Qatiomaterials contribution. This work reports the preparation of
[16,17]. In recent years, GK and its combination wittbdthaydrogels based on natural polysaccharide gum karaya,
polymers has been explored when developing hydrog@ls sgnthetic biopolymer poly(vinyl alcohol) and protein silk
drug delivery systems (i.e. with PVA [3,8,9,18], acryli6?cifibroin and subject them to characterisation by FTIR,
[19,20] and others [2,17,20,21]). However its potentd h&B//VIS, phase contrast microscopy, XRD, DMA, swelling
been somewhat limited due to its water solubility, alibugimd stability studies and cell culture assays.
this can be altered through alkali treatment [22].

Poly(vinyl alcohol) (PVA) is a biocompatible, hydrofiilic2. ~ Materials and methods
water soluble polymer [8,18,23] which is not biodegradable
in most physiological conditions [24]. It is widely used -1 Chemicals

biomedical and tissue engineering applications becaugg of it%um karaya was purchased from Sigma-Aldrichy (o4
good processability, ability to form films, mech%@'c rox. 9500000 g-mY, sodium hydroxide and
properties (.g. sufficient strength) and temperature %bi &j}rochloric acid were pur,chased from Lach-Ner, s.r.o.,
[8’25]'. H_ydrogels based on PVA are mainly brepa l@’zech Republic, ethanol (96%) was obtained from Moravian
crosslinking (g.g. glut.araldehyde) [26] or radlat|op72an(ﬂsti”ery of Kojetin, Czech Republic, ultrapure water (Type
repeated freezmg/thaw!ng methods.[24,271 . 73 1, resistivity 18.2 MQ-cm) was prepared by a MilliQ Plus
PVA has been previously combined with d|ﬁ‘erent7txp%5 machine and distilled water (Type II, resistivity 15

of biopolymers to obtain hydrogels for tissue enginggrinlgm db Bibby Meri R
: t 4000 still. Lith
for example with chitosan [25], starch [28], ceIIquﬁi[i cm) was prepared by a Bibby Meri Stl. Lithium

. ; romide, sodium  carbonate, poly(vinyl  alcohol)
alginate [29], dextran, glucan [30], gelatine [31], PVP7 32 My 130 000, 99+% hydrolysed) were purchased from

silk fibroin_[33] etc. Hydrogels based_ on PVA7§n iama-Aldrich and glycerol (99 Wt. %) from
polysaccharides have been foqnd to be smtablg for bro .ucll—r?gner Scientific. Silkworm cocoons (commercial grade)
transparent, flexible, .mechamcally stropg, blocom%'bl\?@re spun in-house from a stock of B. mori silkworms.
effective and economic a! hydr_ogel dres_smg_s [3.’29]' %YAIS;ulbecco’s medium, fetal calf serum, L-Glutamine,
also known as a anti-biofouling material i.e. it is BION nicillin, MTT solution and resazurin solution was

favourable substrate for cell adhesion, proliferatiog, a (Erchased from (Sigma Aldrich, Dorset, UK)
exhibits minimal adsorption of proteins [23]. Suc% ' ’ '

compination of desirab_le properties makes PVA an ewllg@ Chemicals Solubilisation and purification of
candidate for the use in burn dressings because of need
: : raw gum karaya

for frequent dressing changes on wounds without destroying
newly grown tissue underneath. 86 Raw gum karaya powder was combined with ultrapure

Over the past decade silk fibroin (SF) has rapidly [&tometer and magnetically stirred at 300 rpm in a beaker for 24
a biomaterial of choice for a range of applications 88e hours at room temperature to obtain a visually homogenous
a combination of excellent intrinsic mechanical prog3tiesispersion. Solubilisation was carried out followirg
biocompatibility, biodegradability [34,35] and extB0si previously described deacetylation method [49]. Briefly,
properties achieved through aqueous processing sucBas dilspersion of GK was solubilized by sodium hydroxide
formation, oxygen permeability and ease of sterilgatign mol/l). Three volumes of GK dispersion were mixed
[34,36-38]. Extending its capability, silk has been u$8d iwith one volume of hydroxide solution and stirred for
mixtures with other biomaterials to create films or hydddgefsminutes at room temperature. Diluted hydrochloric acid
for biomedical applications including alginate 989lwas usedto neutralize any excess hydroxide after GK
hyaluronic acid [40], chitosan [41], PVA [424], PEG [4% solubilisation. The solubilized sample of GK was filtered
polyacrylamide [46] and polyurethane [47]. 97 through polypropylene filters (pore size of i) and

