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Abstract

Silk sericin, a degumming protein, is considered as waste product in textile manufacturing. Silk
sericin extracted by high pressure, high temperature degumming technique from Chul 1/1 strain, a white
cocoon shell, exhibits the highest collagen promotion activity. Moreover, it also can suppress the production
of pro-inflammatory cytokines such as interleukin-1 and tumor necrosis factor-Ol. However, the concentration
of sericin needs to be in the optimum range in order to show its benefit. Even though sericin can promote
collagen production but has no antibacterial activity and infection is another factor which can delay the wound
healing process. The objective of this study is to develop the wound dressing material containing silk sericin
and chitosan microsphere which can be an active wound dressing material. Microsphere can sustain the
release of sericin and provide optimum concentration while chitosan possess antibacterial activity. We also
would like to study its physical properties and develop the wound dressing material from this sericin/chitosan
microsphere. The wound healing property both in cell culture and in vivo will also be investigated.

Our results indicated that chitosan microsphere fabricated using ionic interaction technique can
sustain released chitosan and have antimicrobial activity. This microsphere when added into sericin scaffold
can homogenously distribute and form stable wound dressing material. In order to provide a strong immediate
antimicrobial activity, the sericin-chitosan microsphere scaffold was also soaked into chitosan solution in
order to get the burst release of chitosan. Our results indicated that this scaffold is very effective in promoting
the wound healing in vivo and show no toxicity. Moreover, the antimicrobial activity of this scaffold contained
1.0-4.0% chitosan solution exhibited both immediate and sustained antimicrobial activity. Since sericin-
chitosan microsphere soaked in 1.0% of chitosan solution still showed great activity, this concentration was
used for animal testing. The in vivo result indicated that sericin-chitosan microsphere can promote the healing
without irritation of allergic reaction. This product should be further investigated in clinical study in order to

develop the commercial wound dressing for hard-to-heal and infected wounds.

Abstract: Sericin, chitosan, microsphere, scaffold
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VBINTNTLNOANTY 2 ¥29 uAN C50S50 nU C60S40 N1TNTTIYAIVENINNINAE VIWYIFIUAYIH
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AAAADINUNINDIYINNNADIFANTTAUDIAAATOULVUADINTIANWUIN m@ﬂmm”lﬂmmmiu

dgl o Y o = A 1A d?
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Particle size {um)

A o . . . . = J = aAa
317 6 MINTENBAIVO01YNA (size distribution) V030U 1A Ty TnseilosanTusaun TnuasFunas
TaTamundasiarunayyed la Tas1uuazs$u 50:50 (C50850), 60:40 (C60S40), 70:30 (C70S30), 80:20

(C80S20) tiag 100:0 (C100S0) @18 Masterziermalvidin 2000

msnaaeunNuAdazmsvaaaveved Tusaun1 luvnneynia lulnsailes
nan1sdandassTdsdunlnuaiFuiigniniulueynialulasailesainTusauna vy
ssFunes lnlasuuaaalugdi 7 wamsanuwonlugndadiuvesllsdun Inuaisunas 1ala-
A o d?’ o 1 g’ o 1 =1 aa [ dy
ruhunvugleoyma (dadrulasiminvelalaaude TusAun1 InuadFudail 50:50, 60:40,
a 1 a aa 1 3 1 o
70:30, 80:20 ttaz 100:0) vzamstlaaldeslilsaunaluuasFusdiesiaiilusianar 6 s Tuausn
A A 1 = A d‘ dgj 3 1 d' q'./ = q'./ %
naziifsmamsiandassvedl)sdunn nuas Fungaiuaunnaii 6 ¥ Tuade 72 42 Tuanazasain

72 1 TuadSuamsdaatlaseisusasinanaunnal 192 ¥ 1ug

]
AA v 1

diennsaSeuivueumaluTasailosanTdsaun nuasFunas laTagnuniisadiu
v v 9
yo1 laTaguiuTUsaun luuaisundasdiuas q won UsualaTasnuigediuiinaii ldlsum
9
mydaatdesTsaunnlvuasisuanas Tasgas €50850 (imiinveslaTasiuae Tsaund Tnues-
Fu 50:50) HTmamslandassllsaunnlvuaidugega edrelsAay ey lulasailesain
= Aaa o o (= [l 091'
TsAunnTnuaisuuas laTaasuanyngasdiansansda lae lulinsdesaaslUianua lunau
9
a o [

= o & o Y1 I A Y = 1o & 9 ] A 9
04 192 ¥2Tu9 ‘ﬂNZl]ﬂUlﬂ’)?kﬂll@igﬂ?ﬂﬂllﬂ’ﬂﬂﬂﬂﬂ?ﬂ muum"lumuJummmuﬂﬁzmumiwauTﬂwm
4

a A 9 = @ =
‘VINLﬂNLW@iﬁ@HﬂTﬂNﬂ’NNﬂWVJMTﬂﬂI1!
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o
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2048 —0C70S30
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30 —%—C50S50
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0 24 48 72 9% 120 144 168 192
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514 7 5nanmsdaslaseazavveslisaun InuaddulueymaluTasailesnin Tasaun Inuy
wisFuas lalasiunsasidrunauyesdlalasiuuaz Tdsaun v Fu 50:50 (C50850), 60:40

(C60S40), 70:30 (C70S30), 80:20 (C80S20) AINAIAU

NISNATOVINTINITIBEAA N NTININAYUONT NAIY

@ U = ' N J =

NﬁﬂTi'VIﬂﬁ?J‘]J’ﬂ@]ﬂﬂﬁfJ@ﬂﬁﬁWEWINGI)"Jﬂ”IWﬂTEJu’E)ﬂiNﬂTfJGIJ’CN?JT;lﬂWﬂHhJIﬂiﬁu"lﬂi%TﬂT‘ﬂﬁﬁuﬂT}
aa o 1 1 A <3 Y1 A A

Tnuasgunas laTaauludasidiuaie o uaaslugili 8 mingilazmiulainieeyniaiidivilszno

Q‘ dg} [Y] 1 = d‘ 9 g/}
ﬂlm'lﬂimcmumquu ATINITYBYA YN WY ININIT AN TﬂElﬂléﬂiﬂ‘ﬂﬂizﬂ@ﬂﬂ’)ﬂulﬂj@]"”lﬂuﬂﬁﬁllﬂ

A o 1 = ° A A = I 4 1

(C100) vzidasIMsdosdarenFInwmga Tuvnzioyniani Tusdaun Tnuiluesdisznovegga
A A = [ A A o v A [ 9 =¥ g’ v A
NYANDNIUNUDYNIADU (C50850) ’i]%ll’f)@i”lﬂ?iﬂ’ﬂﬂﬁﬁ?ﬂq\‘lﬂﬁmﬁﬂlﬂﬁqﬂ%”lﬂﬂiﬂﬂﬁ%ﬂlﬂﬁuTﬁuﬂ‘ﬂ
A ° 1 < A [l o a 9 09/ v A = A Sou A
Managa ’E)fJNuliﬂ@ﬂiJ L?JE’JNTL!“hJ 147U ﬂiﬂ?ﬂ!i@ﬂﬁ%ﬂﬁ’iuﬂ'ﬂmaﬂmﬂﬂq%iﬂﬂﬂﬂﬁfﬂﬂqu’!ﬂﬂﬂﬂu

Ysmannaeeglszanaiooas 20

15



100 ——C100
—= -(80S20

80§ —+—C70S30
g - A= =C60S40
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A v 1 = 1 =~ 4 = aAa
§°JJ‘VI 8 E]G’]ﬁfﬂiEJ’E]EJE‘TE‘]181/]'1\16]535]11/‘!51']81,!6ﬂi1\1ﬂ'lEJﬂJ’E]Q@lgﬂ'lﬂvlﬂJIﬂiﬁlwﬂimﬂjﬂi@]uﬂTJVlﬂm"]ﬁcﬁuuaz

TaTaanulusasiaiuag o
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imin Twanaved Tusauna TnuaSsuiieg lueynia v Insaiilosaae SDS-PAGE

Std
C100
C80S20
C70S30
C60S40
C50S50
Sericin

Chitosan
Std

C100
C80S20
C70S30

C60S40
C50S50

514 9 51/ SDS-PAGE naauimiin TwanavesTdsaunialvy, lalasuuazeyninlulasailesain

Tsaun IvuasFunas la Taanulusasiaiuas g
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<3 1 3‘ o A o { o 3‘ @
ﬂWﬂﬂWWﬁ]$ﬂ’iuulﬁ'ﬂ !li‘lﬂu']ﬁi‘lﬂiillafla"uf)thﬂiﬁG]ﬂLlﬁJaﬂymgﬂ'lﬂlﬁﬂ?ﬂﬂllﬂﬂu']ﬁUﬂIlllﬁf].a

voelusaunn Iny Mt hiawnsadmaed ldeddanuilisduignilaaildaesesnuinineynin lu-

TaselesanTusaun Tnueasduuas la Tamulusasidiuas q mannlUsaunn lvuwse lalaau

MSANY Interaction 523N Tsaun1 T Ssuuas In Tasuae FTIR

0.6

Absorbance

0.2

Wavenumber (cm™)

1500

517 10 Seuiioy FTIR peak 5311319 TnTaaiu (CS), 545U (SS) uazeunin lulasailosainTusdiu

A TS suuas TaTagu (C50850, C60S40, C70S30, C80S20 tag CS100)

A13199 1 @A IR band ¥4 laTagnu (CS), 35U (SS) wazeuma luTasaidlesanTusaund Tnu-

SFuaz lnlaanu (C50850, C60S40, C70S30, C80S20 Lag C100)

LA IR Band (cm )

CS-SS A B C D E F G H |
CS 3309 1639 1521 1375 1215 1156 1064 1035 901
SS 3288 1620 1512 1401 1241 1157 1072 - -

C50S50 3261 1640 1537 1376 1227 1155 1068 1023 893

C60S40 3286 1628 1537 1381 1219 1156 1069 1025 892

C70S30 3242 1633 1538 1380 1214 1152 1063 1035 893

C80S20 3252 1631 1528 1375 1213 1159 1064 1027 896

C100 3231 1639 1536 1381 1221 1157 1064 1024 893
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pamsfSouiioy IR Band veseyuma'luInsailosoin Tsaunn v Funas laTaanu
1. FTIR spectra Y8BT HFY (SS) 91NN15518411U04 Sarovat S.R. LAZAME (2) WUIUFTTUNANA
Y [ 4 [

av3tAAuTivesaeiugya 1/1 1 spectra ANUAIT NH stretching band #i 3440-3420 cm' 1ag 1560-
1530 cm ', OH stretching band #3600 cm’', C=0 stretching band 1 1680-1640 cm’ 1Az C=0 symmetry
stretching 71 1400 cm” F@@AAADINUNANITNARDIANLI]

2. FTIR spectra Y84 ba Iass1u (CS) WA peak ADN 3309 cm” Y94 w(OH) AU NH, 1064 cm” 494
wW(C-O-C) e 1639 cm’ DI v(NH,) yﬂu peak amide I, 1521 cm’ yﬂu peak amide II (3, 4)

3. FTIR spectra Y030y lu InsailofainTusAunn lnuasFunaz InTasuTaslinanua 5

Y
gasaaalsuanassuwinlidosain 50, 60, 70, 80% wt (C50850, C60S40, C70S30 Liag C80S20) Haz
I = 4 A (= aa = Y o = o A A

c100 Wuoyma luTasailesveslaTaasuin luimswauassu Falhiudraruguiisudugasiinig
WAHT U

4. itenSvurioueyna luTasadlosnn TusAunn Tvuassuuas 1 Taau (C50850, C60S40,

F4 v
C70S30, C80S20 wag C100) AusFunaylalagudoumsnaiiuoyainiu §eny peak fAueaas
J aa 1 ' . £ g
paftlsznovvodlaTasunazissFuog ua peak A 1aAI NH stretching band v049 1o Taaudailu
J 1% 1 = . 3 9 -1 <

pansznounanluayn Nz WL peak 113 shift TUnisuauantiosnin 3309 cm 11l 3261, 3286, 3242,

Y]

3252, 3231 em” USIRY 1EAIDHINITIAA hydrogen bond GV (4) 1A% peak B 11a¥C Fuilu peak nan

AaAa I A o 1A I Aaa I Y a 1 o A d%’
wouaFFunyluoymatlunmssuduniimanueidu 131495 aAn 10799049 peak 171 Taornu gy

a an { I 4 av 1 4
mudTaussFunlniuesnlsenen tag peak E 1318914013539871 1400 crosslink 1A Tas1uae

1502818 TPP 9¢ WU peak NAWHMUS 1217 cm’' L1@AS P=0 stretching (4)
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2 Tulaseiles
< t
CS50(2)
AsazaenaunouIugl
CS50(3) y
T1IALQ1YN release DDNUN
1 1 ya 1 1 1
4000 3000 1500 1000

Wavenumber (cm™)

51091 11 0f3suReusznang CS, SS AU €50850 (1) A €50850 Milu luTaseaidles, C50850 (2) Ao C50S50

A J 1 42’ = ~
niluasazarenauIugl, C50850 (3) Aw C50S50 NYN release BBNU

a a A v o aa 4

wamsiszulseansmnlumsindUY5TU (encapsulation) vodoyma lulasailes InTaau

(BTN
A a A v aa = o aa A

1N 12 udaadsz@nsmumsnnmnuasFuveseymalyTasailes la TaanuasFunyg
o 1 dy 9 =< 9 = ° Y Aa A v A
gas1dInved la laaugeinuainiosas 50 deievas 80 Inah ldlsz@nimmlunisdininuanas Tagh

a A ] I~ Aaa H $ 1 [ v o w 4 @ 4
dszaniamlumsininuveusiFugagain C50S50 FauanavednitsdngienSsuisunugasous
3 YA o an { 3 a { v o a
ntliesnneyna luTasadles la Tasuassun laiudilsia la Tasuilduanasiunazoyninia
9 a &~ Y = a & A 2
nnmaane leoetinuedla TaeuddilszyuiniuTudoy laswedeaadaliiszgay Feoyninoy
a d? A 9 Lﬁy LY a A 9 1 @ = v A Aaaa 1
navumnnIetesIuegiulsualalasunls udanmsdunadvesdisazaendunal§nsomun
A a dy = A A A & AW 1< = g' Y dgl
g5 la lamugedu dvelalaanuiimasszlidvosdisazaedalianvazudhaadudu 910
@ 1 Aaa 9 3 = A 9 a aaa [
A70819 C50850 C60S40 C70830 €80S20 Miifduiu uaasdlalamiuilylunisinal§azerdena
9 ] v v 9

wideeag uinlumsaniifimnlasunaclsue la Tasunldua I Tagungnld Ui ldlinuada

dulil@niramlddscansnmlumssnd s suandiag
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Encapsulation efficiency (%wt)

