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ABSTRACT KEYWORDS
Attractive properties of gelatin, such as good biocompatibility, low immu- Highly volatile solutions;
nogenicity, plasticity, adhesiveness, promotion of cell adhesion and growth, Gelatin;
and low cost, makeit ideally suitable asabiomaterial for tissue engineering. Polyethylene glycol;
Highly volatile solution of gelatin (gel-PEG-DEE) and polyethylene glycol Wound healing;

(PEG) in diethyl ether (DEE) was prepared for wound healing applications. Bbiocompatibility..
The compatibility of gel-PEG-DEE with blood sample was performed that
results demonstrated that the substance was fully compitable with human
blood sample. In addition to this gel-PEG-DEE also showed antibacterial
properties with no cytotoxicity as observed by brine shrimps analysis. The
solidification time of the solution was found to be 4 sec which is extremely
good as wound healing gel. The in vivo wound healing characteristics of
the gel-PEG-DEE (highly volatile solution) was eval uated using rat (Rattus
norvegicus) model test. Full-thickness wounds were created on the dorsal
surface of the Rattus norvegicus and were treated with both gel-PEG-DEE
and “eco-plaster” (control and commercially available wound healing mate-
rials) to evaluatethe efficiency of thegel. The characteristic resultsreveaed
that the gel-PEG-DEE gelatinous sol ution wasfound to be more effectivein
the healing of rat wound than the commercial eco-plast.
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INTRODUCTION

Thefield of tissueengineering hasdevel oped to meet
thetremendous need for organsand tissues*?. Inthe
most general sense, tissue engineering seeksto fabri-
cate, living replacement partsfor the body!®. The ne-
cessity of tissueengineeringisillustrated by the ever-
widening supply and demand mismatch of organsand

tissuesfor transplantation. A variety of syntheticand
naturally derived materials may be used to form
hydrogel sfor tissue engineering scaffolds. Synthetic
materiasinclude poly (ethyleneoxide) (PEO), poly (vi-
nyl acohal) (PVA), poly (acrylicacid) (PAA), poly (pro-
pylenefurmarate-co-ethyleneglycol) (P(PF-co-EG)),
and polypeptides. Representative naturally derived
polymersinclude agarose, a ginate, chitosan, collagen,
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fibrin, gelatin, and hyaluronic acid (HA)“. Naturally
derived hydroge forming polymershavefrequently been
used intissueengineering applicationsbecausethey are
either components of or have macromolecular proper-
tiesamilar tothenaturd ECM. For example, collagens
arethemain protein of mammalian tissue ECM and
comprise 25% of thetotal protein massof most mam-
mal g9,

Collagen is regarded as one of the most useful
biomaterids. Theexcellent biocompatibility and safety
duetoitshiologicd characteristics, such asbiodegrad-
ability and weak antigenecity, made collagen the pri-
mary resourcein medical applications’d. It wasalso
used for tissueengineeringincluding skin replacement,
bone substitutes, and artificial blood vessels and
valves¥. Collagenisan atractive materia for biomedi-
cal applicationsasit isthe most abundant proteinin
mammalian tissues®, and isthe main component of
natural ECMP1. Recently, it hasbeen demonstrated to
exhibit activation of microphage and high-haemogtatic
effect™™, Consequently, it hasbeenusedinawideva
riety of wound dressingsand asabiomateria intissue
engineering. The strength of the gelatinisdueto the
presenceof triple helixes. Thegreater thetriple helix
content, thehigher the strength and lower swelling prop-
erty in water!*y), The selection of gelatin asacompo-
nent for the preparation of the scaffold filmrest up on
two reasons, first, gelatinisaconnectivetissueprotein,
well knownfor itsnontoxic, nonirritant and biodegrad-
ability properties, and good living body compatibility
and therefore has been widely used in food, pharma-
cology, and cosmetic applications*3. Second, thefor-
mation of specificintermol ecul ar interaction through
hydrogen bond of two or morepolymersisresponsible
for theobserved mixing behavior and propertiesof the
films. Theselection of gelatinisasojustified withthis
point of view.