Finally glycerol is a non-toxic, low molecular weghicentrifuged for 40 minutes 40 °C, 15 000 rpm to remove
compound which is also often used in biom@dicahpurities. Afterwards the samples were filtered again
applications as a plasticizer [38[his is best evidenc®Dinthrougha paper filter (pore size-¥ um). The sample was
the case of PVA/SF hydrogel blends where glycerol 183 belken precipitated with ethanol in a ratio 2:1 and air-dried for
used to improve mechanical properties for over a decade [48]
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1 24 hours. Finally the dry sample was powdered and stored

2
3

in a glass vial.
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2.3 Degumming process of silk fibroin (SF)

Commercial quality B. mori silkworm cocoons were cut
into small pieces (~fm?) and washed with distilled water
in a food processor at its highest speed for 15 minutes three
times. They were washed again with sodium carbonate
solution having 0.05 mol/l concentration (70 °C) using the
food processor for 20 minutes four times and finally washed
with distilled water. Fibres were dried in an overb@fC
overnight. Finally, dry fibres were blended in the food
processor for Sinutes to become ‘fluffy’ to assist with the
following dissolution.

2.4 Dissolution of silk

Dissolution of silk fibres was carried out with
9.3 mol/l lithium bromide at 70 °C in a water bath for
80 minutes. The resulting solution was dialysed in a dialysis
bag (molecular weight cut-off 124000g-mol') against
ultrapure Type | water for 2 days at@ and then stored in
the fridge until requiredThe concentration of silk solution
was determined by gravimetry and then diluted to 1 wt. %
solution with ultrapure water.

2.5 Preparation of hydrogels based on blend of
gum karaya, poly (vinyl alcohol), silk fibroin and
glycerol

GK and PVA were dissolved together in ultrapure Type |
water to prepare 0.3 wt.% and 3 wt. % solutions,
respectively. GK/PVA solution was prepared by dissolving
raw powders of GK and PVA together to produce final
concentration of GK 0.3 wt. % and PVA 3 wt. % in a given
volume. The solution was made by dissolving polymers
overnight on hot plate stirrer at 90 °C. The solution was then
dialysed against ultrapure Type | water for 2 days &€4
(molecular weight cut-off 124000 g-mol) and then
filtered through filter paper. GK/PVA solution was mixed
in 2 ml Eppendorf tubes with different ratios of 1 wt.% silk
solution and glycerol (G). Ratios of solutions used for
hydrogel mixtures are described in Table 1. Solutions were
mixed overnight atroom temperature and then cast
onto round 35 mm Petri dishes and driedaororbital shaker
in a fume hood. The resulting dry Xerogels (in a film form)
were peeled off the next day and stored in plastic bags.

2.6 Characterisation
2.6.1 Attenuated Total Reflectance - Fourier

Transform Infrared Spectroscopy

Infrared spectra were recorded with a NICOLET 380
FTIR spectrometer (Thermo Scientific) purged with dry air
between 4 000 and 800 cdmaveraging 32 scans and a
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resolution of 4 cmt The samples were analysed in xdfogeémoved from their vials and weighed to determine the
form using an attenuated total reflection (ATR) accé6someight loss Hydrogel stability was calculated using the
with a diamond crystal (Golden Gate, Specac, UK). 47 formula (2), where wis the weight of sample at specific
48 timepoint and wis the dry weight of initial mass of sample.

