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Present investigation attempts at fabricating gellebased scaffolds impregnated with sago starch
capped silver nanoparticles (AgNPs), useful fontgdical applications and aims at studying its

10 physicochemical aspects. AgNPs synthesized throbghmical reduction method, capped using different
concentrations of sago starch are incorporatedcioifagen derived from fish scales, and lyophilized
form scaffolds. FT-IR spectra confirm and validdte interaction of sago starch capped AgNPs with
collagen in the scaffolds. TGA and DSC results iatienhanced thermal stability of collagen scaffold
impregnated with sago capped AgNPs compared tagmil alone. All the collagen scaffolds containing

15 sago starch capped AgNPs show high tensile stremdties for their use as wound dressing material.
Moreover, lower minimum inhibitory concentrationwes obtained for the above capped AgNPs
collagen scaffolds, which indicate higher antibeateactivities compared to uncapped AgNPs tested
against both gram positive and negative bactetriains. Novelty is that the developed scaffolds are
biodegradable aniah vitro studies reveal them as biocompatible and suifabléssue regeneration

20 applications.

specifically imparted their antimicrobial activityy interacting

1. Introduction the disulfide bonds of the glycoprotein or alteritige protein
structure of the microorganism such as bacteria amyi,

so thereby blocked its functional operations. i.e.,ekerted an
oligodynamic action by exhibiting either bacteralid or
bacteriostatic impac¢t!* Thus, AgNPs acted as a potent
antibacterial agent that demonstrated strong cyicity by
annihilating the bacterial cell membranes and chaapplied in

ss biomedical researcit:*®

Both synthetic and natural polymers have been useu

extensively as capping agent to prevent the agtioegand thus
provide added stability to the nanoparticles. Ssigoch, a well-
known carbohydrate polymer, is one of the most dhah and

s0 inexpensive polysaccharides, which has unique ptiegesuch as

superior biodegradability and biocompatibiftty*°In addition to

Nanomaterials as biomaterials have gained signifiazse in
various biomedical applicatiodsThe controllable syntheses of
nanostructures particularly silver nanoparticlesg\|iRs) play
25 prominent roles in fabricating nanoscale deviceth vépecial
electronic, transport, optical, and mechanical proes on
confinement and have received wide attenfidvioreover, the
use of AgNPs as antimicrobial ag&hthas been widely
recognized and applied in different medical fieklsh as for
wocular applications, sustained drug delivefy, surgical
catheter$,and dressing of infected wound&
It has been widely reported that the silver naniges

#Centre for Nano-Biotechnology, School of Bio-Sciences and Technology,

35 VIT University, Vellore 632014, India. the above mentioned properties, the scaffolds pegp@om sago
PBio-Products Laboratory, Council of Scientific and Industrial Research starch satisfy the requirement of adequate thestedility and
(CSIR)-Central Leather Research Institute (CLRI), Adyar, Chennai minimum interference with flow properties essentifdr
600020, India. es biomedical application® Thus, encapsulation of silver
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70 the addition of another polymer to improve the mmes is
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Collagen, another  biopolymer, is an
fibrous protein found abundantly in the extracelfumatrix and

connective tissues of mammafsType | collagen extracted from

bovine source is mainly used in medical applicationut
concerns related to transmissible disease such @sneb
spongiform encephalopathy observed in these call@gyeducts
has led to the search for alternative sources dfgmn?52°

Therefore, a number of alternative sources sucaihamsne leather

insoluble conductance of 2 uS ¢hat 25°C was used throughout the work.

2.2. Methods

s0 UV—vis measurements were made on a Jasco Spectoopéter

Model UV-VIS-V530 and photoluminescence spectrumswa
obtained on Hitachi F-2500. Fourier-transform indch (FT-IR)
spectroscopic analysis was carried out using P<tkirer
Spectrum 2000 instrument and scanning electron osdopy

waste?’ chicken skirf®and different marine animals like sqiftd, e (SEM) was done on Philips XL-30. The TEM analyses the

octopus® starfish®* swim bladder of catfis??® and so forth
have been attempted. Among them, fish source ddively safe
and thus collagen derived from its wastes (scadesjides as an
alternate option. Hence, collagen extracted froffedint fish

sago starch coated NPs were carried out using TeEihilips
transmission electron microscope and the images waptured
using a voltage of 80 kV. The thermal analyses (T&Wl DSC)
of the scaffolds were conducted on a Perkin-EImed&l No. 7.

scales, both fresh water as well as marine watee baen used 7 The particle size analysis along with their zetdeptial was
for biomedical application¥:* The scales of marine sources are confirmed using Malvern instruments (Zetasizer 3088,).

cheaper and more abundant than that of the freséerweaigin.