Oneof thedrawbacks of collagenfor tissue engi-
neering applicationsisitssolubility in agueous medig;
therefore, collagen containing structuresfor long-term
biomedical applications need to be crosslinked*3. In
recent years polyethyleneglycol (PEG) has attracted
much attention asapolymeric excipient that canbeused
incross-linkingfor different purposes. For instance, for-
mulationswith PEG have been extruded to make dif-
ferent productssuch asswell ableand erodibleimplants,
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scaffoldsfor tissueengineering!***¥. Theincorporation
of PEG with degraded collagen (gelatin) hasanaimto
develop amaterid whichwould have good mechanica
properties, thermaly stablein the human body, good
swelling property and effective water absorption ca-
pacity. An ideal wound healing material would be
biocompatible, nontoxic, odor-free, highly volatile, im-
permeabl e to microorganismsand yet permeablefor
necessary water vapors. In thisexperiment PEG was
used asto modify the gelatin solution aswell astoin-
creasethe swelling and adhesi veness during external
dermal applications. Hereinwewishto develop gela
tin and PEG based flexible, bioactive, biocompatible
and nontoxic bio-adhesiveor highly volatilegelainous
solutionin DEE that might show rapid heding proper-
tiesand having soothing effect. Thisstudy wasasuc-
cessful endeavor to develop and investigate the suit-
ability of such abio-adhesvewound healing gel based
on gelatin asan dternativeto the conventional expen-
svewounddressing materid

EXPERIMENTAL

Materials

Gdatin (TypeB from cattle bones, Bloom strength-
240 g, and Pharmaceutical grade) granuleswere sup-
plied by the Globd CgpsulesLimited (GC.L.), Barishd,
Bangladesh. PEG (400 USP/NF) wasof obtaned from
BASF, and diethyl ether (DEE) from Merck, Germany.
Rats (Rattus norvegicus) that used for in vivo study
were purchased from Animal Resource Department,
ICDDR, B, Mohakhali, Dhaka, Bangladesh.

METHODS

Prepar ation of gelatin and gelatin-PEG solution

15%, 20%, 30% and 40% gelatin solutionsin wa-
ter were prepared at 60°C by vigorous mixing with dis-
tilled water using magnetic stirrer and theviscosity of
the solutionswere measured. By consi dering the opti-
mum viscosity among al gelainoussolutions, the 30%
gelatin solution wastaken as standard. Polyethylene
glycol (PEG) was added to the prepared gel atin solu-
tionto makedifferent ratiosof gelatin-PEG (15:1, 15:2,
15:3, and 15:4 a w/v basis) solutions. Themixturewas
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allowed to stir for 10 minutes at 60°C for complete
mixing. By usingabove procedure200 mL of 30%gela
tin solution was prepared and distributed in 4 different
beakers such that each beaker contains 50 mL of 30%
gelatin solution. Polyethylene glycol wasadded to the
beakersinratios of gel: PEG (15:1, 15:2, 15:3, and
15:4) inwl/v basis. Themixtureswereagain stirred for
another 10 minutesat 60°C.

Prepar ation of highly volatilegelatinous solution

Highly volatilegd wasmadeby introducing diethyl
ether (DEE) ashighly volatilesolvent. DEE ashighvola-
tilesolvent wasadded to test tubesin different ratios of
gel-PEG: DEE (5:1,5:2,5:3,5:4, 1.1, 5:6, 5:7) respec-
tively. Theprepared mixtureswerelabe ed properly and
were shaken vigoroudy with Vortex mixer, VM-2000
and thetemperature was maintained by 60°C to 65°C.
After shaking and hegting severd timesthemiscibility
of the solution was observed and it wasfound that a
ratio 1.1 of gel-PEG: DEE wasfound complete mis-
cible
M easur ement of pH

ThepH of thepuregdatin solution and various gdl -
PEG and gd-PEG-DEE solutionswere determined by
using adigital pH meter (PHILIPS, PW-9409, UK)
withanefficiency level of +0.2. This test was performed
to observethe acceptability of wound healing gdl with
thepH vaueof body fluid.