2.6.2 Ultraviolet—Visible Spectroscopy w

Hydrogel stability = (_r) * Wy ()

UV/VIS analysis was carried out with UV2 UVAGIS o

Spectrometer (UNICAM). Spectra were recorded between
200 and 800 nm with lamp change was at 340 nm apRlyid§-8 Adhesion test and MTT proliferation assay

240 nm.mirf speed with 2 nm data pointintervals 51 A HacaT skin keratinocyte cell line was used and cells

52 grown in cell culture media consistingf Dulbecco’s

53 Modified Eagle’s medium (DMEM) supplemented with 10%
Phase contrast microscopy was carried out usidg (fv) fetal calf serum, 100i.u./ml penicillin and 100pg/ml

inverted Nikon Diaphot microscope (Nikon systems, 3apasijeptomycin and 2mmol/l L-Glutamine (Sigma Aldrich) and

and phase contrast optics with 10, 20 and 40x objecti%és gntlured in a humidified cell culture incubator at 37°C with

imaged using a Motic Moticam 5MP digital camera @otib% CQ. Xerogels were sterilised using UV light (emission

2.6.3  Phase Contrast Microscopy

Systems, Spain). 58 253.7 nm) in Esco Labculture Class Il Biological Safety
59 Cabinet for 40 min.
2.6.4  X-ray diffraction (XRD) 60 The adhesion assay was performed with HaCaT

61 keratinocyte cell line cultured in 6 well plates. A confluent

X-ray diffraction analysis was carried oo benchtbo? layer of HaCaT cells (cell number ~400 000) was seeded

X-ray diffractometer Rigaku MiniFlex 600 using Cu de . .
.~ onto the tissue culture plastic surface of the 6 well plate to
40 kV tube voltage and 15 mA tube current. Xerogel films ISSUE CUlture plastc su wel P

. . o produce a layer of epithelium. Sterilised hydrogel discs (1 cm
(2x2 em) were analysed in scanning range from 2 to 60% (2 5 in diameter) were then added into wells and left to swell in

66 cell culture media for 30 min. After 30 minutes, hydrogel
67 discs were weighed down by light metal grid to ensure
DMA measurements were performed usirg8 eontact between the hydrogel and the cell layer. After 24
TA Instruments DMA Q80M@ynamic Mechanical Analg®er hours of direct contact, hydrogels were peeled off the cell
(TA Instruments, Delaware, USA) equipped witl7Othyer and both the hydrogel surface and cell layer were
film/fibre tension accessory. Xerogel films were Wdatezkamined with using phase contrast light microscopy for
under a nitrogen atmosphere from -100 to 220 °C at aZasigns of cell adhesion.
rate of 3 °C/min with frequency of 1 Hz, 0.01% straifdand An MTT  (3-(4,5- dimethylthiazol-2-yl)-2,  5-

2.6.5 Dynamical Mechanical Analysis (DMA)

1N preload. 74 diphenyltetrazolium bromide) assay was used to measure cell
75 adhesion and survival on the tissue culture plastic (TCP)
2.6.6  Swelling behaviour 76 surface and on hydrogel surfaces. 2 ml of 0.5 mg/ml MTT

Hydrogel swelling was carried out in Type | Water77 insolution (Sigma Aldrich) in PBS was added to cells or
ﬁ&s drogels and incubated for 40 min. After 40 minutes, the

the gravimetric method. Xerogel films were cut intOﬂnaI reacted MTT solution was removed and the purple

pieces of the same weight (approximately 1)(]SocnllﬂnracelIular formazan salt (produced by dehydrogenase

putornto Petri's dishes and immersed in an exceéss 0 . o
ultrapure Type 1 water. At set time points (1, 3, 5, 7, 1D, ésc_j#a::cr_] df?_feg/r_rs? :/(v)aznsoﬂlgtsallllsefd 1(??;]0[;'2{2;??] flrgcr)nmlcells
30, 40, 60 and 120 minutes), the excess water in t 3 payi|d acldiiied 1soprop @ 25pl 0 '

e

dish was removed by paper tissue and the hydro Vivso ropanol). The eluted dye was transferred to a 96 well

immediately weighedThe swelling ratio was calculated plate. The optical density of the solution was measured at
' E?f 540nm with a reference at 630nm, using a spectrophotometer

. - Wy —Wy . . .
Swelling ratio = (T) (186 (BioTek ELx800).A positive control was conducted which
. . ’ .87 represents results from cells which were not in contactavith
where W is weight of swollen hydrogel and W wei .
hydrogel and the negative control represents measurements

of xerogel 89 from wells without any cells present.