However, one of the problems associated with cetiaderived
from marine fish scales is its relatively low demation

temperature that limits its biomedical applicatisignificantly>®-

%8 As a result, we have chosen to extract collagem fish scales
of marine origin and develop scaffolds that havenigdical

applications. The association of silver nanopaticlwith

biopolymers such as sago starch and collagen daiferttractive
approach in developing biomaterials with potenbamedical

applications. Very recently, preparation and charézation of
aloe vera blended collagen-chitosan composite @dafbr tissue
engineering applications was reported by%igo the best of our
knowledge, no reports on the capping of silver panticles by
sago starch and their interactions with fish seallagen have
been documented.

Therefore, the objectives of this study are tdgiesynthesize
and characterize the collagen scaffolds deriveth frearine fish
origin impregnated with more stable silver nandpkas$ capped
by different concentrations (1, 2 and 3uM) of satgrch, which
would have potential biomedical applications esaégci in
wound healing process. The role of capped AgNPsthen
physicochemical properties of the prepared scaffoldas
investigated using various physicochemical techesqu
Moreover, the antibacterial activity of these sclf§ was tested
against both gram negative and positive bacterishins.
Furthermore, the viability of these scaffolds obrdblast NIH
3T3 cell lines was also investigated. The schenmaficesentation
of the fabrication and characterization of biocotiigea collagen
scaffolds impregnated with sago starch capped
nanopatrticles is shown in Fig. S1.

2. Experimental section
2.1. Materials

rsilve

Mechanical properties of the scaffolds at an extensate of
5 mm/min were assessed with INSTRON model (1405 SATR
UK, Model No. TM-43) at 20 °C.

75 2.3. Extraction of fish scale collagen (FSC)

The isolation of collagen from fish scaleslL@tes Calcarifer was
performed using a modified method reported eaffien brief;
fish scales were washed with running water to resngand and
other foreign bodies and later exposed under sonlg00 g of

so dried fish scales were soaked in 10%S5B, solution for 24 h.

The fish scales were then minced by using a mifides.resultant
fine paste was subjected to centrifugation (12@00) at 4°C for
20 min. This supernatant was collected and its jaid adjusted to
7 using calcium hydroxide solution. The supernasaition was

ss further centrifuged at 10,000 rpm for 15 min to o calcium

sulfate salts. The supernatant had collagen s(6id%) and was
stored at 4°C.

2.4. Synthesis of silver nanopatrticles (AgNPs)

The experiment was carried out in a dark room &€ .4To 1 mL

90 of AgNO; (0.01 M) solution, 5 mL of NaBH(0.02 M) solution

was added drop wise with continuous stirring for rAh. The
appearance of pale yellow color indicates the giter of silver
nanopatrticles in the solution.

2.5. Synthesis of sago starch capped silver nanofiates

95 (SGAgNPs)

Sago was sieved and powdered using a domestic .n#ixdrand
6 g of sago starch were dissolved in 100 mL mili@ter and
boiled to obtain the concentrations of 1, 2 andvB fespectively.
The contents were added to 1 mL of AgN0.01 M) solution. 5

1womL of NaBH, (0.02 M) solution was added drop wise with

continuous stirring for 20 min to ensure the cortipte of the
reaction. The above experiment was carried in & dald room

Fish scales otates Calcarifer were collected from nearby fish 5t 4 oc,

market. Also, sago starch (MW 20 ¥JGvas purchased from
nearby local retail market. Silver nitrate (AgjCand sodium

borohydride (NaBlj) were purchased from Sigma-Aldrich, st”

Louis, Mo, USA. Bacterial strain, Escherichia cdf ¢oli) was
obtained from the microbiology department, Centraather
Research Institute, Chennai, India. Muller Hintondiaen was
purchased from Hi-media laboratories Pvt. Ltd, Mamindia.

2.6. Preparation of FSC scaffolds impregnated withsago
starch capped AgNPs (FSC-SG-AgNPs)

To the beaker containing 10 mL of the fish scaldlagen
solution, 10 mL of silver nanoparticles solutiondad with
continuous stirring by the magnetic stirrer. Thegass of stirring
was carried out for 15 min. The contents were pabumea petri-

All the chemicals and reagents used were of aralyjrade and 110 dish and subjected to lyophilization to obtain &mdf in the

purchased from Sigma—Aldrich. Deionized water vétlpecific

form of sponges. The concentration of silver namiga
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(AgNPs) used in the fabrication of scaffolds whitds been kept  test using SPSS 13 software. All the values of f.65 were
at[dP0 uM. considered statistically significant.