M easur ement of viscosity

Theviscositiesof thesolution weremeasured using
capillary Brookfield digital viscometer and VT550 vis-
cometer. Thesemeasurementswerecarried out at room
temperature of 29.5°C and 37.6°C (body temperature).

M embranefor mation time measur ement

Gel-PEG-DEE solution of different compositions
were sprayed on body skin and timerequireto solidify
thegd weremeasured usingadigital sopwatch (Casio,
SF19).

FT-IR measurements

TheFTIR spectroscopy of gelatin, gel-PEG, gel-
PEG-DEE solutionswere performed by IR Prestiged-
21 (200V CE) Fourier Transform Infrared Spectropho-
tometer, SHIMADZU, FTIR Spectrophotometer (Para-
gon 500 Model, PerkinElmer, Beaconsfield,
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Buckinghamshire, UK) intherange of 400-4000 cm*
with resolution of 1cm.

Microbial sengtivity and in vitrocytotoxicity study

Antimicrobial activity of the composites against
Bacillussubtilis, and Escherichia coli wereinvesti-
gated by the disc diffusion method. Thismethod was
performedin Muller Hinton medium. Themediaused
for antimicrobid activity waspouredinto Serilepetridish
and was allowed to be cooled. Then the test culture
(Becillussubtilisand Escherichiacoli) wasincubated
properly onto themedia. The samples(A-H numbered
by 1to 6) wereautoclaved for 2hand 10 mtoremove
any bacterid contamination. It isimportant to mention
that PVA compositesmelted littlebit at autoclave tem-
peraturethough thezonewasstill possibletoidentify.
Theplateswereincubated overnight at 37°C and the
inhibition zonewas measured inthe eva uation of anti-
microbid activity of the biocomposites.

Invitro, cytotoxicity test wasperformed using brine
shrimp lethality bioassay method 1. Brine shrimps
(ArtemiaSdlina) werehatched using brineshrimp eggs
inaconica shapedvessd (1L), filledwith Serileartifi-
cial seawater and pH wasadjusted at 8.5using 0.1 N
NaOH under constant aeration for 48 h. After hatch-
ing, activenauplii freefrom egg shellswere collected
from brighter portion of the hatching chamber and used
for theassay. The compositesweredissolved in artifi-
cia seawater at 0.20 mgmL-* concentration and were
taken in petridisheswherethe active nauplii werein-
ocul ated. After overnight incubation, the nauplii were
counted. 0.5 mgmL of vincrigtinesulfate (an antican-
cer drug) wasconsidered as positive control.

Biocompatibility test

Heparinized human blood was used to assay
biocompatibility of developed gelatin based volatile
hedling gdl. Sampleswerediluted with different ratios
of blood to analyzetheinvitro biocompatibility. Blood
sampleof thesame donor wasa so diluted at the same
ratioswith distilled water and normal sdinefor control.
Samples were spread on glass slides after two hour
incubation at room temperature and observed under
light microscope.