2.6.7  Hydrogel stability 90 3. Results and discussion

After swelling, a stability test was carriedto8amples e
placed into vials and immersed in ultrapure Type | and k
in an incubator at 37 °CResulting hydrogel stability yips
measurecn day 3, 1020 and 60. To do so, samples wer

Transparent and flexible hydrogels were prepared by
sical crosslinking based onstrong intra and
ientermolecular hydrogen bonds in PVA with a high degree of
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hydrolysis [23] Not using a chemical crosslinker was
desirable as this lowers the possibility of negative effects of
unreacted crosslinker on cell viability and thus the overall
healing process, simplifies regulatory approval as well as
reducing the overall cost of production. We estimate the
price of 1cn? of prepared hydrogel in this study to be
~£0.02/$0.03 (based on material costs for 10of@a ~40 um
thick hydrogel). In comparison, complex dermal treatment
applications as Integra (silicone layer on top of a porous
matrix comprising a chemically cross-linked coprecipitate of
bovine collagen and shark-derived chondroitin-6-sulfate)
costs about $5-30 perci? [12]. Subsequently the prepared
xerogels were characterized by various techniques to
understand their properties, structure and mutual interaction
of the materials when combined together.

3.1 Effect of composition on chemical structure

FTIR spectroscopy was used to characterize specific
chemical groups in the individual materials which can then
be used to inform of their presence or absence in subsequent
blends Individually, spectra of GK, PVA, SF and final
blended xerogel films are depicted in
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EE
A 39 The UV/VIS absorption spectra of prepared
/ 40 are shown

0.08

—GK

— PVA

—— GK/PVA

SF

—— GK/PVA/SF+
—— GK/PVA/SF-

—CK
GKIG
——PVA
PVAIG
—— GK/PVA
GKIPVAIG
SF
SFIG
GK/PVAISF+
GKIPVAISF+G
—— GK/PVAJSF-
GKIPVAISF-iG

0.06 -

0.04 +

Absorbance
Absorbance

0.024

T
500
Wavelength (nm)

600 800

3600 3200 2800 1600 1200 800
Wavenumber (cm’)

In

Figure JA. The ATR-FTIR spectra of GK shows a diagnostic
broad peak of hydroxyl stretching at 3650-3000cfg],
stretching of aliphatic C-H bonds at 2920-€f8], vibrations

of carboxylate salt group (-COO-) at 1605 and 1418'cm
[50] and C-O stretching and group vibration of sugar rtgs
1180-940 cm! [51]. For PVA spectra the band for CH2
groups at 1470-1410 cin[52], resonance of CH-OH at
1320cm? [53] and broad band representing C-O bonds at
1150-1085 [52] are indicative of its presence. Significant
bands in SF spectra represent the OH and NH stretching at
3600-310Ccn?, amide I, 1l and Il at 1640, 1510 and 1230
cnrl, respectively. The peak at 1050 -Embelongs to
vibration of serine [54].

When investigating subsequent blends confirm all
introduced materials are present, spectraaoGK/PVA
mixture clealy showsa combination of characteristic bands
for PVA and GK. However in these spectra bands assigned
to GK were less distinctive which we believe is due to its
lower ratio in the mixture. Hence bands are not only a usefu
indicator of presence, but band intensity also informsaof
materials’ relative proportion in the xero/hydrogels

Spectra of the xerogel films most suited towards potential
application and explored via cell culture later, contain
primarily bands of PVA and SF which are the major
components of thee samples. As can be seen from the
spectra in Figure 1, GK/PVA/SF- and GK/PVA/8E-
spectra show a decreased intensity in bands related to amide |
and Il due to lower SF ratio compared to GK/PVA/SF+ and
GK/PVA/SF+/G.

Finally the addition of glycerol increased the intensityheaf
broad peak representing hydroxyl stretchiB§50-3000 cm

1) for samples GK/PVA/G, GK/PVA/SF+/G and
GK/PVA/SF-/G due to presence of hydroxyl groups in
glycerol structure [48].

xerogel films
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37 both surface roughness and inhomogeneifies (Figlire 2G).