507 12 YszaniammsdndueiFuveseynin lulng lalasuaisuisasdunauvesla gy
HAIETEU 50:50 (C50S50), 60:40 (C60S40), 70:30 (C70S30), 80:20 (C80S20)

[a 12 b HAAIANNLANANAUBINTWBAAY (p < 0.05)]

k2 I
wamsAngaaualumssudeves lu Tasailesiysenovaae Isaun1a lnuyiFuuas In-

Taau

d‘ a g = 1 o 4 o =) aa
5UN 13 u@aIN5LNa clear zone "UENL“BE]‘VIN'Iuﬂ'IiE‘TiJNﬁﬂﬂﬁ'liazﬁ'lflllllIﬂiﬁmﬂﬂﬂiﬂ%1ul“})’iﬁﬁu

R

' v [ Y
ﬁmmmﬁ’u%’u 200 Haansu/Alaaans uaza15 19N 2 LEAIUUIAVON clear zone ﬁ!ﬂﬂﬁ
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F ]

A a A A v v v - = o Aaa A
g’]J“I/I 13 LLE¥ANNITLNA clear zone "Uﬂ\il“lfﬂ‘l/lNTuﬂﬁfﬂJNﬁﬂ‘Uﬁﬁ’d$EﬂlelilTﬂiﬁlﬂﬂi]lﬂI@“ﬁTul“Bi“Buﬂﬂ’]”liJ

Wty 200 Haansu/aaaans 1ae 1 =C100 3o lulasadlesnila lasudluesnilsenouuaiiossn
L?]fl’cl, 2 = C808S20, 3 = C70S30, 4 = C60S40, 5 = C50S50, 6 = negative control Ao ultrapure, 7 = positive

control A9 0.5% chlorhexidine 1ag C ¥aneda la a1 ay S wueDUsITU
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A = dy A v v v =~ J aa
A1 INN 2 VUIARAYUDA clear zone "II’E)\‘ILGH’EW]WWHﬂTﬁﬁTllWﬁﬂ‘Uﬂ'ﬁa$1’;1WEJhliJIﬂiﬁW\IEJi]lﬂIWIﬂuw]ﬁ%u

v Y
ANUTUTU 200 Haansu/uanans (31191 3 AT

=

WVINAINFEVD clear zone (Haaung)
Sorife (o) msazang ulasmiles]nlasnus3Fyu | 0.5% Chlorhexidine
Tusasidadlalaauaa33u 80:20

Acinetobacter baumannii Hvoulauaniin 1y clear ﬁ%wm 20.67£1.15
Pseudomonas aeruginosa ATCC 27853 Hveulauanti 1y clear ﬁa’lﬁﬂhﬂ 13.67+1.53
Escherichia coli ATCC 25922 Hiveulauaniin 1y clear ‘ﬁﬂﬂuﬂ 14.67+0.58
Methicillin-resistant Staphylococcus aureus 10.00£1.00 23.00+0.00
(MRSA) ATCC 6538 P

Bacillus subtilis ATCC 6633 8.67+1.15 21.3341.15
Staphylococcus aureus ATCC 25923 11.00+0.58 22.33+0.58

A A @ 1 1 aa A [ A a a 1 dy
UL ‘VILﬂE]ﬂE]G]iﬁ‘T'JL!i%TT'JNlIﬂIG]"Iﬂu:L"Iﬁ“]ﬂ! 80:20 mmmmﬂuqmi‘mﬂizﬁmmwiumiczumm

Y A ' = v v A w 1 U aa ] 1 A ]
"lﬂﬂmqﬂggmiummzmmﬂummmmﬁaaﬂamﬂ ﬂﬁﬂa@‘]Jﬁ@Ellclfi‘;]fuﬁ]ﬁ]ﬂllelilLmﬂ@ﬂﬂiﬂﬂﬁ;’f@]i@uiﬂﬂuﬂ

4
a a

Y 1
Ta@ negative control (11UFgNT) 11Tn151AAV04 clear zone ADE1I 1A Fav1HANITNATOUNITA
g 1 o aAa a Aa o a Aaa ] af ] 4
wonu lulasailes laTaanwasFuluanududugads 200 Taansu/iaaans lulignslumseinde
o A A A <0 A A o T o .
TagmwiznusuaiGounsuay Tuvauzhlignauuseunaiizonnsuuinua 1gun1ny positive control
.. 09.1’ dy A Yy 9 = J 1 & ~
(0.5% chlorhexidine) 1atio1vtioanaNudNdIuvedIa TaanululyTasaidles lugeannwe Felunsal
y X% 1 o T Ay { 1 4 Aaa {
iadtemanzud lvlaemaiwrullauwanddrulsznovvesluTnsaidles la Tagnuwassuniinnuna
Y Y Y '
a8 wguasazaie la lnsuluduaeugaiednasenewirluv 1ddaeasere 19iuuauma Tasag
o A -4 1 a A ] g -4 4
Mmlianudutuveslalasumindudiwalidszansomlunsauyedauy uaz lulasailes la Taay

aa ' ' A 9 ' dy N A a2 9
ssumeluvzaes o Yaatases lnlnanusenuuie l¥insaindesengns lnesraiuuiudnaie

F4 ]
Tnsead wdagmveauruiiodo PvA/gelatin nanoyma T Insailos In Taag w5

= v dy A . =~ o aa
JU7 14 udaan 1M SEM v0aunuiilone PVA/gelatin wawoynia lulasailes la Taanum5 g

=

WAl PVA 1122 gelatin TUANMAYNTUAIL 9] NUAD PVA 1% wi+ gelatin 3% wt (P1.0G3.0), PVA 1.5% wt+
gelatin 2.5% wt (P1.5G2.5), PVA 2% wt+ gelatin 2% wt (P2.0G2.0) mﬂm‘wazgﬁumi‘ﬂqﬁwmaumﬂ”lu-

= I'd aa d' ] dy d' 1 (;
Tasadles la TasusTFunuputiodose1aatitauo
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A [ A ] dy A o ' Y1 o A
WoATINIAVUIATWIUIRAIUDULINUIUDIYDAINA T "l,ﬂﬂ'lﬂ\‘lllﬁﬂ\ﬂuﬁ'lﬁﬂ‘l/l 3

P1.5G2.5

18K m Lﬁwm

[ k4 ] [
5101 14 uAAInIW SEM voauruileido PVA/gelatin wauoyninlu Insailes laTasuas $uinegy PVA

ag gelatin THANUWTUTUA ) FUAD PVA 1% wi+ gelatin 3% wt (P1.0G3.0), PVA 1.5% wt+ gelatin

2.5% wt (P1.5G2.5), PVA 2% wt+ gelatin 2% wt (P2.0G2.0)

A A A A . ~ aa 4
AN 3 VUIAFNTURAIUDILNULUBLIID PV A/gelatin wﬁmumﬂ”luTmawxlﬂ{”lﬂiﬁmmmwumwﬁu

PVA 11a¢ gelatin TuAMduIUA1 9

Mveha vina (lulasns)
PVA 1% wt+ gelatin 3% wt (P1.0G3.0) 143.90 1 40.18
PVA 1.5% wt+ gelatin 2.5% wt (P1.5G2.5) 76.97 £ 36.91
PVA 2% wt+ gelatin 2% wt (P2.0G2.0) 7191+ 72.12
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oﬁ/ , v ¥ 2
MSNATOUNTRAT (swelling) YoM UILBIED PVA/gelatin Haruoyna luTasadles Ia Taaiu-
155

A oy 1 dy A . A
507 15 uaaswanmsnagouNIgAIIveHITBID PVA/gelatin naruoyuma lulasaiiles lala-

U

v v v 9 Y ]
FIFTFUNIAT 1, 2, 4, 6 1Az 24 51 Tue wazzld 16 uaasiosaznisgaduiiivesiuiiioe
o aa ! )
PVA/gelatin wanoyna luTasailes laTaanuassunina 24 42109
9 v v
1NMINAADINTRATDIN e Nnsanslasuuac)sura gelatin Wit uua Tdunisgady
g‘ a 41? 1 3 ] o A = = [ AA (A = 4 [ 9
Wzinatues s lugie 6 1 Tuasn iWonlSeudisusvgashiidsualyTasaflesuiniodes

a 4 1 o 1 T A A 1 a o
YsualuTasadlesuinizlinanenisaadulagenai ualoinsananuuanaieuesdlsum PVA fu

[

v v 9 ]
gelatin WU gasNUTI gelatin Mgaduii Idgendua iedadiuminu anuawisalunisgady

=
N

= a aaa . o . Y v A o Y A A
afnaN “]Nf)?%kﬂﬂi]']ﬂﬂ;]ﬂiﬂ']ﬂ?ﬁ crosslink Y94 PVA N1 gelatin ﬂ?ﬂﬂgﬁ?@ﬁﬂqaﬂqﬂﬁﬂﬁﬁfMWMﬂ

U

v 9
Metonumsgaduii

—4—P0.5G3.5/2CS

——-P1.0G3.0/2CS
=dr—P1.5G2.5/2CS

—=P2.0G2.0/2CS

FagaznsAATY

—f=P0.5G3.5/4CS
P1.0G3.0/4CS
P1.5G2.5/4CS
P2.0G2.0/4CS

0 2 4 6 8 10 12 14 16 18 20 22 24

Time (hr)

317 15 ?aﬂazmi@,ﬂcﬁ’uﬁ’wamﬁugﬁ?m?'m PVA/gelatin meruoynin luTnsaidlos laTaguasu
P0.5G3.5/2CS, P1.0G3.0/2CS, P1.5G2.5/2CS, P2.0G20/2CS uag P0.5G3.5/4CS, P1.0G3.0/4CS,
P1.5G2.5/4CS, P2.0G20/4CS finan 1,2, 4, 6 uag 24 $1Tug ey Tao

P0.5G3.5/2CS = PVA 0.5% wt+ gelatin 3.5% wt+ chitosan/sericin microsphere 2%wt

P1.0G3.0/2CS = PVA 1.0% wt+ gelatin 3.0% wt+ chitosan/sericin microsphere 2%wt
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P1.5G2.5/2CS = PVA 1.5% wt+ gelatin 2.5% wt+ chitosan/sericin microsphere 2%wt
P0.5G3.5/4CS = PVA 0.5% wt+ gelatin 3.5% wt+ chitosan/sericin microsphere 4%wt
P1.0G3.0/4CS =PVA 1.0% wt+ gelatin 3.0% wt+ chitosan/sericin microsphere 4%wt

P1.5G2.5/4CS = PVA 1.5% wt+ gelatin 2.5% wt+ chitosan/sericin microsphere 4%wt

1200

=

S

o
-

800 T

zmsgasih i 24 data

w
THIA
[
8

|

S
© & £ & F

& el [ A% > el G A
) QP “ é’ “ 00 9 é‘)
QQ‘ Q\" Q\" Q’\/’ QQ * Q\' Q\' Q’V

31 16 %}E]8a$ﬂ15@ﬂ“§uﬁy1‘ljﬁll,l,?iu!§6L?'JEI PVA/gelatin - wanoyninluTasaiiles laTasruaSany
P0.5G3.5/2CS, P1.0G3.0 /2CS, PI1.5G2.5/2CS, P2.0G20/2CS ua¥ P0.5G3.5/4CS, P1.0G3.0/4CS,
P1.5G2.5/4CS , P2.0G20/4CS finan 24 92 Tua Tas

P0.5G3.5/2CS =PVA 0.5% wt+ gelatin 3.5% wt+ chitosan/sericin microsphere 2%wt

P1.0G3.0/2CS =PVA 1.0% wt+ gelatin 3.0% wt+ chitosan/sericin microsphere 2%wt

P1.5G2.5/2CS =PVA 1.5% wt+ gelatin 2.5% wt+ chitosan/sericin microsphere 2%wt

P0.5G3.5/4CS = PVA 0.5% wt+ gelatin 3.5% wt+ chitosan/sericin microsphere 4%wt

P1.0G3.0/4CS = PVA 1.0% wt+ gelatin 3.0% wt+ chitosan/sericin microsphere 4%wt

P1.5G2.5/4CS =PVA 1.5% wt+ gelatin 2.5% wt+ chitosan/sericin microsphere 4%wt
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P0.5G3.5/2CS = PVA 0.5% wt+ gelatin 3.5% wt+ chitosan/sericin microsphere 2%wt

P1.0G3.0/2CS =PVA 1.0% wt+ gelatin 3.0% wt+ chitosan/sericin microsphere 2%wt

P1.5G2.5/2CS = PVA 1.5% wt+ gelatin 2.5% wt+ chitosan/sericin microsphere 2%wt

P0.5G3.5/4CS = PVA 0.5% wt+ gelatin 3.5% wt+ chitosan/sericin microsphere 4%wt

P1.0G3.0/4CS = PVA 1.0% wt+ gelatin 3.0% wt+ chitosan/sericin microsphere 4%wt

P1.5G2.5/4CS = PVA 1.5% wt+ gelatin 2.5% wt+ chitosan/sericin microsphere 4%wt
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P0.5G3.5/2CS = PVA 0.5% wt+ gelatin 3.5% wt+ chitosan/sericin microsphere 2%wt