2.7. SDS-PAGE 3. Results and discussion

The confirmation of collagen derived from fish ssalwere  3.1. UV-vis spectra

s performedvia SDS-PAGE following Laemmli® method. A gel
(8%) was prepared and the films were dissolved$ Sample
buffer solution containing 1% SDS, 1% mercaptoethaf0%
glycerol and heated for 5 min at 100 °C. The filmeyevsubjected
to gel electrophoresis at a constant current ofc2V/After

10 electrophoresis, the gels were stained with 0.1%)(@oomassie
Brilliant Blue R-250 and the gel images were captuoeda
BIOVIS gel documentation system.

s0 The UV-vis spectra (Fig. 1) show peak characteristithe silver
surface plasmon resonance (SPR) at around 400 nrchwh
indicates the generation of AgNPs. This charadterjgak was
further shifted to 403, 405 and 408 nm for silvanoparticles
capped by 1, 2 and 3 puM concentrations of sagochstar

es respectively. Moreover, sharp and intense peakscatel the
formation of nano-sized silver particl&s* The particle sizes of
the sago starch coated AgNPs were determined byadhticle

2.8. Minimum inhibitory concentration (MIC) size analyzer (PSA). The AgNPs capped by 1 uM sgrech
were found to be in the range of 30-60 nm in corsparto 40-

70 90 nm for the uncapped AgNPs. Moreover, the AgNipped by
2 and 3 uM sago starch, as illustrated in Fig. $2viound to be
in the range of 20-45 nm and 15-40 nm, respectivetys shows
that the size of silver nanoparticles reduced Wl increase in
the concentration of sago starch capping agent.

In order to determine the antibacterial propertadsall the
15 scaffolds represented as FSC, FSC-AgNPs, FSC-SGRAgN
FSC-SG2-AgNPs and FSC-SG3-AgNPs, the minimum itdripi
concentrations (MIC) of the above scaffolds wereedeined by
following the standard procedures provided belddo the pre-
sterilized Muller Hinton broth solution, test sael of
20 concentrations ranging from 0.002-2 mg were adddividually. e
The test cultures vizStaphylococcus aureus (ATTC 29213) and
Escherichia coli (ATTC 25922) chosen for the present 25+ E
=2 e 2

investigation are grown in nutrient broth sepasateid 50 pL (1

a7

x10%) of 18 h grown cultures are inoculated, where final E N 1\ oy
2s absorbance of the test solution maintained at D samples 3 /-’)/; ‘{‘\\\\w .,f-*“"im:_f

f'ilong with respective blanks (culture .and broth na)q are L ﬁ/// ‘\\w:;:—;f:f#— "_’:Np‘ a

incubated for 24 h at 37 °C. Followed by incubatithe, turbidity i —sGLAzPs

of the growth medium is monitored at 600 nm andrddiction 4 —SGa agtie

in colony forming units (CFU) is determined usingesgad plate ‘S aw  wm sa 0 w0 en 70 s sw
s technique. The solution keeping the absorbanced fiae 0.05 Wavslength{nm]

turns turbid at a particular concentration, whicasveonsidered — Fig. 1 UV-Vis spectra of silver nanoparticles uncappgdated capped by
as the MIC of the sample and all the experimentgwenducted () 1 #M. (¢) 2 M, and (d) 3 uM sago starch, retipely.
in triplicate. 75 3.2. Zeta potential

2.9. Cell viability, attachment and proliferation gudies The zeta potential measurements were performedsgesa the

s Mice fibroblasts (NIH 3T3) were cultured in DMEM thi 10% stability of the synthesized silver nanoparticlglich is essential
FBS and 1% antibiotic-antimycotic at humified atpiosre of for the development of biomaterial applicatidh¥he measured
CO, (5%) and 37 °C. The medium was replenished evergya.d zeta potential values of the silver nanoparticles depicted in

For in vitro studies, the scaffold was cut into 1x1 cm and placeﬂ’ Table S1. The .value of -1520.5 m\/ suggests thatutheapped
silver nanoparticles were stable with time. For2land 3 uM

sago starch capped silver nanoparticles, the zgtnpal values
were found to be -20.1+0.8, -21.4 #0.6 and -23.3+MV,
respectively. The low zeta potential values suggbst the

ss capped nanoparticles are more stable due to sggridsion. This
is attributed to the fact that sago starch acta agabilizer and
restricts the mobility of the silver ions and thHereavoids
agglomeration in the course of the reaction. Thdrdghilic
chains of the starch molecule containing —OH grouplsich