A , 38 Looking towards the blends, the GK/PVA/$F+ sample
39 ([Figure 31) hadasimilar structurego SF. This strugture is not

A _ e N 40 , homogenous and indica of a phase sepgration which
Y i e WY Ay 41 appears to happen spontarigously when SF anfl PVA solution
Lady WA Aot o g 42 are |mixed together and—c&$t*into films [5@K/PVA/SF-

~ S £ fgvffe 43 °fRjgure 3K also showed pligs&separation but |n this aase,

——GKRA. 44 finen dispersion was observed with smaller particles due to
i 45 Cwgh\ﬁower SF content. Previosuly it has beep shown that
3]

Absorbance

VARG palticle size in PVA/SF system with phase sepgration can be
Af\ o “okevaseic 47 tailr&i by sonication [57] and this may be a useful strategy

e A .‘.- t in future studies. Finally it was seen that addition of
* any notigeable effect

200 300 400 500 600 700 800

51 3.3 Xerogel film'&ystallinity

3600 3200 2800 1600 1200 800
Wavenumber (cm'')

52 XRD measurements were used to evaluate the|crystallinity of

53 the separate raw materials and prepared blengeogel

films. GK and all SF samples clearly showed an amorphous

C
MB. Absorpthn spectrg of §amples containing Sg'fructure. This is not particularly surprising as GKais
flbrpln displayed a wide pea_k n _reglqrﬁ 250_'300 nm. T@@ branched polysaccharide with non-repetitive structures and
main chrqmophores absorbmg in this region are a?)“"ﬂl%san amorphous nature was expected. In contrast, SF has
amino acids such as tyrosme and tryptophan Wh@ %rtﬁlity to form ordered structures includirfizsheets [36],
known to be pre_:sent in silk [55]' The absorba_nce Obs%@_e%%vever the ability of SF molecules to create these more
thes_e sam_ples is further co_nﬂrmed to b? attributed t%ﬁ'lkc"?'?stalline structures can be lost due to the detrimental
th.e Intensity Of. v abgorptlon for tyrosine peak de%ﬁaseffects of the preparation/reconstitution process [58].
with decreasing silk content of  the samrggs PVA also has crystalline and regular regions in its structure,
(SF>_GK/P_VA/SF+>_GK/PVA/SH" 63 but their extent is determined by the level of PVA hydrolysis
A minor .|ncrease|n absorbance was.observed fog4Glf26]_ In our measurements, pellets of PVA showed a
samples in the same region as for silk whereas $aMRIRS - teristic peak for PVA at 2¢° (Figurg 3) which is the
where PVA was major component (PVA an_d _GKéEV'?nain crystal peak, corresponding to a (101) reflection of the
sample_f,) I ShO,W any i absorbancg. This INCIASE onoclinic crystal [59] Subsequent lower peak intensities
absorptionat the beginning of the gpectra IS thergfor%gwoghd therefore less developed crystalline structures (i.e. minor
probably caus_ed by water adsorb|_n_g to the dried é@ro%hks not present) was observed for the PVA film and all
films  [56], Wh'Ch speak to the ability of GK to be%m‘iamples with PVA content. This could be a result of the
hydrated easily. All samples haal ve.ry low absorbapfe preparation method, as solutions were dried whilshg
inthe rest of the spectra towards higher wavelengtps %&%y mixed. This drying method could disturb the
hotably the addition Of glycerol did not affect_the U\f/é/l evelopment of the crystalline structure @PVA xerogel
spectra of any of the films. These re;ults are importagy ag compared to that observed in PVA pellets. Formation of
cIearIy. . demonstrates . a . h|gh degrge OV A crystalline and regular regions could be also affected by
_transm_|SS|on/transparency in the V'S'_ble range of “ghfsﬂfﬁe presence of other types of polymers in system whose
IS pa“'cu'af'Y useful for wound dre_ssmgs as it would 9allf,ing could restrict the ability of the PVA polymer chams
the un.derlymg. tissues to be inspected by hea}g‘c%rr?/stalise Following on from this, an effect of SF content
professionals without the need to remove the dressmg79 towards hydrogel crystallinity was observed. Samples
80 containing a higher ratio of SF (GK/PVA/SF+ and
81 GK/PVA/SF+/G) showed lower crystallinity; this could be
Phase contrast microscopy was carried out to charact8dzeceigsed generally by a lower ratio of PVA in system but also
morphology of xerogel film surfaces and study any p&2antly the higherSF content which contributes more towards
macroscale phase separation of the materials in tH filk@striction of PVA crystalline regions formation.
[Figure 3). GK and GKIG films were smooth with only8malhterestingly, the addition of glycerol clearly affected xerogel
aggregates or bubble[s (Figurh 2A, B). Films from P\8% afiitm crystallinity. Samples with glycerol tended to show a
GK/PVA [Figure 3C E) were also smooth, lacking8@nyhigher intensity peak on XRD. This could suggest that as
significant surface morphology. Howe8F films display@® glycerol acts as a plasticiser is essentially in@sdsee