P1.0G3.0/2CS = PVA 1.0% wt+ gelatin 3.0% wt+ chitosan/sericin microsphere 2%wt

P1.5G2.5/2CS = PVA 1.5% wt+ gelatin 2.5% wt+ chitosan/sericin microsphere 2%wt

P0.5G3.5/4CS = PVA 0.5% wt+ gelatin 3.5% wt+ chitosan/sericin microsphere 4%wt

P1.0G3.0/4CS = PVA 1.0% wt+ gelatin 3.0% wt+ chitosan/sericin microsphere 4%wt

P1.5G2.5/4CS = PVA 1.5% wt+ gelatin 2.5% wt+ chitosan/sericin microsphere 4%wt
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Methicillin-resistant Staphylococcus aureus

(MRSA) ATCC 6538 P

LLW'WI;‘"U 1% w/v chitosan solution
LLW'WI;‘"U 2% wi/v chitosan solution
LLW'WI;‘"U 3% w/v chitosan solution
LLW'WI;‘"U 4% w/v chitosan solution
Acticoat”

Gauze pad

14.00 £ 1.00
14.33 £0.58
15.00 £ 1.00
15.33+0.58
11.00 £ 0.00

0.00 £ 0.00

Staphylococcus aureus ATCC 25923

LLIN'W];U 1% w/v chitosan solution
LLIN'W];U 2% w/v chitosan solution
LLIN'W];U 3% w/v chitosan solution
LLIN'W];U 4% w/v chitosan solution
Acticoat”

Gauze pad

15.00 + 1.41
14.67 1 1.15
1533+ 1.15
15.00 £ 1.00
12.67 £ 0.58
0.00 £ 0.00

Bacillus subtilis ATCC 6633

LLW'WI;‘"U 1% w/v chitosan solution
LLW'WI;‘"U 2% wi/v chitosan solution
LLW'WI;‘"U 3% w/v chitosan solution
LLW'WI;‘"U 4% w/v chitosan solution
Acticoat”

Gauze pad

13.67 £0.58
15.00 £ 1.00
1533 +0.58
15.00 £ 1.00
12.33 +£2.31

0.00 £ 0.00

Pseudomonas aeruginosa ATCC 27853

LLN"LH;‘U 1% w/v chitosan solution
LLIN'W];U 2% w/v chitosan solution
LLIN'W];U 3% w/v chitosan solution
LLIN'W];U 4% w/v chitosan solution
Acticoat”

Gauze pad

12.00 £ 0.00
13.00 = 1.00
13.00 = 0.00
11.33+0.58
18.67 £ 0.58
0.00 £0.00
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Acinetobacter baumannii LLN'WI)"U 1% w/v chitosan solution 12.67 £ 0.58
UHUID 2% wv chitosan solution 13.00 £ 1.00
LUHUID 3% w/v chitosan solution 13.67 £ 0.58
LUHUID 4% wv chitosan solution 12.00 £ 0.00
Acticoat” 19.00 £ 1.00
Gauze pad 0.00 £ 0.00
Escherichia coli ATCC 25922 LLW'WI;‘"U 1% w/v chitosan solution 12.00 = 0.00
LHUL 2% w/v chitosan solution 13.67+0.58
LHUY 3% wv chitosan solution 14.67£0.58
LHUY 4% wv chitosan solution 13.00 £ 1.00
Acticoat” 1533 %0.58
Gauze pad 0.00 = 0.00
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1. Complete Epithelialization

Epithelialization

Sericin + Chitosan microsphere
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1.5 mm

Bar; Distance between epithelial tips, G; Granulation tissue, D; Dermis

m = Sericin/chitosan microsphere scaffold, o = Allevyn”
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% Complete Epithelialization & Epidermal Width on 21 . day

Sericin + Chitosan microsphere

m = Sericin/chitosan microsphere scaffold, o = Allevyn”
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Epithelial Tongue

Sericin + Chitosan microsphere

Arrow; Distance of epithelial tongue, E; Epidermis, G; Granulation tissue, D; Dermis




m = Sericin/chitosan microsphere scaffold, o = Allevyn”
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2. Collagen
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m = Sericin/chitosan microsphere scaffold, o = Allevyn”
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3. Tissue Irritation Test (Inflammatory Lt8$ Proliferation phase)

m = Sericin/chitosan microsphere scaffold, o = Allevyn®

1.0

Calcification Score
o
i
—

(0) (0)(0) (0)(0)
Day 3 Day 7 Day 14  Day21
Day post wounding

0.0

m = Sericin/chitosan microsphere scaffold, o = Allevyn”

4

* p<0.05

1.
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Day post wounding
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m = Sericin/chitosan microsphere scaffold, o = Allevyn®

= n<0.01
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N

42



m = Sericin/chitosan microsphere scaffold, o = Allevyn”

Day 21

*** p<0.001
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m = Sericin/chitosan microsphere scaffold, o = Allevyn”

Vascularization Score
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INSTRUCTIONS PIERCE
BCA™ Protein Assay Kit

P.O. Box 117
23225 23227 1296.3

Rockford, IL 61105

Number Description

23225 BCAT™ Protein Assay Kit, sufficient reagents for 500 test tube or 5,000 microplate assays

23227 BCA™ Protein Assay Kit, sufficient reagents for 250 test tube or 2,500 microplate assays
Kit Contents:

BCA™ Reagent A, 1,000 ml (in Product No. 23225) or 500 ml (in Product No. 23227), containing
sodium carbonate, sodium bicarbonate, bicinchoninic acid and sodium tartrate in 0.1 M sodium
hydroxide

BCA™ Reagent B, 25 ml, containing 4% cupric sulfate

Albumin Standard Ampules, 2 mg/ml, 10 x 1 ml ampules, containing bovine serum albumin (BSA)
at 2.0 mg/ml in 0.9% saline and 0.05% sodium azide

Storage: Upon receipt store at room temperature. Product shipped at ambient temperature.

Note: If either Reagent A or Reagent B precipitates upon shipping in cold weather or during long-term
storage, dissolve precipitates by gently warming and stirring solution. Discard any kit reagent that
shows discoloration or evidence of microbial contamination.

Table of Contents

TIEOGUCLION. ... et e e s e et e st s e e e e e e e e s e e s 1
Preparation of Standards and Working Reagent (required for both assay procedures)
Test Tube Procedure (Sample to WR ratio = 1:20)
Microplate Procedure (Sample to WR ratio = 1:8)
Troubleshooting
Related Pierce Products ..
Additional Information
Cited References....
Product References

Introduction

The BCA™ Protein Assay is a detergent-compatible formulation based on bicinchoninic acid (BCA) for the colorimetric
detection and quantitation of total protein. This method combines the well-known reduction of Cu'? to Cu™ by protein in an
alkaline medium (the biuret reaction) with the highly sensitive and selective colorimetric detection of the cuprous cation
(Cu™) using a unique reagent containing bicinchoninic acid.' The purple-colored reaction product of this assay is formed by
the chelation of two molecules of BCA with one cuprous ion. This water-soluble complex exhibits a strong absorbance at

562 nm that is nearly linear with increasing protein concentrations over a broad working range (20-2,000 pg/ml). The BCA™
method is not a true end-point method; that is, the final color continues to develop. However, following incubation, the rate
of continued color development is sufficiently slow to allow large numbers of samples to be assayed together.

The macromolecular structure of protein, the number of peptide bonds and the presence of four particular amino acids
(cysteine, cystine, tryptophan and tyrosine) are reported to be responsible for color formation with BCA.? Studies with di-,
tri- and tetrapeptides suggest that the extent of color formation caused by more than the mere sum of individual color-
producing functional groups.”> Accordingly, protein concentrations generally are determined and reported with reference to
standards of a common protein such as bovine serum albumin (BSA). A series of dilutions of known concentration are

‘Warranty: Pierce products are warranted to meet stated product specifications and to conform to label descriptions when used and stored properly. Unless otherwise stated, this
warranty is limited to one year from date of sale for products used, handled and stored according to Pierce instructions. Pierce’s sole liability for the product is limited to
replacement of the product or refund of the purchase price. Pierce products are supplied for laboratory or manufacturing applications only. They are not intended for medicinal,
diagnostic or therapeutic use. Pierce products may not be resold, modified for resale or used to manufacture commercial products without prior written approval from Pierce
Biotechnology. Pierce strives for 100% customer satisfaction. If you are not satisfied with the performance of a Pierce product, please contact Pierce or your local distributor.
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prepared from the protein and assayed alongside the unknown(s) before the concentration of each unknown is determined
based on the standard curve. If precise quantitation of an unknown protein is required, it is advisable to select a protein
standard that is similar in quality to the unknown; for example, a bovine gamma globulin (BGG) standard (see Related Pierce
Products) may be used when assaying immunoglobulin samples.

Two assay procedures are presented. Of these, the Test Tube Procedure requires a larger volume (0.1 ml) of protein sample;
however, because it uses a sample to working reagent ratio of 1:20 (v/v), the effect of interfering substances is minimized.
The Microplate Procedure affords the sample handling ease of a microplate and requires a smaller volume (10-25 ul) of
protein sample; however, because the sample to working reagent ratio is 1:8 (v/v), it offers less flexibility in overcoming
interfering substance concentrations and obtaining low levels of detection.

Preparation of Standards and Working Reagent (required for both assay procedures)
A. Preparation of Diluted Albumin (BSA) Standards

Use Table 1 as a guide to prepare a set of protein standards. Dilute the contents of one Albumin Standard (BSA) ampule into
several clean vials, preferably using the same diluent as the sample(s). Each 1 ml ampule of 2.0 mg/ml Albumin Standard is
sufficient to prepare a set of diluted standards for either working range suggested in Table 1. There will be sufficient volume
for three replications of each diluted standard.

Table 1. Preparation of Diluted Albumin (BSA) Standards

Dilution Scheme for Standard Test Tube Protocol and Microplate Procedure (Working Range = 20-2,000 pg/ml)

Vial Volume of Diluent Volume and Source of BSA Final BSA Concentration
A 0 300 pl of Stock 2,000 pg/ml
B 125 pl 375 ul of Stock 1,500 pg/ml
C 325 ul 325 ul of Stock 1,000 pg/ml
D 175 nl 175 pl of vial B dilution 750 pug/ml
E 325 ul 325 pl of vial C dilution 500 pg/ml
F 325 ul 325 ul of vial E dilution 250 pg/ml
G 325 ul 325 ul of vial F dilution 125 pg/ml
H 400 ul 100 pl of vial G dilution 25 pg/ml
1 400 ul 0 0 pg/ml = Blank
Dilution Scheme for Enhanced Test Tube Protocol (Working Range = 5-250 pg/ml)
Vial Yolume of Diluent Yolume and Source of BSA Final BSA Concentration
A 700 pl 100 pl of Stock 250 pg/ml
B 400 ul 400 pl of vial A dilution 125 pg/ml
C 450 ul 300 pl of vial B dilution 50 pg/ml
D 400 ul 400 pl of vial C dilution 25 pg/ml
E 400 w1 100 pl of vial D dilution 5 pug/ml
F 400 w1 0 0 pg/ml = Blank

B. Preparation of the BCA™ Working Reagent (WR)
1. Use the following formula to determine the total volume of WR required:
(# standards + # unknowns) x (# replicates) x (volume of WR per sample) = total volume WR required
Example: for the Standard Test Tube Protocol with 3 unknowns and 2 replicates of each sample:
(9 standards + 3 unknowns) x (2 replicates) x (2 ml) = 48 ml1 WR required

Note: 2.0 ml of the WR is required for each sample in the Test Tube Procedure, while only 200 ul of WR reagent is
required for each sample in the Microplate Procedure.

2. Prepare WR by mixing 50 parts of BCA™ Reagent A with 1 part of BCA™ Reagent B (50:1, Reagent A:B). For the
above example, combine 50 ml of Reagent A with 1 ml of Reagent B.

Note: When Reagent B is first added to Reagent A, a turbidity is observed that quickly disappears upon mixing to yield a
clear, green WR. Prepare sufficient volume of WR based on the number of samples to be assayed. The WR is stable for
several days when stored in a closed container at room temperature (RT).

In the USA call: 800-8-PIERCE (800-874-3723) or 815-968-0747  Fax: 815-968-7316 or 800-842-5007 + www.piercenet.com
2

51



PIERCE

Procedure Summary (Test Tube Procedure, Standard Protocol)

58 parts "A" + 1 part "B* 0.1 ml Sample + 2.0 ml Warking Reagent Incubate: 30 min. at 37°C Spectrophotometer

Mix working redgent Mix well Then gaol Read at 562 nm

Test Tube Procedure (Sample to WR ratio = 1:20)
1. Pipette 0.1 ml of each standard and unknown sample replicate into an appropriately labeled test tube.
2. Add 2.0 ml of the WR to each tube and mix well.

3. Cover and incubate tubes at selected temperature and time:

¢  Standard Protocol: 37°C for 30 minutes (working range = 20-2,000 pg/ml)
¢ RT Protocol: RT for 2 hours (working range = 20-2,000 pg/ml)

¢ Enhanced Protocol: 60°C for 30 minutes (working range = 5-250 pg/ml)
Notes:

¢ Increasing the incubation time or temperature increases the net 562 nm absorbance for each test and decreases both
the minimum detection level of the reagent and the working range of the protocol.

o Use a water bath to heat tubes for either Standard (37°C incubation) or Enhanced (60°C incubation) Protocol. Using
a forced-air incubator can introduce significant error in color development because of uneven heat transfer.

4. Cool all tubes to RT.

5. With the spectrophotometer set to 562 nm, zero the instrument on a cuvette filled only with water. Subsequently,
measure the absorbance of all the samples within 10 minutes.

Note: Because the BCA™ Assay does not reach a true end point, color development will continue even after cooling to
RT. However, because the rate of color development is low at RT, no significant error will be introduced if the 562 nm
absorbance measurements of all tubes are made within 10 minutes of each other.

6. Subtract the average 562 nm absorbance measurement of the Blank standard replicates from the 562 nm absorbance
measurement of all other individual standard and unknown sample replicates.

7. Prepare a standard curve by plotting the average Blank-corrected 562 nm measurement for each BSA standard vs. its
concentration in ug/ml. Use the standard curve to determine the protein concentration of each unknown sample.