9 forms strong association with AgNPs and preventreggtion
leading to the formation of more nano-sized andletailver
particles?®

3.3. SDS-PAGE

into the wells on a 24 well plate individually. Befoseeding
40 cells, scaffolds were sterilized by immersion i&6thanol for 2
h, washed 3 times with PBS, and then washed wittureul
medium. Cells were then seeded at a density) @€lis/well of
24-well plates and tissue culture polystyrene (TG@)s were
seeded as control. The viability of NIH 3T3 cells oollagen
45 based scaffolds after 24 and 48 h of seeding wetermined by
methylthiazol tetrazolium (MTT) assay. The attachtmand
proliferation of NIH 3T3 cells on the scaffolds wasaluated
using fluorescent microscope. Regarding details haf tell
morphology, compatibility and cytotoxicity of thergpared
s0 scaffolds, we have described in our recent puli)djnzi{’

2.10. Statistical analysis
The isolation of collagen from the scaleslaites Calcarifer, a
os marine fish, was confirmed with the SDS-PAGE. ThBSS
PAGE has been used to determine the purity anddeliecthe
type of collagen. The results of the SDS-PAGE a in Fig.

Cell adhesion and proliferation experiments wereagoered in
triplicate and the data were presented as meanatdatd
deviation (SD). The results were compared by ong-araalysis
ss Of variance (ANOVA) followed by Duncan multiple cparison

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 3
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S3 reveal three distinct bands assigned to they and o, It has been noticed from Table S4 that the freeewhiiss was
respectively. The twa bands ¢, ando,) noticed at 116 and 97.4 significantly reduced when collagen is capped WAtiNPs (in
KDa are attributed to the unfolding polypeptide iokaof 0 the temperature region 20-80 °C) compared to itsapped state.
collagen triple heli¥®*! Thus, the observed characteristic bands However, the opposite trend was observed with tegmbound

s confirm the triple helicity of the type | collagen. water loss (in the temperature range 80-200 °C). T&Allts also

indicate that the loss of free water increase ia tollagen

scaffolds with the increase in concentration ofsteech used for
The ATR-FTIR spectroscopy was used to understand theapping AgNPs than that in absence of starch (T,
interaction of sago starch capped AgNPs with cellagThe  whereas the opposite trend was observed with regatbund
ATR-FTIR spectroscopic data for FSC-AgNPs and diffier  water loss. These are quite interesting observation

10 concentrations of sago starch encapsulated AgNRsliagen
scaffolds at 20 °C are depicted in Table S2. Thecefof
different concentrations of sago starch on the psdation of
AgNPs in collagen scaffolds were studied in the sen¢
investigation and illustrated in Fig. S4. It wasiid that the peak

isat 3240 crit due to —OH group contribution of the collagen
moiety was shifted to 3261 ¢hupon interaction with AgNPs.
This characteristic peak was further shifted tchkigregionviz.,
3289, 3296 and 3291 émin collagen scaffolds when the
concentrations of sago starch were 1, 2 and 3 |jespectively.

20 This is due to the fact that sago starch exhiblisoad band from
3100-3600 cni attributed to the vibration of —OH group present
in the molecule. In addition to this, other chagsistic peaks of
sago starch were observed in the finger print regioz., 1075 0 25 50 75 100 125 150 175 200 225 250 275 300
and 950 crif respectively. Moreover, the broad peak noticed at Temperature (°C)

251646 cm' is due to the presence of tightly held bound water  Fig. 2 DSC curves of prepared collagen and collagen-bssaffolds: (a)
the starch and the band at 2925 'cmrepresents the C-H collagen; (b) FSC-AgNPs; (c) FSC-SG1-AgNPs; (d) FSE2-AgNPs;
stretching vibration. The shift in the peaks is abed with the ™ and (€) FSC-SG3-AgNPs, respectively.
increase in starch concentration and this effechast probably
due to the encapsulation of sago starch on theersilv i i

w nanoparticles. The FT-IR spectra of all these stddfshow the ~(Td) Of collagen alone is 38 °C. The f the above collagen is
characteristic bands of both collagen and starabweker, enhanced to 52 °C when it is incorporated with AgNHRswvever,
shifting of the bands in the fingerprint regionfr®50 to 1075 ™ the Tdvalue.s of the collagen scaffolds were found to Be 46
cmitand 1425 to 1420 cthare observed. This may be due to the and 43 °C in the presence of AgNPs capped by 1,d23apM
interaction between —OH groups of starch and, Nrbups of  Starch, respectively. With regard to melting pedk€l), Tn(2)