3.2 Morphology of xerogel film surfaces
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volume and suppts movement/reptation of polymer ctEnsordered structures Tg of SF can be observed in the tan delta
promoting higher sample crystallinity. However,54hisignal asit usually appears at ~210 °C for B. mori silk [61]
influence was not significant for PVA/G and SF sampl&&  Figure 4B. This transition is clearly present for samples with
56 higher SF content but is barely visible from samples wéth
3.4 The effect of structure on the xerogel film 57 low SF contentinterestingly, the temperature f8F’s Tgin
viscoelasticity 58 the GK/PVA/SF+/G blend is significantly affected by the
59 ggesence of glycerol, reducing the transition temperature to

Dynamical mechan.ical_analysis_ _(DMA) was condu ) ound160 °C which would be indicative of promoting more
measure changes in viscoelasticity of xerogel films éq dEIYsordered structures in the film

state as a result of structural relaxation changes.
Xerogels based only on GK or SF could not beggstgd; Swelling behaviour
because of their brittle natur@ll samples containing PVA
showed the same general trend during testingnfplee d&3 The effect of various materials and their ratios on hydrogel
depicted in (Figure A). From these DMA traces the stéfag@ater absorption (swelling) were carried out. Pure GK and
modulus is related te material’s ability to store energy &% SF samples were immedigtewater soluble, thus their
its stiffness. A steady decrease in the storage mo@fusswelling properties were not studied.
observed from the beginning of the test, as temgefatdfte highest swelling ratio (above5x) was observed in
increagd from -100 to 20 °C anis related to the softeRfhgsamples with GK (GK/PVA and GK/PVA/G). Despite the
of the material as a result of gamma and beta transiti6fls (P& amount of GK present in the samples, the hydrogel
the beginning of localized bond movements and bdfdirsiowed the highest swelling potenfial (Figufe) SAowever,
stretching and side chain movements). The broad b&hd @8y significant effect of glycerol on hydrogel swelling was
the loss modulus at the beginning of the test shows’/@neigy observed. The glycerol physical crosslinking clearly had
dissipation. 73 a greater influence on the hydrolytic stability of hydrogels as
Following, the xerogel films show a significant dedi®asgiscussed below.
in storage modulus (approx. at 50 °C) and coné@rrette remaining samples showed similar and relatively stable
maximum in loss modulus which is related to the 7§lasgwelling profiles (aroundl5x) which remained consistent
transition (Tg) of major component (PVA). THig is mdté through the 2 hours of the test. At the end of the test all
easily denoted by investigating the tan delta signal for/8 p&@ples had stabilised their swelling ratio apart to
(Figure 4B) which is reached slightly after maximum d8lo$SK/PVA/SF+  which showed a lower swelling ratio
modulus (which is indicative ofa second-order pR&sethroughout the whole testThese observations are in
transition). It is also worth noting that the Tg for the Sampagreement with work studying PVA/SF hydrogels and their
GK/PVAISF{G is slightly reduced by presence of glytkroivater uptake [62]. No significant difference was observed in
because of its plasticising character. 83 the swelling regardless amount of added silk. This supports a
Loss modulus showed another softening band mQ&{le hypothesis that the higher swelling in samples GK/PVA and
110 °C region which could be potentially related to st®tuf</PVA/G is caused by the presence of GK.
reordering (possibly reordering amorphous PVA strusture
into crystalline ones). This transition is significantly aff&tedt6 Hydrogel stability