Microplate Procedure (Sample to WR ratio = 1:8)
1. Pipette 25 pl of each standard or unknown sample replicate into a microplate well (working range = 20-2,000 pg/ml).

Note: If sample size is limited, 10 pl of each unknown sample and standard can be used (sample to WR ratio = 1:20).
However, the working range of the assay in this case will be limited to 125-2,000 pg/ml.

Add 200 pl of the WR to each well and mix plate thoroughly on a plate shaker for 30 seconds.
Cover plate and incubate at 37°C for 30 minutes.

Cool plate to RT.

ook W

Measure the absorbance at or near 562 nm on a plate reader.

Notes:

e Wavelengths from 540-590 nm have been used successfully with this method.

e  Because plate readers use a shorter light path length than cuvette spectrophotometers, the Microplate Procedure
requires a greater sample to WR ratio to obtain the same sensitivity as the standard Test Tube Procedure. If higher
562 nm measurements are desired, increase the incubation time to 2 hours.

In the USA call: 800-8-PIERCE (800-874-3723) or 815-968-0747 « Fax: 815-968-7316 or 800-842-5007 « www.piercenet.com
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e Increasing the incubation time or ratio of sample volume to WR increases the net 562 nm measurement for each well
and lowers both the minimum detection level of the reagent and the working range of the assay. As long as all
standards and unknowns are treated identically, such modifications may be useful.

6. Subtract the average 562 nm absorbance measurement of the Blank standard replicates from the 562 nm measurements
of all other individual standard and unknown sample replicates.

7. Prepare a standard curve by plotting the average Blank-corrected 562 nm measurement for each BSA standard vs. its
concentration in pg/ml. Use the standard curve to determine the protein concentration of each unknown sample.

Note: If using curve-fitting algorithms associated with a microplate reader, a four-parameter (quadratic) or best-fit curve
will provide more accurate results than a purely linear fit. If plotting results by hand, a point-to-point curve is preferable
to a linear fit to the standard points.

Troubleshooting

Problem

Possible Cause

Solution

No color in any tubes

Sample contains a copper chelating
agent

Dialyze, desalt, or dilute sample

Increase copper concentration in working
reagent (e.g., use 50:2, Reagent A:B)
Remove interfering substances from sample
using Product No. 23215

Blank absorbance is OK, but
standards and samples show less
color than expected

Strong acid or alkaline buffer, alters
working reagent pH

Dialyze, desalt, or dilute sample

Color measured at the wrong
wavelength

Measure the absorbance at 562 nm

Color of samples appears darker
than expected

Protein concentration is too high

Dilute sample

Sample contains lipids or
lipoproteins

Add 2% SDS to the sample to eliminate
interference from lipids®

Remove interfering substances from sample
using Product No. 23215

All tubes (including blank) are dark
purple

Buffer contains a reducing agent

Buffer contains a thiol

Buffer contains biogenic amines
(catecholamines)

Dialyze or dilute sample
Remove interfering substances from sample
using Product No. 23215

Need to measure color at a
different wavelength

Spectrophotometer or plate reader
does not have 562 nm filter

Color may be measure at any wavelength
between 540 nm and 590 nm, although the
slope of standard curve and overall assay
sensitivity will be reduced

A. Interfering substances

Certain substances are known to interfere with the BCA™ Agsay including those with reducing potential, chelating agents,
and strong acids or bases. Because they are known to interfere with protein estimation at even minute concentrations, avoid
the following substances as components of the sample buffer:

Ascorbic Acid EGTA Iron Impure Sucrose
Catecholamines Impure Glycerol Lipids Tryptophan
Creatinine Hydrogen Peroxide Melibiose Tyrosine
Cysteine Hydrazides Phenol Red Uric Acid

Other substances interfere to a lesser extent with protein estimation using the BCA™ Assay, and these have only minor
(tolerable) effects below a certain concentration in the original sample. Maximum compatible concentrations for many
substances in the Standard Test Tube Protocol are listed in Table 2 (see last page of Instructions). Substances were
compatible at the indicated concentration in the Standard Test Tube Protocol if the error in protein concentration estimation
caused by the presence of the substance in the sample was less than or equal to 10%. The substances were tested using WR
prepared immediately before each experiment. Blank-corrected 562 nm absorbance measurements (for a 1,000 pg/ml BSA
standard + substance) were compared to the net 562 nm measurements of the same standard prepared in 0.9% saline. In the
Microplate Procedure, where the sample to WR ratio is 1:8 (v/v), maximum compatible concentrations will be lower.

In the USA call: 800-8-PIERCE (800-874-3723) or 815-968-0747 + Fax: 815-968-7316 or 800-842-5007 » www.piercenet.com
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B. Strategies for eliminating or minimizing the effects of interfering substances
The effects of interfering substances in the BCA™ Protein Assay may be eliminated or overcome by one of several methods.

e Remove the interfering substance by dialysis or gel filtration.

e Dilute the sample until the substance no longer interferes. This strategy is effective only if the starting protein
concentration is sufficient to remain in the working range of the assay upon dilution.

e  Precipitate the proteins in the sample with acetone or trichloroacetic acid (TCA). The liquid containing the substance that
interfered is discarded and the protein pellet is easily solubilized in ultrapure water or directly in the alkaline BCA™
WR.* A protocol for performing this on samples to be assayed with BCA™ Protein Assay Reagent is available at the
Pierce web site. Alternatively, Product No. 23215 may be used (see Related Pierce Products).

e Increase the amount of copper in the WR (prepare WR as 50:2 or 50:3, Reagent A:B), which may eliminate interference
by copper chelating agents.

Note: For greatest accuracy, the protein standards must be treated identically to the sample(s).

Related Pierce Products

23209 Albumin Standard Ampules, 2 mg/ml, 10 x 1 ml ampules, containing bovine serum albumin (BSA)
at 2.0 mg/ml in 0.9% saline and 0.05% sodium azide

23208 Pre-Diluted Protein Assay Standards: Bovine Serum Albumin (BSA) Set, 7 x 3.5 ml aliquots in the
range of 125-2,000 ug/ml

23212 Bovine Gamma Globulin Standard, 2 mg/ml, 10 x 1 ml ampules

23213 Pre-Diluted Protein Assay Standards, Bovine Gamma Globulin Fraction II (BGG) Set, 7x 3.5 ml
aliquots in the range of 125-2,000 ug/ml

23221 BCA™ Reagent A, 1,000 ml

23223 BCA™ Reagent A, 250 ml

23224 BCA™ Reagent B, 25 ml

23235 Micro BCA™ Protein Assay Kit, working range of 0.5-20 pg/ml

23236 Coomassie Plus™ Protein Assay Kit, working range of 1-1,500 ug/ml

23215 Compat-Able™ Protein Assay Preparation Reagent Set, sufficient reagents to pre-treat 500

samples to remove interfering substances before total protein quantitation

Additional Information
A. Please visit the Pierce web site for additional information on this product including the following items:

e  Frequently Asked Questions
e  Tech Tip protocol: Eliminate interfering substances from samples for BCA™ Protein Assay
e Tech Tip protocol: Shorten BCA™ Protein Assay incubation using a microwave oven

B. Response characteristics for different proteins

Each of the commonly used total protein assay methods exhibits some degree of varying response toward different proteins.
These differences relate to amino acid sequence, pl, structure and the presence of certain side chains or prosthetic groups that
can dramatically alter the protein’s color response. Most protein assay methods utilize BSA or immunoglobulin (IgG) as the
standard against which the concentration of protein in the sample is determined (Figure 1). However, if great accuracy is
required, the standard curve should be prepared from a pure sample of the target protein to be measured.

Table 3 shows typical BCA™ Protein Assay protein-to-protein variation in color response. All proteins were tested at a
concentration of 1,000 pg/ml using the 30-minute/37°C Test Tube Protocol. The average net color response for BSA was
normalized to 1.00 and the average net color response of the other proteins is expressed as a ratio to the response of BSA.

In the USA call: 800-8-PIERCE (800-874-3723) or 815-968-0747  Fax: 815-968-7316 or 800-842-5007 + www.piercenet.com
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Table 3. Protein-to-Protein Variation. Absorbance
BCA Protein Assay ratios (562 nm) for proteins relative to BSA using
the Standard Test Tube Protocol.

3
—#— BGE  Ratio = (Avg “test” net Abs.)/ (avg. BSA net Abs.)
~L- BSA Protein Tested Ratio
T 2r Albumin, bovine serum 1.00
é Aldolase, rabbit muscle 0.85
% r a-Chymotrypsinogen, bovine 1.14
= Cytochrome C, horse heart 0.83
=1r Gamma globulin, bovine 1.11
L IgG, bovine 1.21
IgG, human 1.09
1] T r r T T : T IgG, mouse 1.18
0 500 1,000 1,500 2,000 IgG, rabbit 1.12
Protein Concentration in pg/ml IgG, sheep 1.17
Insulin, bovine pancreas 1.08
Figure 1: Typical color response curves for BSA and BGG using Myoglobin, horse heart 0.74
the Standard Test Tube Protocol (37°C/30-minute incubation). Ovalbumin 0.93
Transferrin, human 0.89
Average ratio 1.02
Standard Deviation 0.15
Coefficient of Variation 14.7%

C. Alternative Total Protein Assay Reagents

If interference by a reducing substance or metal-chelating substance contained in the sample cannot be overcome, try the
Coomassie Plus™ Protein Assay Kit (Product No. 23236), which is less sensitive to such substances.

D. Cleaning and Re-using Glassware

Exercise care when re-using glassware. All glassware must be cleaned and given a thorough final rinse with ultrapure water.
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Table 2. Compatible Substance Concentrations in the BCA™ Protein Assay (see text for details).

Substance Compatible Substance Compatible
Concentration Concentration
Salts/Buffers Detergents™
ACES, pH7.8 25 mM Brij°-35 5.0%
Ammonium sulfate 15M Brij®-56, Brij®-58 1.0%
Asparagine 1 mM CHAPS, CHAPSO 5.0%
Bicine, pH 8.4 20 mM Deoxycholic acid 5.0%
Bis-Tris, pH 6.5 33 mM Octyl B-glucoside 5.0%
Borate (50 mM), pH 8.5 (# 28384) undiluted Nonidet P-40 (NP-40) 5.0%
B-PER® Reagent (#78248) undiluted Octyl B-thioglucopyranoside 5.0%
Calcium chloride in TBS, pH 7.2 10 mM SDS 5.0%
Na-Carbonate/Na-Bicarbonate (0.2 M), undiluted Span® 20 1.0%
pH 9.4 (#28382) Triton® X-100 5.0%
Cesium bicarbonate 100 mM Triton® X-114, X-305, X-405 1.0%
CHES, pH 9.0 100 mM Tween®-20, Tween®-60, Tween®-80 5.0%
Na-Citrate (0.6 M), Na-Carbonate (0.1 1:8 dilution* Zwittergent® 3-14 1.0%
M), pH 9.0 (#28388) Chelating agents
Na-Citrate (0.6 M), MOPS (0.1 M), pH 7.5 | 1:8 dilution* EDTA 10 mM
(#28386) EctA ] e
Cobalt chloride in TBS, pH 7.2 0.8 mM Sodium citrate 200 mM
EPPS, pH 8.0 100 mM Reducing & Thiol-Containing Agents
Ferric chloride in TBS, pH 7.2 10 mM N-acetylglucosamine in PBS, pH 7.2 10 mM
GlycinesHCI, pH 2.8 100 mM Ascorbicacid | -
Guanidine*HClI 4M Cysteine | e
HEPES, pH 7.5 100 mM Dithioerythritol (DTE) 1 mM
Imidazole, pH 7.0 50 mM Dithiothreitol (DTT) 1 mM
MES, pH 6.1 100 mM Glucose 10 mM
MES (0.1 M), NaCl (0.9%), pH 4.7 (#28390) undiluted Melibose | e
MOPS, pH 7.2 100 mM 2-Mercaptoethanol 0.01%
Modified Dulbecco’s PBS, pH 7.4 #28374) undiluted Potassium thiocyanate 3.0M
Nickel chloride in TBS, pH 7.2 10 mM Thimerosal 0.01%
PBS; Phosphate (0.1 M), NaCl (0.15 M), undiluted Misc. Reagents & Solvents
pH 7.2 (#28372) Acetone 10%
PIPES, pH 6.8 100 mM Acetonitrile 10%
RIPA lysis buffer, 50 mM Tris, 150 mM NaCl, undiluted Aprotinin 10 mg/L
05% DOC, 1% NP-40, 0.1% SDS, pH80 DMF, DMSO 10%
Sodium acetate, pH 4.8 200 mM DMSO 10%
Sodium azide 0.2% Ethanol 10%
Sodium bicarbonate 100 mM Glycerol (Fresh) 10%
Sodium chloride ™ Hydrazides |
Sodium citrate, pH 4.8 or pH 6.4 200 mM Hydrides (Na;,BH; or NaCNBHs;) | —-——--
Sodium phosphate 100 mM Hydrochloric Acid 100 mM
Tricine, pH 8.0 25 mM Leupeptin 10 mg/L
Triethanolamine, pH 7.8 25 mM Methanol 10%
Tris 250 mM PhenolRed | e
TBS; Tris (25 mM), NaCl (0.15 M), pH 7.6 | undiluted PMSF 1 mM
(#28376) Sodium Hydroxide 100 mM
Tris (25 mM), Glycine (192 mM), pH 8.0 1:3 dilution* Sucrose 40%
(#28380) TLCK 0.1 mgiL
Tris (25 mM), Glycine (192 mM), SDS undiluted TPCK 0.1 mgiL
(0.1%), pH 8.3 (#28378) Urea M
Zinc chloride in TBS, pH 7.2 10 mM o-Vanadate (sodium salt), in PBS, pH 7.2 1 mM

* Diluted with ultrapure water; ** Detergents were tested using Pierce high-purity Surfact-Amps™ Products, which have low peroxide content;

-- Dashed-line entry indicates that the material is incompatible with the assay.