I n-vivowound healing

Thewound hedling characteristicsof gal-PEG-DEE

solution wereevaluated using arat model. Femalerats
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of weight approximately 213 g of each were anesthe-
tizedwith5mL diethyl ether usinganinhaation anes-
thesia. Thesurgical areawas shaved with an el ectric
razor, the rat was strapped to a surgical board, and
additional anesthesiawas provided viaanose cone.
After adeep surgical plane of general anesthesiahad
been reached, awound, approximately 1-cm?inarea,
was created on theleft (lateral) side of therat using
curved blade surgica scissors. Both theepiderma and
dermal layerswereremoved creating afull-thickness
wound with minimal bleeding. Thewound site was
marked and measured using digital cdipersand aver-
aged todeterminetheorigind wound diameter and area.
Thewound wasthen dressed with eco-plast (control:
product of ‘Sahnisons Manufacturing Co. New Delhi,
India) and sprayed with gel-PEG-DEE solution. The
surgery wasrepeated multipletimesto giveasample
sizeof 8ratsper treatment per timepoint. After 3and 6
days of post-surgery, therats were anaesthetized and
the healing was monitored using real time photo-

graph.

6.2
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pH
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Figurel: Variation of pH with increasein theamount of PEG

RESULTSAND DISCUSSION

pH and viscosity

pH of theformulated gelatin sol utionswere mea-
sured with respect to PEG concentration and are shown
inFigurel. It wasobserved that the pH of gelatin solu-
tionincreasess owly with theincreasing PEG concen-
tration. Becauseof dightly akdineinnature(pH 6.41n
our measure), PEG lower the concentration of hydro-

niumion of the solution and thusthe pH increasewith
theincrease of concentration of PEG Itwasasofound
that 20% of PEG containing solution hasapH of 6.2
whichisaclose proximate vauewith both the pH of
skin (~5.5) and blood (7.4+0.04) and for the rest of
the work of this study the mixture of 20 wt. % PEG
and 80% gelatin (30% (w/v) will keep constant and
will referred as standard gel-PEG. Addition of DEE
dightly decreasesthepH vdueand aratio of 1.0.5 (gel-
PEG: DEE) yielded pH of 6.0, however at aratio of
1:0.75and 1.1 respectively (gel-PEG: DEE) showed
pH 5.9, and the solution became saturated with DEE.
Theseresults suggest that theideal gelatin-PEG and
DEE mixturefor rest of experimentsare(1:1) and were
termed asgel-PEG-DEE.

Theviscosty of gelatin, gd-PEG and ge-PEG-DEE
weremeesured (theresultsof viscosity aregivenin Fgure
S2 and S3 and Table S1 the supporting informations).
Theviscosty wasfound dightly increasesby increasing
of PEG content inthegelatin solution. Thisindicatesan
increasein segment density withinthemolecules, which,
inturn, resultsinasmaller hydrodynamicvolumeanda
lower intrinsic viscosity. On the other hand, with the
increase of DEE gradud increase of viscosity hasbeen
observed.

FT-IR analysis

Thewidth and intensity of the spectrum bands, as
well asthe position of the peaks, areall sensitiveto
environment changesand to the conformation of mac-
romoleculeson themolecular level. Intermolecular in-
teraction occurswhen different polymersare compat-
ible, sothat the FTIR spectrum of thefilmwasdifferent
from thoseof pure polymers, which was advantageous
to the study of theextent of polymer compatibility. The
FTIR spectrum of puregelatin solution, gelatin-PEG
solution and gelatin-PEG-DEE gdl isshownin Figure
2. Thespectrum of gelatin showed an absorption 3400
cm* dueto N-H stretching of secondary amide, C=0
stretching and at 1651 cnm?, N-H bending between
1545 cmrt and 1500 cmr?, N-H out of plane wagging
at 654 cm and C-H stretching at 2960 cm! and 3084
cnt, The FTIR spectrum of gelatin-PEG film showed
acharacterigtic pesk that rangefrom 2163 cm* to 2166
cnt indicating the presence of ahydroxyl group with
polymeric association and a secondary amide. The
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Figure2: FT-IR spectraof (a) gelatin solution, (b) gel-PEG solution and (¢) gel-PEG-DEE solution

peaksat 1986.3 cnriand 2681.7 cmt indicated the C-
O stretching of secondary hydroxyl groupsand ester.
The spectraof thefilm aso show apesk at 2735.7 cmr
indicating the presence of asecondary amide group.