s collagen. Also, peaks at 1652 ngamide | C=O stretching), a"d T(3). these values are enhanced to 121, 15:3 and@a1
1552 cri- (amide Il N—H stretching) and the peaks in thegean AINPS capped collagen from 91, 123 and 225 °C réispég
1143-1301 cl due to amide Ill (contributions from C-N® which are obtained in collagen. alone. .The above tinggl
stretching and N—H stretching) were obser/eBurthermore, the ~ €Mperature J(1) decreases with the increase of starch

value of transmittance ratio {4T1,5) calculated was found to ~ concentration. However, with regard tg(Z) and T,(3), there is
w0 be close to unity (1) in all the scaffolds, whictdicated that the ~NOt much change observed. The above results suggesthe

triple helical structure of collagen remained imtand not biodegradability of the collagen in AgNPs is potsin presence
perturbed by sago staréh.This also validates the chemicat®©f Starch with its optimum concentration. Therefoie is

interaction between sago starch and collagen preserthe worthwhile to discuss the above biodegradable pmemon in
scaffolds light of some thermodynamic parameter, which ifoHews:

. The activation energy, jEassociated with the process was
45 3.5. Thermal studies calculated using the following equatitt™

3.4. ATR-FTIR spectra

(e)
(d)

(c)

(b)

Heat flow (W/ig)

(a)

The DSC results indicate that the denaturation ézatpre

The denaturation temperature of fish scale collaget@rmined ] (l e ) _ E(i_i)
from the DSC curve was found to be 38 °C (Fig. 2thmabove el Q. — @ TR T, T (1)
DSC curve, we also observed three more peaks atZil and
225 °C and they are associated with the water lvgisgoto Where, Q and Q are the total heat of the process and heat
s dehydration. We designate these three melting peak,(1), ~ €volved, respectively at a given temperature, T the
Tm(2) and Ty(3), respectively (see Table S3). The water logses® temperature at the e_rlldotherm, whereas R is the rsaivgas
the temperature ranges around 40-80 °C and 80-2afbfgined  constant (8.314 Jkmol™). Q and Q are determined from the area
from TGA curves are due to free water and bouncemiatsses, ~ under the endotherm. A plot of In[In{@Q-Q)} versus 1/T has
respectively (Fig. 3). The charring and carbon fations are ~ 9iven a straight line (see Fig. S5), whose slopefigR. The &
ss generally occurred in the systems at temperatuyesea200 °C, values along with correlation coefficient are dégicin Table S3.
which is not required in the present context. Téwults obtained *°
from DSC and TGA are given in Tables S3 and S4,ecsgly.

4 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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FSC-SG1-AgNPs scaffold as well as the water absorpt
capacity’® Therefore, FSC-SG3-AgNPs scaffold shows the
highest ratio of water absorption and thus exhilbiaximum
swelling among the scaffolds. The results indicthiat the

so prepared scaffolds are biodegradable and possessaffacity to
absorb water suitable for tissue engineering agfins,
especially in wound dressing biomaterials prepanati

Weight (%)

51261°C

5 3.7. Mechanical properties
NP @ B prop
zb"f"‘“‘;xﬁ_”()‘ﬁ' Recent research is focused on developing wound idgess
- C) 2072% . . . . .
P ss materials with improved mechanical properties st thcan be
E) & & o applied on to wound properf§The mechanical properties of the
Temperaire () scaffolds are given in Table 1. Tensile strengtie, techanical

Fig. 3 TGA traces of prepared collagen-based scaffol)sF8C-AgNPs;  property required for biomedical applications suah clinical
(b) FSC-SG1-AgNPs; (c) FSC-SG2-AgNPs; and (d) F&3-8gNPs,  yound healing was the least in the case of sagohsfam (10.1
respectively. so MPa) and highest with a value of 24.3 MPa in theecaf FSC-
3.6. Water absorption and porosity studies AgNPs scaffold respectively. However, significantrease in

tensile strength was observed in the case of FSG/RBIPS.