In the USA call: 800-8-PIERCE (800-874-3723) or 815-968-0747  Fax: 815-968-7316 or 800-842-5007 + www.piercenet.com
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3. Meamiannmsnlasulasveanmsauiuuna luTunaziinis terminate ¥y NoUMANUTZDIAUNA
v o Yy 9 4 Y o R an Y
tagravhanuazoiaura Melandesganssad Stereo Uaz NavlIUNANNAIABAA8TUTUNTHAS
o a J @ o . . .
Tuiinuazdng1ziaIm (Favuavewrand I wound size reduction 9281151051 image
1 Y 9
analysis) JAUTNUNINANUNANIUUIAWAZIUIUOY
S W 1 dy A A = . [ ' dy A 1 @ @ ..
4. NUFIDETBIBBINDANY Histogram LAz IANAVD AN UILBIEDABN1TONIAL IA8IA TNF factor, nitric

oxide, Interleukin 4L91¥ collagen

5. Data analysis and statistical method:
Ieeraan one-way analysis of variance (ANOVA) NIZAUANVFDIY 95% (p<0.05) uammsﬁmga

udJu meantSD

6. Animal model and species justification:

Description of animals

Common name Species Strain/ Stock Age Weight Sex Number
260% 10
Rat Rattus norvegicus Sprague Dawley 8 wk male 24
g

Special consideration: (List specialized requirements for the research animals, e.g. certain antibody or virus
free, Pasteurella free, etc.) T
Source/Vendor: dindainanes uinodouiing
6.2 Scientific justification for animal species and number requested.
6.2.1 Explain why the proposed species is/are the most appropriate.
< o oA dy ] a 9 129 o w = Aa @
Wuiugiinesdies deuldlunmsnaaswas lhifidedrnalunmsAnuuiaumainnmis
6.2.2 Provide an explanation or statistical analysis on the number of animals to be used.
A Y dil 9 U~ Aa a o a PR =
Luﬂ\iinﬂllﬂilWﬂﬂWiﬂﬂaﬂQLUi’)\i@ullﬁﬂﬂ114L‘Viuﬂigﬁ%‘ﬁﬂWWﬂJi’)\nﬁﬁ]ﬂﬂlma%NI‘]Ji@uﬂYJ
I 4 9 Aa a A @ A Y] d' =i
"lwmﬂuam‘ﬂizﬂauiuﬂwiﬂiz@;umimiigmﬂmgazmimaaummmmaamwmmamiamuuwa N

< Y 9 Y 1 9 A Y o 1 aa 9 3 A [
muaumﬂwmmﬂ%mﬂmasnﬂmmnzamwa%mmmmmmmmqﬁa@ WIDUNUNNNGNAIUAY

d'! = ~ v Aad o Qdd‘ a 9 1 Y o
me/SaumeunUITI A ILNAITOU g T]iﬂfﬂgiuﬂ%@ﬂu
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7. Animal care:
7.1 Husbandry consideration: (Briefly describe animal housing and living conditions, routine animal
observations, feed and water provisions, etc).
7.1.1  Study location: (Animal house)
712 dnindainaass umnInendeuiiaa

7.1.3  Housing system:

Clean conventional Strict hygienic conventional

Isolator maintained Barrier maintained

Other, please specify Strict hygiene conventionally

7.1.3 Housing

Laminar flow Environmental chamber Isolator

Other, please specify : Open cage

7.1.4 Caging:

Solid bottom, open top Static filtered top cages

Suspended cages, wire bottom Metabolic cages

Individual ventilated cage IVC)

Other, please Specify ......cccocvvveevenienienieeie e

7.1.5 Cage size (W x L x H) 11x11.5x8 12

7.1.6 Caging materials

Plastic Stainless steel

Other, please Specify.......ccevvrvereerieiniennnnne

7.1.7 Number of animals per cage 162
7.1.8 Environmental requirements:

Temperature: 251+2°C

Humidity: 60115
Light: Standard fluorescent

Other, please Specify ....c.cccocveveeverienieeieennenn
Light cycle: Standard 12:12 (light:dark)

Other, please Specify .....cccccvevvevieeneeceenieieenes




7.1.9 Food:

Type of food: Standard diet Other, please specify ........ccecvvenenee.

Feeding schedule:

Routine feeding (Ad libitum)

Other, please specify .....cccccvevveveereecneenne.

7.1.10 Water:

Type of water: Hyperchlorinated 10-12 ppm.

Acidified, pH ...............

Other, please specify .......cccccou..... Provision of water:

Routine feeding (Ad libitum)

Other, please Specify .....cccvvvveevierreeieereeeeeene

7.1.11 Bedding or litters:

No

Yes , please specify Sterile Non-sterile

Type of bedding or litters:

Wood shaving Sawdust

Paper Other, please specify..............

Schedule of bedding changing:

Weekly At specified interval, every 3-4 day(s)

7.2 Attending veterinary care: (Describe the routine veterinary care. List the criteria used for health
evaluation while the animals are on study).
a4 11/5103% attending veterinarian care YB4§1IATAINAADHIMA
8. Animal welfare:

8.1 Does the proposed research duplicate any previous work?

Yes No

Literature search is attached Literature search was conducted on

1. Kweon HY, Cho CS. Biomedical applications of silk protein. IntJ Indust Entomol.
2001;3(1):1-6.



2. Minoura N, Aiba S, Gotoh Y, Tsukada M, Imai T. Attachment and growth of cultured fibroblast
cells on silk protein matrices. J Biomed Mater Res 1995;29:1215-21.

3. Tsukada M, Hayasaka S, Inoue K, Nishikawa S, Yamamoto S. Cell culture bed substrate for
proliferation of animal cell and its preparation. Japan Patent 11-243948A, 1999.

4. Tsubouchi K. Occlusive dressing consisting essentially of silk fibroin and silk sericin and its
production. Japan Patent 11-070160A, 1999.

5. Tsubouchi K, Igarashi Y, Takasu Y, Yamada H. Sericin enhances attachment of cultured human
skin fibroblasts. Biosci Biotechnol Biochem. 2005;69(2):403-405.

6. Zhang Y. Applications of natural silk protein sericin in biomaterials. Biotechnology Advances.
2002;20(2):91-100.

7. Lenselink E, Andriessen A. A cohort study on the efficacy of a polyhexanide-containing
biocellulose dressing in the treatment of biofilms in wounds. Journal of wound care.

2011;20(11):534, 6-9. Epub 2012/01/14.

Database used are

If yes, explain why it is scientifically necessary to duplicate the experiment.
8.2 Replacement, reduction and refinement.

8.2.1 Replacement of animals (e.g., with in vitro models, computer models or less sentient animals):

4
~

gﬁmmmm%%’ﬂué’faqmiﬁﬂmgwaﬁﬁgﬁm%qﬁ’ummmumamwam eldamnsald

model dulumsan'1d
8.2.2 Reduction in the number of animals (e.g., using appropriate statistical methods in the design and
analysis of the study; reduction in experimental variability by using animals of defined genetic or

Yy A

. . . 1 Y Yo do 19 { o o 1
microbiological status.): ﬂTi‘l/]@a’E]\?ﬁh],@WEﬂEﬂﬂJGL“BETG]’J%WH’JHHE]%J%EI@EMG]@QlﬁﬂQW@ﬁﬂ$u1ﬂJ1ﬂ1u’Jmﬂ1
aa ' 1< @ I @ 4 @ Y 1 3 o 9 J
NNADH meﬁﬂﬂwE]LLﬂﬂTiLﬂ‘]JG]'JEJEJN‘IQﬂ 7 ’Julﬁﬂh1ﬁﬂ‘ﬂ1’dﬂ‘ﬂm3ﬁ’)ﬂEJNGU'E'NLLNQ ﬁﬂmﬂmmﬁﬂqu
A 99 o Y any
ﬂ’JUﬂMLWf]GIMNaﬂ1§1/lﬂﬁ'€)\1ﬁ11l153”1%1@1\1@01@
8.2.3 Refinement of experimental procedures to minimize pain or distress (e.g., early endpoints; use of

analgesics, anesthetics or sedatives; techniques that reduce stress in the animal):
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dy o [ P L a A [ = [
ﬂ13“VIﬂ’ﬁﬂﬁuﬁ]%ﬂWIﬂﬂﬁ@]’)uWﬂﬂﬂNﬂ‘i%ﬁ‘Ufﬂﬁﬂ!ﬁluﬂﬁﬂgﬂﬁﬂﬁpﬂﬁﬂlmghﬂ?ﬁ’JNEﬂﬁﬁUﬂ@uﬂﬁ

Y = 9 @ 1o JY
W99 uamzumﬂw&nﬁzwmiﬂammammﬂ

8.3 Potential animal pain and distress assessment:
8.3.1 During the study:
1) How often will the clinical condition of animals be monitored? nﬂ’“iu
2)  Who will monitor the clinical condition of the animals? ot @]’JLLWTIET‘]Jixﬁﬂﬂﬁmi
8.3.2 Are the animals expected to experience any specific study-induced or related problems (i.e.
health problems, pain, distress, complications, etc.) or any health problems as a result of the phenotype of the

animal?

Yes No  Ifyes, please answer the following questions:

1) Describe the expected problems. .......c.cccoeeveeveeeenenee.
2) What criteria(s) will be used to assess pain, distress, or discomfort?

Check all that apply:

Inactivity

Loss of appetite

Loss of weight 5% 10 % 15% 20% weight loss

Restlessness

Abnormal resting postures, somnolence or hunched posture

Licking, biting, scratching, or shaking a particular area

Failure to show normal patterns of inquisitiveness

Failure to groom, causing and unkempt appearance

Guarding (protecting the painful area)

Loss of mobility

Red stain around the eyes of rats

Self-mutilation

Labored breathing

Unresponsiveness

Other (please 1iSt)  ..oooocvevveceerecreeeiereee e,
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8.3 Anesthesia

Yes

No

If yes, please answer the following questions:

1) Preanesthetic preparation : ais
2) Type of anesthesia used : 81& AVFUA Tiletamine/Zolazopam
3) Dose : 30 mg/kg
4) Route of administration :mmé’mtﬁila
5) Frequency of anesthesia : 1 AdaRe MU Na§ d 00N
6) Length of anesthesia: szl 1 $2Tug
7) Who is responsible for maintaining anesthesia? : €/ Wwng
8) If inhalation anesthetics are used, describe the system for scavenging waste anesthetics
e FURN
9) What criteria(s) will be used to assess level of anesthesia?
Check all that apply:
Respiration rate Body temperature Heart rate
ECG Toe pinch Tail pinch
Corneal reflex Pedal reflex Muscular relaxation
Color of mucous membrane
Other (pulse oximeter, respirometer) please list ........c.cccevveeeerenennee.
10) How animals are kept warm? 14 i1l heat pad 5091 datuauauiandaeduidinga

8.4 Analgesics and/or tranquilizers:

Yes

If yes, please specify

D
2)
3)

Type of analgesics used NSAID : Rimadyle
Dose 5 mg/kg

.. . A Ygya o
Route of administration Ra11 TARNINAT

8.5 Describe post-anesthetic treatment or intervention: aﬂﬂmﬁ}ﬂ’mnﬂ 24 F1lusaanenu 5 Ju

9. Surgery:

Yes
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If yes, please answer the followings:

9.1 Surgical procedure is: Non-survival Survival
Major Minor
One time Multiple

9.2 Location: Give the location/room number for the proposed surgical procedure.
a wa 1 a wa awv v < o o o o 1 a
ﬁﬂﬁﬂaﬂﬁfﬂisll@\ﬁ/iu’JﬁlﬂaﬂﬁﬂWiﬁﬂﬂiuﬁﬁﬁﬂﬂﬁ@\ﬁluW]!ﬂﬂ VDITIUNTAINAAD LNV
9.3 Surgeon/qualification: Indicate who will perform the surgery, and his/her qualifications, training, or

experience in the proposed procedure.

Name Description of relevant experience or training

FJ
o 4 ] a A ] a v
UAN. LD 910TNY NWUﬂﬁﬁﬂﬂgﬂ@lﬂﬁﬂﬁN'lla1$N3Wuﬂﬂ1ﬂﬂ1iﬂﬂﬁﬂﬂlﬁﬂﬂé]}u

' A v <]

3 ) HIUNSANOUINITNS anesthesia TudaInaaosvuia@n wagd
an.gy J¥31n5al 1Ay . L - »
Uszaumsalnnmsanuituilgugiivedlnsanisi

J
4 ] a wa ] a o Y
ﬁW.iy NI ﬂgu‘wagmw NWHﬂ’liﬂﬂﬂQUﬂﬂ'ﬁﬂ1iW’lla13W3Wu@ﬂ1ﬂﬂ1iﬂﬂaﬂ\uﬁfl\‘l@u

9.4 Procedure: Describe in detail the surgical procedure.
A0 3 Experimental design ¥190 TunouMINAADY Toi 3-7
Reference: Mohantyb M., Fernandezc AC., Mohananc PV., Jayakrishnan A. Evaluation of the effect of
incorporation of dibutyryl cyclic adenosine monophosphate in an in situ-forming hydrogel wound dressing
based on oxidized alginate and gelatin. Biomaterials 2006; 27: 1355-1361
9.5 Pre- and post-operative provision: Detail the provision for both pre-and post-operative care,
including provisions for post-surgical observation.
auuuinliavesdnindainaaswrnaludumsiidasnssuludainaaes
9.6 Describe long-term care of chronic survival procedure.
amunumeliavesdnindaineaswrsnaludumsidasnssuludainanes
9.7 Multiple survival surgery procedures: Multiple major operative procedures on the same animal

must be adequately justified for scientific reasons by the principal investigator in writing.
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10. Blood or body fluid withdrawal/tissue collection/injections, tail clip, gavaging

Describe in detail : method(s), needle size(s), volume(s) collected or administered, and frequency of

collection or injection.

Anatomic

location

Needle size/
catheter size

and length

Biopsy

size

Volume
collected

(ml)

Volume

administered

(ml)

Frequency

(times per day)

Blood

withdrawal

Body Fluid

withdrawal

Tissue

collection

Injection/

infusion

Tail clip

Gavaging

Other

Total blood volume

11. Restraint with mechanical devices:

Yes

No

If yes, describe device, duration of restraint, frequency of observation, conditioning procedures and steps

to assure comfort and well-being.