M embranefor mation timemeasur ement

Timerequiredtoformmembraneof thehighly vola-
tilesolution wereplotted against DEE content in Figure
S5 (inthe supporting information). Theresults showed
that, increasing DEE decreased thetimerequirement to
acertain level and then it became steady. It was ob-
served that gel-PEG: DEE=1:1wassolidified by 4 sec
and at thisratio DEE becomes saturated withthegela
tin-PEG solution. Additional amount of DEE did not
affect thetimerequirement of membraneformation.
Polyethyleneglycol (PEG) aso havesimilar effect on
solidificationtimeof gelatin solution.

Antimicrobial properties

Standard methods agar was dissolved with distilled
water at the amount of 17.5g agar/L liter of distilled
water. After mixing completely by frequent stirring, the
mixturewasautoclaved for 15 minutesat 121°C. Small
portion of pure 30% gd atin solution, gel-PEG solution
and gel-PEG-DEE solution were added to threeindi-
vidua agar plates. Cultured pseudomonasbacteriawas

mixed with normal salinewater thenincubated in each
of thethree agar platesand the platesaregiveninFig-
ure Ainthesupportinginformations. Thefigureshowed
that thegrowth of bacteriain agar platescontaining pure
gelatin and gd -PEG were noteworthy which suggests
that pure gelatin and gel - PEG sol ution have no antimi-
crobial effect. However no growth of bacteriain agar
plate containing gel-PEG-DEE werefound which re-
vealsthat gel-PEG-DEE showed antimicrobia sens--
tivity dueto the presence of DEE.

Biocompatibility test

Light microscopic analysisof prepared slides at
10x100 magnification revealed that the red blood cells
(RBCs) of the blood sample wereintact when incu-
bated with 1:3 (w/v) sample/blood ratio. Norma saline
also showed similar resultsbut distilled water caused
cdl lyssat thesameratio (Figure3) and 1: 1 ratio. These
resultsrepresent the biocompatibility of the prepared
gelatin based wound hedling gel which means compat-
iblewith Human blood.

I n-vivowound healing

Inrat mode artificial wound wasformed surgicaly
and treated by developed wound healing materials.
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Wound hedling was assessed by monitoring wound con-
traction, re-epithelidization andwound morphol ogy (redl
time photograph). Wounds supplemented with these
new materials, had improved wound healing results
compared to thosewoundswith theeco-plast done. In
addition, theunderlyingfibro-vascular tissue appeared
morerapidly than for thosewoundstreated with eco-
plast. Eco-plast, athin adhesve membrane coated with
asyntheticlayer is permeableto both water vapor and
oxygen but impermesableto microorganisms. Itisgen-
eraly used clinically in thetreatment of minor burns,
pressure areas, donor sitesand avariety of minor inju-
riesincluding abrasions and lacerations, and was se-
lected for these experiments so that effectsdueto the
bio-adhesive gel atin-PEG-DEE solution could beas-
sessed inacontrolled environment.

During wound healing no significant weight lossor
fever wasfound. The edgesof thewound pull inwards
to reducethe overall wound area. Wound fibroblasts
begin to assumeamyofibrobl ast phenotype character-
ized by largebundlesof actin-containing microfilaments
and the establishment of cell—ell and cell-matrix link-
ages. Thefibroblastslink to extracdlular fibronectinand
collagen and to each other through adherencejunctions.
Collagen bundlesat thewound edgeand the underlying
dermiscrosdink toform acollagen network. Thesecell-
cdll, cdl-matrix, and matrix—matrix links provide a net-