This increased value of 19.5 MPa for the biodedvbdacaffold

is attributed to the formation of intermoleculardhggen bonding
es between N of the collagen backbone and OHMf the sago
starch. Furthermore, with increase in the concéatreof sago
starch in FSC-SG2-AgNPs and FSC-SG3-AgNPs, a dezrnea

s The water absorption studies were conducted tormete the
biodegradability of the prepared scaffolds. Sinogdrolysis is
the prime mechanism that governs the degradatigrolyiner in
the human body, the study of water uptake is esdefor the
polymeric tissue engineered scaffolds and their ensl

10 applications The water uptake of the prepared scaffolds wasth tensile st h ticed. This d serisile st th
calculated using the following formufa: e tensile strength was noticed. This decreasensile streng

W, — W) is most probably due to the increased crystallioftgtarch in the
Water uptake (04) ZT % 100 70 scaffolds. Also, the value of elongation at brelgk Was affected
by the increase in sago starch concentration. Alagly, with
the increase in content of sago starch, the ddfusate of water
increased and subsequently, the percentage elongafi the
scaffolds decreased. The Young’'s Modulus valuethéncase of
75 collagen based scaffolds containing impregnatertistaapped
silver nanoparticles were found to be higher with increase in
sago starch concentration. However, the increas& afng’s
Porosity (3%) = {1—7(1’”“’ _W‘j)] % 100 Modulus is due to the presence of sago starch, hwhies
sV (3) maximum (953 MPa) in the case of FSC-SG2-AgNPs.hWit
so further increase in starch content in FSC-SG3-AgNPs value
of Young’s modulus (649.3 MPa) decreased. The as@éan the
elasticity of the FSC-SG2AgNPs scaffold could befulsand
find potential in the preparation of heart valves.

Where W and W, are the initial dry and obser(vzgd wet weights
15 Of the scaffold at different time interval (t), pestively.

The porosities of the prepared scaffolds were ditermined
from the procedure followed by Shimiz al.> are given in
Table S5. Percent porosity was calculated usingfaiewing
equation:

20

Where SV is scaffold volume; yWand W, are the wet and
initial dry weights of the scaffolds, respectively.

25 It is important to determine the water absorptwapacity
(WAC), as scaffolds with better WAC when applied enagpen
m;u\,r:,gus:(;fsa::ecgrye;sél);na?jr?]rt;\%?;:iif);)%(:?tee;\@%‘?,g|]|at ss Table 1: .MechanicaI. Properties of sago starch, uncappeeérsil

nanoparticles and different concentration of sagoch capped

the scaffolds in the present study exhibited insedawater  gjjyer nanoparticles impregnated in fish scaleaggh scaffolds
30 absorption capacity with increase in time and thaximum (FSC) at 20 °C with 65% relative humidity.

capacity attained at 24 h (See Fig. S6). Alsoait be noted that

the water absorption capacity increases with tlceese in the Scaffold Elongationat  Young's  Tensile Strength

sago concentration and the maximum value was obdemv Composition break (%)  Modulus (MPa) (MPa)

FSC-SG3-AgNPs in comparison to the other scaffolfsis Sago Starch (SG) ~ 8.31+0.71 490£17.3 10.1£0.68
FSC-AgNPs 32.8+24 116.19 + 22.41 24.3+1.25

35 could be attributed to the fact that sago staraftains hydroxyl
groups on its polysaccharide backbone, which adedphilic in
nature and thus, leads to increased water absorpfioreover, it
is well understood that a porous scaffold can tageand store
more water compared to the non-porous scafffidss the <0 3.8. SEM/EDX and TEM of the prepared scaffolds

40 concentration of starch increases from 1 to 3 pMcatlagen
scaffolds, it results in higher porosity due taykrpore sizes and
thus has more space for water storage. With theedse in
collagen content, the functional groups such asH,-End —
COOH present in collagen weakly interacts with tlyelrbxyl

45 groups of sago starch and thus reduces the hydiciyhof the

FSC-SG1-AgNPs 7.88+0.5 598.47+12.6 19.5+0.94
FSC-SG2-AgNPs 6.83+0.3 953.16 +18.23 15.5+0.58
FSC-SG3-AgNPs 5.12+0.4 649.29 + 15.42 13.4 £ 0.67

The surface morphology of the prepared scaffoldsyaed by
using SEM is depicted in Fig. 4. The SEM imagesecab\the
homogenous and uniform distribution of silver naawbigles in
the collagen scaffolds. The impregnation of sagwchkt capped
95 Silver nanoparticles onto collagen matrix has @anbre smooth
surface, which is essential and a pre-requisite ofaterial to be