12. Project involving food and water deprivation, or dietary manipulation:
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Yes

No

If yes, describe methodology. State objective criteria used to assess physical condition and pain,

discomfort, stress, and distress during the course of study.

Include clinical signs or manifestations

expected from the procedure. What criteria will be used to determine a humane endpoint before severe

morbidity and death?
Individual animal’s weight is monitored every ................. days
Individual animal’s weight is not monitored.
Amount Duration Compound Compound Frequency
restricted/added supplemented deleted

Food
esttiction || e |
Fluid
resttiction || e | e
Nutrient
derations ||| | |

13. Tumor and disease models, toxicity testing:

Yes

No

If yes, describe methodology used for tumor/disease and/or toxicity testing. State objective criteria used to

assess physical condition and pain, discomfort, stress, and distress during the course of study, including

clinical signs or manifestations expected from the procedure. What criteria will be used to determine a

humane endpoint before severe morbidity and death?

14. Behavioral studies:

Yes

No

If yes, describe in detail types of behavioral manipulations, including placement in testing chambers or

apparatus, use of adversive stimuli, duration of test periods, and frequency of test periods
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15. Euthanasia / Disposition of animals

15.1 Disposal of animals after completion of activity:

Euthanatized Return to production/breeding unit/facility inventory

Transfer to another research project:

— Protocol No. .............. and investigator........ccoecvveeeveiereesenenn.

Other (Please describe) .oovveeeeeeeeeeeeeeeeeeeeeeeeeeene

15.2 Euthanasia method

Anesthetic overdose, please list

Drugs used for euthanasia Anesthal Dose : 30 mg/kg

Route of administration : Intraperitoneal

Cervical dislocation Decapitation

CO, Chamber Other (Please describe).......ccooveueeeene...

16. Study endpoint: (State the project study endpoint for the animals. Indicate whether recovery, euthanasia,
or death is/are expected ; specific plan for determining when the animal experimentation phase will be
stopped). AUNMHUA TULNUNITNARDY

Early endpoint is used (the animals are humanely euthanized prior to the expected terminate study day:

Yes No

. . . 9 o Y [ 9 v A o o '
Early endpoint criteria used are 1stnasen luve 7.3.2 ludoyalumsdadulaiarsdadluszniems
1 1 v A 4
NAAD MINWUNNHaRe I aAN INVOITA)

17. Biohazard/safety:

Infectious agent (s) is/are used: SPECIfy......ccevvevveeeeerierernenens

Biohazardous chemical or carcinogen or radioactive material is/are used

SPECITY o

Recombination agent(s) is/are used: SPeCify .......ccevveievrererveeerieeeenennn,

None

17.1 Provide a list of any potential biohazards associated with this protocol. Specify biosafety level.

BSL 1 BSL 2 BSL 3 BSL 4
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17.2 Explain any safety precaution or program designed to protect personnel from biohazard and any
surveillance procedure in place to monitor potential exposure.....................
17.3 Explain how the waste is decontaminated and disposed. .......................
17.4 List primary safety equipment and personnel protective equipment requirement ..............c.eeeve..
17.5 List procedures if any accident, injury or illness 0ccurs. .........cccoeveevvecuvecvennnnns
17.6 List specific treatment provision for accidental exposure. ..........ccceeveecveereeerieennnnnn.
17.7 List relevant occupational medical health provision. ..........ccccceeveviinieenceceeneenen.
18. Qualification of personnel:
List all individuals who will be working with the animals on this project. Include all investigators,
students, post-doctoral researchers, staff research associates and laboratory assistants who will actually

work with the animals. If personnel do not have experience, state how they will be trained:

Description of relevant experience
Name Responsibilities
or training

As Principal investigator on this protocol, I verifies that the information herein is true and correct and that I
am familiar with and will comply with standard of animal care and use established under the ethical guidelines
and policies of Mahidol University, and Office of the National Research Council of Thailand (NRCT).

Additionally, I acknowledge my responsibilities and provide assurances for the followings:

A. Animal use: The animals authorized for use in this protocol will be used only in the activities and in the
manner described herein, unless a deviation is specifically approved by the MU-ACUC.

B. Duplication of effort: I have made a reasonable, good faith effort to ensure that this protocol is not an
unneccessary duplication of previous experiments.

C. Statistical assurance: I assure that [ have consulted with qualified statistician to evaluate the statistical
design or strategy of this proposal, and that the minimum number of animals needed for scientific validity are

used.
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D. Biohazard/safety: I have taken into consideration, and I have made the proper coordinations regarding
all applicable rules and regulations concerning radiation protection, biosafety, recombinant issues, etc., in the
preparation of this protocol.

E. Training: [ verify that the personnel performing the animal procedures/manipulations described in this
protocol are technically competent and have been properly trained to ensure that no unneccessary pain or
distress will be caused as a result of the procedures/manipulations.

F. Responsibility: I acknowledge the inherent moral and administrative obligations associated with the
performance of this animal use protocol, and I assure that all individuals associated with this project will
demonstrate a concern for the health, comfort, welfare, and well-being of the research animals. Additionally,
I pledge to conduct this study in the responsibility for implementing animal use alternatives where feasible,
and conducting humane and lawful research.

G. Scientific review:  This proposed animal use protocol has received appropriate peer scientific review,
and is consistent with good scientific research practice.

H. Research studies:  This protocol IS or IS NOT (circle one) associated with a grant application. If yes, I
certify that this protocol is essentially the same as the study found in the grant application or program/project.
The MU-ACUC and the funding agency will be notified of any changes in the proposed project, or personnel,
relative to this application. I will not proceed with animal experiment until approval by the MU-ACUC is

granted.

(Principal investigator) Date
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ARTICLE INFO ABSTRACT
Article history: An ideal wound dressing should keep the wound moist, allow oxygen permeation, adsorb wound exudate, accel-
Received 4 November 2014

erate re-epithelialization for wound closure, reduce pain and healing time, and prevent infection. Our novel
biocellulose-based wound dressing was composed of three components: 1) biocellulose (BC), intended to create
a moist and oxygen-permeated environment with exudate adsorption; 2) silk sericin (SS) known for its en-
hancement of collagen type I production, which is critical for re-epithelialization; and 3) the antiseptic
polyhexamethylene biguanide (PHMB). To deliver an effective BC wound dressing, the interactions between
the components (PHMB vs. SS) needed to be thoroughly analyzed. In this study, we investigated important pa-
rameters such as the loading sequence, loading concentration, and loading amount of the active compounds to
ensure that the BC wound dressing could provide both antimicrobial activity and promote collagen production
during healing. The loading sequence of SS and PHMB into BC was critical to maintain PHMB antimicrobial activ-
ity; silk sericin needed to be loaded before PHMB to avoid any negative impacts. The minimum PHMB concentra-
tion was 0.3% w/v for effective elimination of all tested bacteria (Bacillus subtilis, Staphylococcus aureus,
methicillin-resistant S. aureus, Escherichia coli, Acinetobacter baumannii, and Pseudomonas aeruginosa). The
amounts of SS and PHMB in BC were optimized to ensure that the dressings released the optimal amounts of
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Accepted 7 May 2015
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both SS to enhance fibroblast collagen production and PHMB for effective antimicrobial activity.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The ideal wound dressing should promote a suitable environment
for wound healing, enable fast tissue regeneration, reduce pain, and pre-
vent infection during the healing process [1]. To accelerate the healing,
the wound needs to be moisturized while the excess exudate and toxins
must be removed to minimize maceration. In addition, oxygen must be
able to permeate through the dressing to supply regenerating cells. Re-
cently, biocellulose (also known as bacterial cellulose) has been devel-
oped for several applications, including wound dressing [2,3]. Unlike
plant-based cellulose, biocellulose (BC) has an ultrafine network with
high porosity which allows a high capability for water uptake [2,4],
making it becomes an ideal material for the healing of high exudate
wound. The highly uniaxial-oriented nanofibers (3-8 nm) of BC contrib-
ute to a high crystallinity content (60-80%) [2], providing impressive
mechanical strength for ease of handling in the wet state. Furthermore,
BC is considered as an electrostatically neutral material [5], enabling it

* Corresponding author at: Department of Pharmacy Practice, Faculty of Pharmaceutical
Sciences, Chulalongkorn University, PhayaThai Road, Phatumwan, Bangkok 10330,
Thailand.

E-mail address: aramwit@gmail.com (P. Aramwit).

http://dx.doi.org/10.1016/j.msec.2015.05.026
0928-4931/© 2015 Elsevier B.V. All rights reserved.

appropriate for the loading of either positively-charged or negatively-
charged bioactive compounds. In addition, the high water retention
characteristics of BC create a moist wound healing environment [2,4],
which allows for faster healing than a dried environment [6-8].

Up to date, commercial BC wound dressings are available. Some of
them are incorporated with drugs or active compounds (i.e., iodine,
chlorhexidine, and silver) for antimicrobial purpose. In this study,
polyhexamethylene biguanide (PHMB) was chosen as an antiseptic
drug to be incorporated in the BC dressing because it displays advantages
over other antiseptics [1,9,10]. PHMB (molecular weight 3000 Da) is
known as a cationic and strong base which interacts with acids and neg-
atively charged molecules, such as phospholipids found in bacterial
membranes [11]. The antimicrobial activity is based on the interaction
between PHMB and bacterial phospholipids, which disrupts the integrity
of the bacterial membrane, leading to the intrusion of PHMB into the cy-
toplasm, causing a malfunction in metabolic activity and resulting in the
death of the bacterium [12,13]. It is reported that PHMB shows antimi-
crobial effect against various microorganisms such as yeasts, fungi, and
bacteria (both Gram-positive and Gram-negative) with low toxicity in
mammalian cells [1,11-13]. PHMB has been loaded into different types
of wound dressings, e.g., gauze and bandages [14,15], foam [16,17],
nanofibrous membranes of cellulose acetate and polyester urethane


http://crossmark.crossref.org/dialog/?doi=10.1016/j.msec.2015.05.026&domain=pdf
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[18], or BC dressings [10,19,20]. Some of BC dressings loaded with PHMB
are commercially available.

To improve the effectiveness of this BC dressing, we here introduce
another bioactive factor for an enhancement of the re-epithelialization
process which is one of the critical steps in wound healing process.
Silk sericin (SS) is chosen for this purpose. SS (molecular weight of
20-310 kDa) is an adhesive protein that binds two fibroin strands
in silk fibers [21]. It is a hydrophilic, biocompatible, biodegradable,
negatively-charged material [22,23] with various biological proper-
ties [24]. It has been used to promote proliferation of human fibroblasts
[25] or human epithelial HeLa cells [26] and prevent the UVB-induced
apoptosis in human skin keratinocytes [27]. The addition of SS to culture
media enhances collagen type I production by the L929 mouse fibro-
blast cell line [23] and promotes L929 migration [28]. An animal
model revealed that SS-treated wounds had reduced inflammatory re-
actions and faster healing time than Betadine®-treated wounds [29].
In the clinical tests of split-thickness skin wounds, the complete healing
time of wounds treated with a SS-releasing dressing was significantly
shorter than that required for wounds treated with Bactigras® [30]. Fur-
thermore, SS was shown to enhance re-epithelialization [23,28-33].

To our design, the combination of SS and PHMB into a BC wound
dressing should capture the unique benefits of both SS and PHMB. In
this study, the interactions between these components that affect the
biological properties of BC dressing were investigated. The interaction
between PHMB and SS was evaluated by attenuated total reflection Fou-
rier Transform Infrared spectroscopy (ATR-FTIR). The loading quantities
and sequence of both compounds were optimized. The antimicrobial
test was performed by both the disc diffusion and broth dilution tech-
niques using both Gram-positive (Bacillus subtilis, Staphylococcus
aureus, and methicillin-resistant S. aureus) and Gram-negative bacteria
(Escherichia coli, Acinetobacter baumannii, and Pseudomonas aeruginosa)
to determine minimum bactericidal concentration of PHMB. Then, the
SS loading amount was varied to achieve an effective released amount
which was suitable for collagen-I production by fibroblast cells. The
in vitro release of PHMB and SS from the BC dressing was also evaluated.
Finally, the effects of the dual-loaded SS/PHMB released from the BC
dressing on the antimicrobial effect were compared with other com-
mercially available antimicrobial wound dressings.

2. Materials and methods
2.1. Materials

Coconut water was obtained from coconuts purchased locally.
Ammonium phosphate ((NH4)sPO4), glacial acetic acid (CH;COOH),
and other chemicals used were of analytical grade (Sigma-Aldrich,
USA). Polyhexamethylene biguanide was kindly provided by Lonza
Group Ltd. (Basel, Switzerland). Silk sericin was extracted according to
a high temperature and high pressure degumming method described
in a previous report [23]. Proteoglycan-IPC, a soluble PG extracted
from the nasal cartilage of Oncorhynchus keta (Salmonidae), was pur-
chased from Icimaru Pharcos Co., Ltd. (Gifu, Japan).

2.2. Preparation of biocellulose

Biocellulose was prepared from a static culture of an Acetobacter
xylinum strain (Kasetsart University, Bangkok, Thailand) which was
isolated from nata de coco, using a coconut water-based medium. The
preparation of the medium was slightly modified from the method de-
veloped by Verschuren et al. [34]. One liter of coconut water was boiled
and supplemented with 50 g of sucrose, 5 g of (NH,)3PO,4, and 10 mL of
CH3COOH. The pH of the medium was adjusted to 4.5 with CH3COOH.
Then, 10 mL of A. xylinum was added into the pH-adjusted coconut
water based medium and poured into molds for fermentation. The fer-
mentation was carried out under sterilized static conditions at 30 °C
for 3-5 days to pre-culture the A. xylinum strain. After obtaining the

stock solution of A. xylinum, the fermentation was incubated at 30 °C
under static conditions for another 7 days to form the BC. The formed
bacterial nanocellulose gels were washed with 2% aqueous NaOH solu-
tion at 70 °C for 10 min, and then washed repeatedly until a neutral pH
was obtained.