by glycerol which reduces the temperature of this gffegl, srydy focused on hydrogel stability was carried out to
lowering its intensity and somehow merging this traggitiqajuate stability in ultrapure Type | water at 37 °C oved a 6
together with band for the Tg (Figure }Anterestinglygg day period. Hydrogel stability is depicted[in Figue. 58
slight increase of storage modulus (intepretted as a hajgleniigts indicate that hydrogel stability is largely based on the
of the material) has been also observed in the regiory(@abggity of PVA to form a physically crosslinked structure
100 C) for both samples. 92 connected by hydrogen bonds [63] without any chemical
The aforementioned effect of glycerol on xerogebsfilrg ossjinking and the structure present is stable over a long
properties is also apparent from tan delta plot (Figugg, 4Bhe period.

Glycerol serves to merge peaks together, broadening, thefnples with different SF ratios (although otherwise with
and suggesting its positive effect on mixing and blendiigg i, same composition) have similar stabilities, suggesting
polymeric components present, thus also actingg7Singt Sk content did not have any significant effect towards
compatibilser. Here glycerol probably promotesggangqrogel stability. Improvements in stability of PVA/SF
increases interactions betwe_en different types of W”@ﬁ{/o-hydrogels has been previously reported whereby a
chains due to hydrogen bonding of hydroxyl groups)ghGheeze-thaw regime for cryogels fabrication which ensured
PVA and glycerol and amide groups of SF [48,60]. 101 petter stability in PBS at 3TC[62].

The glass transition temperature of SF is not apparef 1988 presenence of glycerol improved hydrogel stability was
modulus data due to its low content in the film. Howepmgs, @served for all samples. This is most likely due to the
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compatbilising action of glycerol as previously discussg8l, fohis data demonstrates that contact with hydrogels largely
our results ardn good agreement with observationsS#onmaintains cell viability. There is no evidence that the
DMA and XRD testing (see above) and pré&Bousydrogels are able to promote cell proliferation in this short

observations on stability in SF hydrogels [38]. 56 term, two-dimensional cell culture assay. Here further studies
57 are required to determine if the hydrogels are able to promote
3.7 Adhesion test and MTT proliferation assay 58 reepithelialisation in a wound healing model and to fully