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 5
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used as wound dressing purposes. Also, it was widahat the  distribution of sago starch encapsulated AgNPdhé collagen
collagen scaffolds were found to be more poroush witie matrix (See Fig. 5), as observed in the SEM. The sif these
increase in the sago starch concentration useleircapping of 20 capped AgNPs were found to reduce with the increasthe
AgNPs. The presence of interconnected pores sisfhe  concentration of the capping agent, sago staram ftato 3 uM
s requirement for its use as scaffolds for biomateaajplications. and was found to be 30, 20 and 16 nm, respectivEls
The EDX spectrum exhibits a strong signal of silatms, which  corroborates with the findings from PSA and autivamés the
confirms the presence of silver nanoparticles ia tollagen  formation of nanoparticles and their reduction ireswith the
scaffolds. The additional signals of C and O atowticad in the 2sincrease in sago starch concentrations.
collagen scaffold are attributed to the carbon tese and
10 carboxyl groups present in the collagen. The highemsity of
carbon and oxygen signals observed in the scaffodiéaining ~ The minimum inhibitory concentrations (MICs) forsti scale
capped silver AgNPs is due to the presence of carboieties  collagen (FSC) and AgNPs impregnated collagen sdaffin
and hydroxyl groups of sago starch used to encafsstfie silver ~ absence and presence of starch tested againsgtasthpositive
nanoparticles. 30 and negative bacterial strains are depicted in §§. The sago
starch capped AgNPs show lower MIC value comparethéo
collagen scaffolds impregnated with uncapped AgNTRs. above
MIC values for FSC alone are 400+15 and 520+20 udimlE.
coli and S aureus, whereas for uncapped FSC-AgNPs are
35 295+18 and 480+28 pg/mL folE. coli and S aureus,
respectively. In the recent past, we have f8lisat the critical
micelle concentration (CMC) of the anti depressardamyoin
drug is more or less equal to MIC. However, Mowlilal.*® have
recently observed that the MIC values are two t@ehtimes
40 lower than those of CMCs for some normal and revetsenics
viz., PEO-PPO-PEO and PPO-PEO-PPO. We had first
investigated that the sepia cartilage collagen étmmicelle®®
whose CMC value was found to be 300 pg/mL at °ZD
However, the CMC value of the above collafjewas largely
4s depended on temperature and nature of additiver@ments
1500 o with geometry change€d>® In the present investigation, we have
not correlated between MIC and CMC of FSC; a sepataty s

1000 - will be made in detail in future. Moreover, the Mi@lues of
l AgNPs reported by Chudasareaal.® in the recent past were
LA \

3.9. Cytotoxicity studies

15

so found to be 100 and 300 pg/mL f& coli. and S. aureus,
— e respectively. There is no report available for Mi@ues of SG to

P pp

T i the best of our knowledge. Furthermore, it has lmeserved that
Fig. 4 SEM images of the collagen based scaffolds: (a)-A§BPs; (b) MIC values decrease with "Tc.rease in sago starcheraration.
FSC-SG1-AgNPs; (c) FSC-SG2-AgNPs; (d) FSC_SG3_AQWE,’ © Thus, FSC-SG3-AgNPs exhibit a value of 20512 pglower
ss than 213115 and 238+13 pg/mL for FSC-SG2-AgNPs R8E-
SG1-AgNPs respectively fdE. coli. Similarly, for gram positive
bacterial strain,S aureus, lower value of 390+25 pg/mL was
noted in the case of FSC-SG3-AgNPs in comparisofl@*23
and 44021 pg/mL for FSC-SG2-AgNPs and FSC-SG1-AgNP
eo respectively. These findings are probably due toepations of
stable silver particles, which have smaller sizis.addition,
lower MIC values were observed in the cas&.ofoli, the gram
negative bacteria compared ® aureus, the gram positive
bacterial strain. This is due to the fact that ¢nam negative
es bacteria do not have a cell membrane and therefsitegr
nanoparticles can easily react with cellular corgtenf the
bacterig®® It can be concluded that the smaller sized AgNPs
capped by sago starch probably diffused more edlsdn the
uncapped larger AgNPs, which explains the highedicity
Co s o SRR 70 observed on the bacterial strains used in thisystitierefore,
Fig. 5 TEM images of the collagen based scaffolds: (a)-A88Ps; (b) ~ AgNPs capped by sago starch provide enhanced ateiiz
FSC-SG1-AgNPs; (c) FSC-SG2-AgNPs; and (d) FSC-SGR#s, property to the collagen scaffolds prepared for eptél
respectively. biomedical applications such as material for wodrebsings.