2.3. Preparation of the BC wound dressing containing bioactive compounds

The BC wound dressing was loaded with PHMB and SS. Proteoglycan
(PG) which is known as a healing-promoting agent was used as a con-
trol for SS. All samples prepared in this study were summarized in
Table 1. Each dressing was loaded with either one or two components.
In the first study, the BC wound dressing was immersed into PHMB
solutions with different concentrations (0.0125-0.6% w/v) for 2 h to
determine the minimum bactericidal concentration (MBC) of PHMB
loaded into the BC wound dressing.

The second experiment was intended to study the interaction be-
tween PHMB and two compounds (SS or PG), the loading sequence of
each compound and MBC of PHMB in the dual-loaded BC. The BC
wound dressing was immersed in a solution of the first compound for
2 h. Subsequently, the soaked BC was allowed to dry before being
soaked in a solution of the second compound for another 2 h. The
dual-loaded BC was air-dried before the tests. The PHMB concentration
was varied from 0.2-0.4% w/v while the concentration of SS or PG was
fixed at 1% w/v.

After the MBC of PHMB was obtained, the loading amount of PHMB
was then optimized. In this experiment, SS was first loaded into the BC
(the size of BC was 10 x 10 x 0.01 cm?) before PHMB. The loading
amount of SS was fixed at 2 mL of SS solution (1% w/v) per side of the
BC wound dressing (or total loading of 4 mL). After 2 h of SS adsorption,
PHMB was added into the BC/SS wound dressing; the loading amount
ranged from 3 to 6 mL of PHMB solution (0.3% w/v) per side of BC/SS
(or total loading was from 6 to 12 mL). Before the tests, the dual-
loaded BC was air-dried for 2 h.

Finally, the loading amount of SS on BC was optimized for the effec-
tive release amount of sericin. In this experiment, SS was first loaded
into BC with different loading amounts, ranging from 2 to 3 mL of SS so-
lution (1% w/v) per side of the BC wound dressing (or total loading of 4
to 6 mL). After 2 h of SS adsorption, the PHMB solution (0.3% w/v) was
added to the BC/SS wound dressing at a fixed amount of 5 mL per side of
BC/SS or total loading of 10 mL. The dual-loaded BC was air-dried for
2 h before the in vitro release test of SS. In this experiment, the single
loaded PHMB on BC was used as a negative control for the SS release
experiment.

2.4. Antimicrobial efficacy test

Antimicrobial efficacy of different types of PHMB loaded on BC was
evaluated in triplicate by the disc diffusion method (CLSI M2-A9) and
the broth dilution method (CLSI M7-A7). Six strains of bacteria were se-
lected for these tests: B. subtilis (ATCC 6633, Gram-positive), S. aureus
(ATCC 25923, Gram-positive), methicillin-resistant S. aureus (MRSA,
Gram-positive), E. coli (ATCC 25922, Gram-negative), A. baumannii
(ATCC 19606, Gram-negative), and P. aeruginosa (ATCC 27853, Gram-
negative). Miiller Hinton (MH) agar was used for culture, inoculation
and antimicrobial efficacy tests. All bacterial strains were cultured on
an agar plate at 37 °C for 24 h right before preparation of the inoculum.
The inoculum was prepared by selecting three to five isolated colonies
of bacteria into 5 mL of Tryptone Soya Broth (TSB), and followed by
incubation at 37 °C for 4-6 h. The content of bacteria was verified by a
UV/VIS spectrometer (Lambda 25, Perkin Elmer, Waltham, MA, USA)
at 625 nm. The absorbance of the inoculum should be between 0.08
and 0.13 for a bacterial content of 1.5 x 10% CFU/mL.

For the disc diffusion method (CLSI M2-A9), one swab was applied
on the entire surface of the MH agar plate. Then, the BC containing
PHMB (1 x 1 x 0.1 cm®) was placed on the MH agar plate and incubated
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Table 1
Summary of components loaded in different BC wound dressings used in this study.

Experimental aim(s) Sample 1st bioactive compound loading 2nd bioactive compound loading
Compound Conc./amount Compound Conc./amount
Effective PHMB concentration in BC PHMB PHMB 0.0125-0.6% N/A -
Interaction study between two compounds & effective PHMB SS Silk sericin 1% N/A -
concentration in the dual loaded BC PG Proteoglycan 1% N/A -
SS/PHMB Silk sericin 1% PHMB 0.2-0.4%
PHMB/SS PHMB 0.2-0.4% Silk sericin 1%
PG/PHMB Proteoglycan 1% PHMB 0.2-0.4%
PHMB/PG PHMB 0.2-0.4% Proteoglycan 1%
Optimization of PHMB loading amount in the dual loaded BC SS2/PHMB3 Silk sericin 2mL PHMB? 3mL
SS2/PHMB4 Silk sericin 2mL PHMB? 4 mL
SS2/PHMB5 Silk sericin 2 mL PHMB? 5mL
SS2/PHMB6 Silk sericin 2 mL PHMB? 6 mL
Optimization of SS loading amount in the dual loaded BC PHMBS5 PHMB? 5mL N/A -
SS2/PHMB5 Silk sericin 2mL PHMB? 5mL
SS3/PHMB5 Silk sericin 3 mL PHMB? 5mL

2 Concentration of PHMB for loading on BC was 0.3% w/v

at 37 °C for 24 h. The distance between each BC was much higher than
the inhibition zone. After incubation, the size of the inhibition zone
was immediately measured. The size of the inhibition zone was report-
ed as the diameter with reference to the diagonal length of the BC
square.

For the broth dilution method (CLSI M7-A7), the inoculum was
diluted to achieve a bacterial concentration of 5 x 10> CFU/mL be-
fore placing the BC containing different amounts of PHMB in a test
tube. After 24 h of incubation at 37 °C, one swab of the broth was ap-
plied to the entire surface of the MH agar plate. The agar plate was
then incubated for another 24 h at 37 °C before evaluating the
MBC, which was based on no observation of bacterial colony on the
agar plate.

2.5. Attenuated total reflection Fourier Transform Infrared spectroscopy

Attenuated total reflection Fourier Transform Infrared (ATR-FTIR)
spectroscopy was employed to investigate the molecular interactions
between PHMB and SS or PG molecules. The spectra of pure compounds
and their mixtures were collected by a Nicolet 6700 FTIR spectrometer
coupled to a continuum FTIR microscope and a mercury-cadmium-
telluride (MCT) detector. A homemade slide-on Ge micro internal
reflection element (WRE) accessory was employed for all spectral acqui-
sitions. The IRE was aligned and fixed at the optimum position of the
slide-on housing where the contact tip coincided with the focal point
of the built-in 15x Cassegrain infrared objective lens. The spectral
acquisitions were performed in the reflection mode of infrared spec-
troscopy. A sample was prepared by dropping 1% of SS, 1% of PG, 0.3%
of PHMB, and their mixture sample solutions on a glass slide and drying
them using a vacuum pump at room temperature. For spectral acquisi-
tion of the sample, a dried sample on a glass slide was brought into
contact with the IRE. All spectra were collected with 256 scans at a
resolution of 4 cm™ . Each sample was examined at several points for
comparison purposes.

2.6. In vitro release test of PHMB and SS

The BC wound dressing was cut to a size of 1 x 1 x 0.1 cm® and
placed in triplicate in a vessel containing 3 mL of phosphate-buffered sa-
line solution (PBS, pH 7.4) at 37 °C. The PBS solutions were collected at
pre-determined time points (0.5, 2, 4, 8, 24,48, 72 and 168 h) and shak-
en before measurement. In the SS case, the BCA protein assay kit (Pierce,
Rockford, IL, USA) was used to measure the released amount of SS pro-
tein. The absorbance of the solution was measured with an UV/VIS spec-
trometer at a wavelength of 562 nm. The amount of SS was determined
from a standard curve prepared from different concentrations of bovine
serum albumin. For PHMB, the solution absorbance was measured with

the same spectrometer at a wavelength of 235.5 nm. The concentrations
of released PHMB at different times were calculated by evaluating the
solution absorbance against a standard curve, prepared from different
known PHMB concentrations.

2.7. Preparation of fibroblast cell for collagen type 1 production test

The fibroblast cells were produced with slightly modified method of
our previous work [23]. Briefly, Dulbecco Modified Eagle Medium
(DMEM) containing 10% fetal bovine serum (FBS) and antibiotics
(100 U penicillin and 100 U streptomycin per mL) was used to culture
the mouse fibroblast cell lines L929 which were purchased from the
Chinese Academy of Preventive Medical Sciences, Beijing, China under
5% CO-, at 37 °C. The medium was replaced every 2 days. Then, cells
were collected by using 0.25% trypsin-EDTA (Gibco®, California, USA)
and added fresh culture medium to create a new single cell suspension
for further incubation.

2.8. Collagen type 1 production test

The 2.5 x 10% cells/well of mouse fibroblast cell lines L929 were seed-
ed in a 48-well plate DMEM solution containing 10% FBS. After 24 h, the
mediums were replaced with released solution of SS2/PHMB5 and BC
wound dressing which were filter sterilized by 0.22 um membrane filters
(triplicate samples). After 30 min, the mediums were changed with
DMEM containing the same sericin concentration as the 24 h released
sericin solution from SS2/PHMB5 dressing. After 3 days, the total
amounts of soluble collagen type 1 were assayed by using the Sircol®
collagen assay kit (Biocolor Ltd., Northern Ireland, UK). Microplate
reader (Biohit 830, Biohit®, Helsinki, Finland) was used for detection
of the outcomes at 500 nm. The results were calculated compared
with standard curve of soluble collagen which was prepared from stan-
dard bovine collagen type 1.

2.9. Statistical analysis

All statistical evaluations were performed using SPSS version 17.0
(SPSS. Co., Ltd., Bangkok, Thailand). Differences in the data were consid-
ered statistically significant at p < 0.05, using one way ANOVA.

3. Results and discussion

3.1. PHMB minimum bactericidal concentration used for loading into the BC
wound dressing

The BC wound dressing was immersed in different concentrations of
PHMB (0.0125%, 0.025%, 0.05%, 0.1%, 0.2%, 0.3%, 0.4%, and 0.6% w/v) for
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2 h to determine the effective concentration for antimicrobial activity.
The broth dilution technique was employed for this evaluation.

Table 2 shows the PHMB concentration which killed all bacteria en-
tirely as no colonies were observed after 24 h when one swab of the bac-
terial broth (which had been incubated with BC loaded with different
PHMB concentrations for 24 h at 37 °C) was applied on the MH agar
plate and culture continued for 24 h at 37 °C. The MBC of PHMB was
0.2% w/v for effective bactericidal activity. The highest PHMB concentra-
tion was needed to kill MRSA in the group of the Gram-positive bacteria
and P. aeruginosa for the Gram-negative case. This concentration range
was close to the reported values of commercial wound dressings: 0.2%
PHMB in Kerlix AMD™ antimicrobial gauze and bandages [14], 0.3%
PHMB in Suprasorb® X + PHMB, and 0.5% PHMB in the Kendall™
AMD antimicrobial foam [16].

3.2. Interaction study between two compounds and the effective PHMB
concentration in the dual loaded BC wound dressing

The BC wound dressing was loaded with two different compounds
to evaluate the dual release of two bioactive compounds: PHMB for its
antimicrobial activity, and either SS or PG to enhance wound repair.
However, the interaction between the two bioactive compounds need-
ed to be investigated in terms of the loading sequence and loading
amount since they could impair the antimicrobial activity, which is
the main requirement of using a BC dressing to treat infected wounds.
In this test, only P. aeruginosa was selected because it had the highest re-
sistance to PHMB, as shown in the previous section. The single loaded
PHMB dressing was used as a positive control, while the single loaded
SS and PG dressings were used as the negative control.

Fig. 1 shows the results from the disc diffusion test regarding the
P. aeruginosa inhibition zone distance, influenced by different types of
BC wound dressings (note: SS/PHMB: silk sericin was loaded into the
dressing before PHMB; PHMB/SS: PHMB was loaded into the dressing
before SS; PG/PHMB: proteoglycan was loaded into the dressing before
PHMB; PHMB/PG: PHMB was loaded into the dressing before PG;
PHMB: this dressing was only loaded with PHMB; SS: this dressing
was only loaded with SS; and PG: this dressing was only loaded with
PG). The effects of the loading sequences and the interactions among
all ingredients were obvious. There was no antimicrobial activity
which could be seen in the SS, PG, PHMB/SS, PG/PHMB, and PHMB/PG
dressings. For the dual-loaded dressing, the antimicrobial activity was
only observed in the SS/PHMB dressing. The larger SS molecules
(MW = 20-310 kDa, [29]) could potentially block the smaller PHMB
molecules (MW = 3 kDa, [1]) if PHMB was loaded before SS in the
case of the PHMB/SS dressing (see Fig. 2B for a graphical illustration).
This situation might hinder PHMB from reacting with the bacterial
membrane, compared with the SS/PHMB dressing. In the SS/PHMB
dressing, there would be higher amount of PHMB available for
inhibiting bacterial activities (Fig. 2A). There was some interaction
between SS and PHMB because the effective concentration of PHMB
was increased to 0.3% w/v, compared to 0.2% w/v in the single PHMB
loaded dressing. However, this interaction between SS and PHMB was

Table 2

The PHMB minimal bactericidal concentrations of the tested bacteria, observed after ap-
plying one swab of bacterial broth dilution (which had incubated with BC loaded with dif-
ferent PHMB concentrations for 24 h at 37 °C) on the MH agar plate and continued culture
for 24 h at37 °C.

PHMB minimal bactericidal concentration for
loading into the BC wound dressing (% w/v)

Bacteria strain

B. subtilis 0.025
S. aureus 0.050
MRSA 0.100
E. coli 0.050
A. baumannii 0.025
P. aeruginosa 0.200

P. aeruginosa

30
~25
£
£
~20
2 *
o * OPHMB 0.2%
N 15 —_
§ OPHMB 0.3%
:‘é 10 - BPHMB 0.4%
<
£

5

SS/PHMB PHMB/SS PG/PHMB PHMB/PG  PHMB ss PG

BC wound dressing type

Fig. 1. The inhibition zone distance against P. aeruginosa, 24 h after placing different types
of loaded BC wound dressings on a MH agar plate, which was cultured at 37 °C (* indicates
statistical difference between the pair, p < 0.05).

probably weak because PHMB still maintained its antimicrobial activity
with a higher loaded PHMB concentration.