A specific assay was developed to study adheszgn %ﬁam{?e the effect of the material on skin cell viability and
prepared hydrogels to a keratinocyte cell layer in order to"fo 9N
simulate a real-world scenario wheaehydrogel dressél_glg a.
would be placed onto the skin surface. In this assay
hydrogels were in contact with a confluent layé2 dflovel hydrogels based oa natural polysaccharide gum
keratinocytes for 24 hours prior to being removed a68 ckélraya, the synthetic biopolymer poly (vinyl alcohol) and the
attachment measured. 64 protein silk fibroin, were designed to address the challenge of
As a broad observation, all hydrogels did not sho®b adgveloping suitable wound coveringé range of hydrogels
adhesion to the cell layer after weight removal and th&6wevere produced and studied using different techniques such a
freely floating in the culture mediunfurthermore, uéidig FTIR, UV/VIS, phase contrast microscopy, XRD, DMA,
microscopy, no cells were observed on hydrogel surf@8esswelling and stability studies as well as cell culture assays
PVA, PVA/G, GK/PVA and GK/PVA/G[(Figure |6 A9 The results have helped us to better to understand the
which suggests a low preference of keratinocytes to adBersttacture, interactions and function of the constituent
the hydrogel. However, the presence of keratinocytés mraterials and their contributioriewards the final extrinsic
samples containing SH_(Figure] 6 E-H) could nf2 loperties of hydrogels. From the results we propose that
determined by imaging alone because the imM3erdnydrogel stability in water is based on P\¥Aability to
microstructure of these materials when imaged using4haseatea partly crystalline structure which acts as physical
contrast microscopy gave an uneven appearance. 75 crosslinking. Furthermore, DMA and stability studies
Therefore, moving past a qualitative visual analysis, id®rdgrowed a significant positive effect of glycerol towards
to quantify cell attachment to the hydrogels an MTT/dssayproving hydrogel properties. Finally, cell culture showed
was conducted. In addition, an MTT was performed 8 ttieat the hydrogels produced weraontoxic towards
confluent layer of cells on the tissue culture plasic teeratinocytes and they exhibited a low adhesion to them
determine if contact with the hydrogel resulted iBOcellow cell adhesion is an essential feature for hydrogels to be
detachment or a reduction in cell viability (either th8dugbuccessfully used for burnt skin regeneration to prevent
direct contact with the material or through contact wBR gdestroying newly grown tissue as the covering is replaced.
components eluted during swelling and incubation). 83 We conclude that the presented method of hydrogel
The MTT assay was unable to detect any meBdbatieparation is straightforward, non-expensive and doés no
activity from cellson the hydrogel surface, demonstrati8f nase any toxic chemicals. Therefore this study seeks to
viable cells adhered to the material. This low adher&tceimdrease the potential of these materials to further develop
cells on the hydrogel surface is most likelsgusedby tB& new types of affordable and widely available biomedical
high content of PVA which is recognised ascm-favouraBi@ materials hybrid hydrogels for skin burn treatment.
substrate for cell adhesion and proliferation [23]. H@&8ever
this is ideal for these filmispotential application, as low
adhesion of hydrogel towards cells is essential for a WOundcknowledgements
dressing to avoid removal of any regenerating epitg lium
when the dressing is applied and subsequently repla(1:5 .
Figure 7 shows the metabolic activity of HaCaT cells
following contact with each type of hydrogel. The positive
control (cells without any hydrogel contact) demonstrated the
highest cell activity while all wells with hydrogel contact
displayed a slightly reduced cell metabolic activity compared
to the positive control. This is likely as a result of the
mechanical disruption as a result of the direct contact assay
performed. The highest viability was observed in the samples
containing SF. This observation is in agreement with [34,64]
where SF has been described as supporting and promoting
keratinocyte cells.

Conclusion
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Figure 1: A) FTIR ATR spectra of prepared xerogel films
(GK = gum karaya, PVA = poly(vinyl alcohol),

SF=silk fibroin, G = glycerol, + represents higher silk ratio,

- represents lower silk ratio), B) UV/VIS spectra of prepared
xerogel films with the small amount of noise at 340 nm being

caused by the deuterium to halogen lamp change.
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Figure 2: Phase contrast microscopy pictures of prepared
xerogel films: A) GK, B) GK/G, C) PVA, D) PVA/G, E)

GKI/PVA, F) GK/IPVAIG, G) SF, H) SF/G, 1) GK/PVAISF+,
J) GK/PVA/SF+/G, K) GK/PVA/SF- and L) GK/PVA/SF-/IG

(scale bar for all pictures is 100 pm).
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Figure 3: XRD spectra of PVA pellets, PVA, GK/PVA, SF,
GK/PVA/SF+, GK/IPVA/SF+/G, GK/PVA/SF- and
GK/PVA/SF{G (samples tested in xerogel film form apart

from PVA pellets).
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Figure 4: A) Storage and loss modulus for samples and
GK/PVA/SF-/G, B) Tan delta for samples GK/PVA/SF+,
GK/PVA/SF+/G, GK/PVA/SF- and GK/PVAISF-/G.
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Swelling ratio

Figure 5: A) Swelling ratio of prepared hydrogels depending
on time, B) Hydrogel stability on day B0, 20 and 60 (Type
| waterat 37°C).
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Figure 6: Microscope picture of hydrogel surfaces after
adhesion assay: A) PVA, B) PVA/G, C) GK/PVA, D)
GK/PVAIG, E) GK/PVA/SF+, F) GK/PVA/SF+/G, G)
GK/PVA/SF-, H) GK/PVA/SF-/G (magnification 7.5).
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Figure 7: MTT assay: Normalised UV absorbance
corresponding to activity of keratinocytes layer on TGPraf

hydrogel removal.
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