T
L
[

Furthermore, the TEM images also confirm the homogs

6 | Journal Name, [year], [vol], 00—00 This journal is © The Royal Society of Chemistry [year]
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W 24hrs

60 m48hrs

40

Cell Viability relative to control (%)

FSC

Control

FSC-AgNPs  FSC-SG1AgNPs FSC-SG2AgNPs FSC-SG3AgNPs

Fig. 6 Cell viability of fibroblast (NIH 3T3) cells culted on FSC, FSC-

AgNPs; FSC-SG1-AgNPs; FSC-SG2-AgNPs; and FSC-SASPAg

relative to control (TCP) at time periods of 24 a&&lh respectively. The

asterisks (*) indicate statistically significantfdrences compared to the
s control (p < 0.05).

The results of the cytotoxicity effects on fibrogtlgNIH 3T3)
cells cultured on the collagen based scaffoldslapicted in Fig.
6. The viabilities of NIH 3T3 cells expressed as #tbsorbance
10 value obtained at 540 nm for the developed scadfettbw good
cytocompatibility in comparison with tissue cultypkate used as
control. The viability of fibroblast (NIH 3T3) callon bare FSC
scaffold was found to be 84% at 24h and increasési% after
48h, respectively. The addition of uncapped AgNRs to
15 collagen scaffold reduced the viability (75% and4rat 24 and
48 h, respectively) of the fibroblasts. Howevenvis noted that
with increase in the concentration of starch (1M8)capped
silver nanoparticles impregnated on the collagemffsids
exhibited an increase in the cell viability from ®8189% at 24 h,
20 respectively. Similar trend of higher cell viahili(85-94%) after
48 h in all the collagen based scaffolds contairsitegch capped
AgNPs was observed. According to the observatidrsiostudy,
the concentrations of starch (1-3uM) capped AgNBeduare
seemingly within the safety limit, as it did notuse much cell
2s death in NIH 3T3 culture even after 48 h time peridhus,
starch capped AgNPs impregnated on collagen sdaffauld be
safely employed in tissue engineering applicatioas, they
possess cytocompatibility along with antibacteaicivity.

Fig. 7 Fluorescence micrographs (20X) of fibroblast cefter 48 h of
culture on (a) FSC-AgNPs; (b) FSC-SG1-AgNPs; (cCFS52-AgNPs;
and (d) FSC-SG3-AgNPs scaffolds, respectively.

The morphology of the NIH 3T3 cells adhered ondbkagen

30

scaffolds impregnated with starch capped AgNPs assessed
through fluorescence microscopy, as shown in Fig.The
fibroblast cells proliferated rapidly and becamefagent at 48 h.
As these collagen based scaffolds derived from fishles of

35 marine origin have an interconnected and highlypsrstructure,
NIH 3T3 cells were well distributed on the scaffaldlso, it was
noticed that the cells anchored to the nano fibarakitecture of
the collagen based scaffolds accumulated and edeimt the
direction of fibers resulting in a well spread-aubrphology.

40 Furthermore, cellular extensions and protrusions ttucontact
between the individual cells were observed. Thiglifig may be
attributed to the high affinity of NIH 3T3 cells mpllagen and
their migration around the scaffoltfs.Moreover, it has been
demonstrated that the presence of silver nanojestinodulates

s the alignment of collagen and augment the fibrdblesll
proliferation and its differentiatioff. Here, in our case, thim
vitro results suggest that the starch capped silver pzaticles
impregnated in the collagen scaffolds perform thisction,
which is vital for clinical wound healing applicati.

s 4. Conclusions

In the present study, a novel biomaterial from redtvesources
viz, fish scales and sago starch for various biomedical
applications was developed. Stable silver nanapestiAgNPSs)
capped by different sago starch concentration? (And 3 pM)
ss were successfully synthesized using green approdtiese
nanoparticles were incorporated into collagen extic from fish
scales, lyophilized to form scaffolds with enhancadbility,
which was confirmed by TGA and activation energisained
from DSC. The above scaffolds also show enhancebaatérial
60 efficacy on both gram positive and negative baatestrains in
comparison to collagen scaffolds with uncapped esilv
nanoparticles. Though the tensile strength of tleaffslds
decreased with the increase in sago starch comtentr the
values indicate that the prepared scaffolds cowddubed as
es wound dressing material. Moreover, improved Yourdsdulus
values were observed for collagen scaffolds coimgirsago
starch capped silver nanoparticles, which suggést the
combinations of these biopolymers increase thetieigs and
these scaffolds could find use in the preparatiosynthetic heart
70 valves. Then vitro studies show that the prepared scaffolds ar2
biocompatible, where the capped silver nanopastigeovide
strong antibacterial property to the scaffolds aad be used for
tissue engineering applications. Overall, the presstudy
provides a clear picture about the physicochenzindl biological
75 properties of the prepared novel collagen scaffolds
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