work through which thetraction of thefibroblastscan
be transmitted across the wound, leading to wound
contraction. Re-epithelialization wasthe process by
which new cutaneoustissue coversthewound defect.
Thisprocessrequiresthe uninjured keratinocytesaong
thewound edgesto migratelateraly to cover thewound
bed. Both wound contraction!*" and re-epithelidiza-
tioni*¥ have been used as measures for monitoring
wound closure and healing. Wound contraction was
monitored by measuring the areawithin thewound’s
full-thicknessmargins, and re-epithelidization wasde-
termined by measuring theadvancing epithelium. Com-
bining gd-PEG filmsand gd-PEG-DEE membranewith
Ciprofloxacin crested awound-hedling environment that
appeared to meet the criteriaset forth abovefor ideal
wound dressing. First, no signsof bacterial infection
were gpparent during grossexamination of thewounds
or higtologicdly, suggesting that themateridseffectively
protected thewound from bacterial infection (Figure
S6 and Figure S16). Second, thewounds exposed gel-
PEG solution or gel-DEE-PEG gel wasmoist and hy-
drated, thus demonstrating that evaporativewater 10ss
and wound dehydration had been prevented. Third,
abundant cellular proliferation suggested that oxygen
and carbon dioxide permeability had been maintained.
Fourth, theabsorption of wound exudateswasclearly
visibleinthosewounds supplemented with agd-PEG

Figure3: Blood samplewith variousconcentr ation of puregelatin, ge-PEG, ge-PEG-DEE, salinewater and distilled water.
Sample 1: blood and distilled water (1:1), Sample2: blood and distilled water (1:3), Sample 3: blood and salinewater (1:1),
Sample4: blood and salinewater (1:3), Sample5: blood and gel-PEG-DEE (1:1), Sample6: Blood and gel-PEG-DEE (1:3),
Sample7: Blood and gel-PEG (1: 1), Sample8: Blood and puregelatin (1:1)
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Figure4: Microscopicview of lysed blood cell: (a) with distilled water after 2 hincubation (b) with gel-PEG-DEE

film. Findly, theaccd eration of re-epithdidizationwith
thegel DEE-PEG membranetrestmentsindicated anen-
hancement of the overall healing process.

The mechanism by which the gelatin-DEE-PEG
solution acceleratesre-epithelializationisasyet un-
known. However, reasonable explanations can be
proposed. It might be that the gelatin solutions pro-
mote cell movement in early granulation tissue. Gela-
tin has been found to bind and act asarepository for
alarge family of cytokines'?. It is likely that the
gel-PEG gel and gelatin-DEE-PEG membrane are
behaving as an artificial ECM, retaining cytokines
and other growth factors made by the regenerating
tissue. Wound exudate mixed with degrading film
was clearly visible upon gross and histological ex-
amination. Therefore, itisbelieved that the gel-DEE-
PEG solution provide ahighly hydrated, peri-cellu-
lar environment that simulates the ECM. In this
growth-conducive environment, assembly of other
matrix components, presentation of growth and dif-
ferentiation factor, and cell migration contribute to
accel erated wound repair.

CONCLUSION

Inthishighly volatilewound healing gel based on
gdatin was prepared, characterized and eval uated for
biomedical application. It wasobserved that 30% gdlatin
solution with 20% PEG at aratio of (8:2) showed the
maximum viscosty and waskept constant. Furthermore

1:1 ratio of gelatin-PEG and DEE formed saturated
solution and was used for blood compitability andin
vivo studies. It was observed that gel -PEG-DEE has
extremely enhanced antimicrobial properties and
didn’t show any cytotoxicity in brine shrimp. The in
vivo healing efficiency of the developed gel was
compared with commercial eco-plast (wound heal -
ing materials based bandage) using rat model. Ex-
tremely quick healing was monitored usingrea time
imaging technique and it was found that gel-PEG-
DEE solution showed excellent rapid healing of the
wound surface than eco-plast. There were no dif-
ferences amongst experimental groups for wound
contraction or inflammatory response on any day
post-surgery. In conclusion the detailed experimen-
tal resultsrevea ed asuccessful devel opment and ap-
plication of anew bio-adhesvewound hedling voletile
materia for wound hedling application.
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