In the case of the proteoglycan-containing dressings (PG/PHMB and
PHMB/PG), PHMB was ineffective at inhibiting P. aeruginosa, regardless
of the loading sequence. PHMB might have been caught in the highly
branched PG network (Fig. 2C & D). In addition, the positively charged
PHMB might form strong interactions with the highly negatively-
charged PG molecules [12,13]. Miiller et al. [35] also found that highly
negatively-charged glycosaminoglycan (chondroitin sulfate) complete-
ly neutralized the antimicrobial effects of PHMB against S. aureus,
Enterococcus faecium, and E. coli.

The electrostatic force was found to be a major interaction between
positively-charged PHMB and other charged molecules. The attraction
force was reported in the case of PHMB with a negatively-charged
plant cellulose [36] through hydrogen bonding. Dilamian et al. [37] re-
ported that PHMB formed an attractive interacteraction with negative-
ly-charged poly(ethylene oxide) and a repulsive interaction with and
positively-charged chitosan; however these electrostatic interactions
did not impair the antimicrobial activity of PHMB. The electrostatic in-
teraction issue would be elevated if PHMB interacts with highly
negatively-charged molecules such as PG (reported in this work) or
chondroitin sulfate (reported by Miiller et al. [35]). The antimicrobial
activity of PHMB might be totally ineffective for certain bacterial strains
which are difficult to treat.

3.3. ATR-FTIR study investigating the interaction between two compounds

In order to understand the interaction details, ATR-FTIR was
employed to evaluate the molecular interaction between two com-
pounds (PHMB vs. SS, and PHMB vs. PG).

In Fig. 3A, the pure SS sample shows three peaks at 1650, 1624, and
1518 cm™ ! attributed to amide I, amide I, and amide I, respectively,
which are characteristic of protein. When the SS sample was mixed
with the PHMB sample, the peak shoulder at 1650 cm™! (in the spec-
trum of the mixture) of amide I (from SS molecules) slightly decreased,
which indicates a change in the secondary structure of the protein [2].
The amide I peak at 1624 cm™ ' was unaffected. However, the band at
1544 cm™ ! (in the spectrum of the mixture) was a combination of the
peaks at 1545 and 1518 cm™! attributed to the C=N stretching vibra-
tion mode of PHMB molecules and amide II of SS molecules, respective-
ly. It seems that there was no interaction between C=N of PHMB
molecules and amide II of SS molecules. These results also suggest that
there was a weak interaction between SS and PHMB molecules which
slightly affected the amide I region or the secondary structure of the
protein. This finding corresponds to the previous conclusion of the bac-
terial test that SS only had a weak interaction with PHMB, necessitating
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Fig. 2. An illustration of the loading sequence of bioactive compounds: positively charged PHMB, SS, and highly negatively-charged PG into the neutral BC wound dressing: A) SS/PHMB
dressing in which SS was loaded into the dressing before PHMB, B) PHMB/SS dressing in which PHMB was loaded into the dressing before SS, C) PG/PHMB dressing in which PG was loaded
into the dressing before PHMB, and D) PHMB/PG dressing in which PHMB was loaded into the dressing before PG.

a higher PHMB concentration (0.3% w/v compared to 0.2% w/v in single
loaded PHMB dressing).

In Fig. 3B, the pure PG sample shows a peak at 1650 cm ™' attributed
to (=0 stretching vibration mode and the pure PHMB sample shows a
peak at 1545 cm™ ! attributed to C=N stretching vibration mode. In the
mixture of PG and PHMB, the (=0 peak slightly shifted from
1650 cm™ !, compared to the pure PG sample, while the C=N peak sig-
nificantly shifted to 1558 cm™ ! from 1545 cm™ ! in the pure PHMB sam-
ple. This shift indicates that there was a strong molecular interaction
between the (=0 functional group of PG molecules and the C=N func-
tional group of PHMB molecules in the mixture [38]. It is possible that
lone pair electrons from the C=O0 of PG formed a hydrogen bond with
H-N=C of PHMB, as shown in Fig. 4.

This finding is in agreement with those reported by Zhang and
Magnes, who indicated that peak shifts are caused by hydrogen bonding
[39,40]. Moreover, the precipitation of PG and PHMB could be observed
when the PG solution was mixed with the PHMB solution during the
preparation of the PG/PHMB mixture. The precipitation might result
from electrostatic interactions between the negatively charged

functional group of PG and positively charged PHMB. From the
above findings, it can be concluded that there was a strong molecular
interaction between PHMB and PG molecules. This strong interaction
could explain the previous results in Section 3.2 in that there was no
antimicrobial activity found in the PG/PHMB and PG/PHMB dressings
(Fig. 1).

In addition, the interaction between BC and other molecules (SS,
PHMB, and PG) could not be observed as a change in the ATR-FTIR spec-
tra (data was not shown here). The interaction was suspected to be a
hydrogen bond between the -OH groups of BC and the C=0 groups of
the protein in SS, H-N=C in PHMB, or C=0/-0H groups in PG, as
shown in Fig. 5. However, the strength of these interactions might not
be strong enough to shift the peak of BC due to the molecular size and
steric hindrance of structures.

In summary, PG should not be loaded with PHMB if antimicrobial ac-
tivity is required against various bacterial strains. The dual loading sys-
tem of SS and PHMB into the BC dressing was still effective if SS was
loaded before PHMB. In additon, the concentration of PHMB must be
at least 0.3% w/v to maintain antimicrobial effectiveness.

---- PHVB
S+PHMB

A)

Absorbance (a.u.)

Absorbance (a.u.)

---- PHVB
——PG + PHMB

B)

1600 1550

Wavenumber (cm™)

1700 1650

1500 1700

1650 1600 1550 1500

Wavenumber (cm™)

Fig. 3. ATR-FTIR spectra: A) shows the spectra of pure SS, pure PHMB, and the SS and PHMB mixture (SS + PHMB) while B) shows the spectra of pure PG, pure PHMB, and the PG and PHMB
mixture (PG + PHMB), the downward arrows indicating a noticeable difference between the mixture and either pure SS or pure PHMB.
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Fig. 4. An illustration of hydrogen bonding between PHMB and chondroitin sulfate A, which is a part of the PG molecule.

3.4. Optimization of the PHMB loading amount in pre-adsorbed SS on the
BC wound dressing

P. aeruginosa was the only bacterial strain selected for the optimiza-
tion of the PHMB (0.3% w/v) loading amount on pre-adsorbed SS (2 mL/
side of a 1% w/v SS solution) on the BC wound dressing, since this strain
showed the highest resistance to the antimicrobial activity of PHMB.
Fig. 6 illustrates the results from the disc diffusion test of the inhibition
zone size, as influenced by different PHMB loading amounts on pre-
adsorbed SS on the BC wound dressing against P. aeruginosa. PHMB
solution (0.3% w/v) needed to be loaded in a minimum amount of
4 mL per side of the wound dressing for effective inhibition of
P. aeruginosa growth. The dressing loaded with 5 mL and 6 mL of
PHMB solution showed significantly higher inhibition zone than that
loaded with 4 mL of PHMB solution. The broth dilution results also indi-
cated that the loading of 4 mL of PHMB solution (0.3% w/v) was essen-
tial for complete elimination of P. aeruginosa.

3.5. Optimization of the SS loading amount in the dual loaded BC for
effective SS release in PBS

This experiment was intended to determine the right SS loading
amounts into the BC wound dressing, so the optimal concentration of

o) R,
H
o "
H
R4 )
(SS) '
OH
) o)
HO O
OH
HO:
(BC)
;.
NH,CI

the released SS was at 100 pg/mL to promote fibroblast collagen
production, without losing cell viability [23]. Fig. 7 illustrates the
released profile of SS in PBS. For both formulations (SS2/PHMB5
and SS3/PHMBS5), an initial burst release of SS was observed. In
the first 4 h, the concentration of SS reached the effective level
(100 pg/mL) to promote fibroblast collagen production. A steady re-
lease period was observed from 24 h onward. During the whole test,
there were no statistical differences between the SS2/PHMB5 and
SS3/PHMB5 formulations at the same time points. The SS2/PHMB5
formulation was preferable over SS3/PHMB5 in terms of promoting
fibroblast collagen production, since the released amount was closer
t0100 pg/mL.

3.6. Collagen type 1 production from SS2/PHMB5 and BC wound dressing

The enhancement of collagen type 1 produced by fibroblast cells cul-
tured with the released solution of SS2/PHMBS5 formulation was eluci-
dated in Fig. 8. It was shown that the cells cultured with the released
solution of SS2/PHMBS5 formulation produced significantly higher
amount of collagen type 1 than those cultured with the BC wound
dressing. This data supported our results that SS which released from
SS2/PHMBS steadily at around 100 pg/mL could efficiently induce the
production of collagen type 1 by fibroblast cells.
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Fig. 5. An illustration of hydrogen bonding between BC and other molecules (SS protein, PHMB, and PG).
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Fig. 6. The effects of different PHMB loading amounts (mL per side) loaded on the BC
wound dressing which was pre-adsorbed with 2 mL/side of SS solution (1% w/v) on the
inhibition zone distance against P. aeruginosa, 24 h after placing the BC dressing containing
PHMB on a bacteria-loaded MH agar plate, cultured at 37 °C (* indicates a statistical differ-
ence (p < 0.05) between the pair).

3.7. Minimum bactericidal concentration of the PHMB solution

Before the in vitro release of PHMB from the BC wound dressings, the
minimum PHMB concentration was evaluated for its antimicrobial ac-
tivity against various bacterial strains by the broth dilution technique.
In this test, the MBC was evaluated directly with PHMB solutions at
different concentrations. There were no BC wound dressings involved
in these tests, unlike in Section 3.1. These test results were used as a
guideline for selecting the effective formulation of the BC dressing.
The concentration of the released PHMB must be at least equal to the
minimum bactericidal concentration, obtained in these tests. Table 3
summarizes the PHMB concentration which killed all bacteria entirely
as no colonies were observed after 24 h when one swab of bacterial
broth dilution (which had been incubated with different PHMB concen-
trations for 24 h at 37 °C) was applied on the MH agar plate and culture
was continued for 24 h at 37 °C.

The concentration of PHMB must be at least 0.005% w/v to be able to
kill all bacterial strains. Previously Miiller et al., reported that a PHMB
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Fig. 7. The amount of SS released in a PBS solution from different types of BC wound dress-
ings: SS2/PHMBS5 [2 mL/side of SS solution (1% w/v) loaded onto the BC wound dressing
before adding 5 mL/side of PHMB solution (0.3% w/v)], SS3/PHMBS5 [3 mL/side of SS
solution (1% w/v) loaded onto the BC wound dressing before adding 5 mL/side of PHMB
solution (0.3% w/v)], and PHMBS5 [5 mL/side of PHMB solution (0.3% w/v) only loaded in
the BC wound dressing] (there were no statistically significant differences in the amount
of SS released from SS2/PHMBS5 and SS3/PHMB5 formulations at the same time points).
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Fig. 8. The amount of collagen type 1 in released solution of SS2/PHMB5 and BC wound
dressing; SS2/PHMB5 [2 mL/side of SS solution (1% w/v) loaded onto the BC wound dress-
ing before adding 5 mL/side of PHMB solution (0.3% w/v)] (* indicates a statistical differ-
ence (p < 0.05) between the pair).

concentration of 0.005% is effective for the extermination of S. aureus
and E. coli [41].

3.8. In vitro release of PHMB in PBS

Fig. 9 shows the amount of PHMB released from different types of BC
wound dressings during the week-long testing period. After only
30 min, the concentrations of released PHMB in PBS were higher than
0.005% w/v, as observed from all BC wound dressings (SS2/PHMBS5,
SS3/PHMBS, and PHMBS5). This concentration was sufficient for effec-
tive elimination of all bacterial strains as found in the previous test
(Section 3.7). The PHMB concentration in PBS released from the SS2/
PHMBS5 dressing was found to be insignificantly higher than the amount
released from the SS3/PHMB5 dressing at all time points during the
test; this was because there was a weak interaction between SS and
PHMB molecules, which slightly affected the secondary structure of
the protein in the amide I region (Fig. 3A). The PHMB concentration re-
leased from the PHMBS5 dressing was significantly higher than the level
released from the SS2/PHMB5 and SS3/PHMBS5 dressings (p < 0.05).

From in vitro release results of both SS and PHMB, it could be
concluded that the formulation of SS2/PHMB5 was better than SS3/
PHMBS5 since the released SS concentration was close to the optimal
value which enhances fibroblast collagen production. In addition, the
release of PHMB was slightly higher in the SS2/PHMB5 formulation
than the SS3/PHMB5 formulation.

3.9. The comparison of antimicrobial activities between the dual loaded
SS/PHMB BC wound dressing (SS2/PHMB5) and the single loaded PHMB
BC wound dressing (PHMB5)

The dual-loaded SS/PHMB BC wound dressing (SS2/PHMBS5) had
more benefit than the single loaded PHMB BC wound dressing
(PHMBS), since SS released from the SS2/PHMB5 wound dressing en-
hanced fibroblast collagen production. In Section 3.2, the interaction

Table 3

Minimal bactericidal concentrations of PHMB solution against the tested bacteria, ob-
served after applying one swab of bacterial broth dilution (which had incubated with
different PHMB concentration for 24 h at 37 °C) on the MH agar plate and continued
culture for 24 h at 37 °C.

Minimal bactericidal concentration
of PHMB solution (% w/v)

Bacteria strain

B. subtilis 0.00375
S. aureus 0.00150
MRSA 0.00150
E. coli 0.00150
A. baumannii 0.00375
P. aeruginosa 0.00500
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Fig. 9. The amount PHMB released into PBS solution from different types of BC wound
dressings: SS2/PHMBS5 [2 mL/side of SS solution (1% w/v) loaded onto the BC wound
dressing before adding 5 mL/side of PHMB solution (0.3% w/v)], SS3/PHMBS5 [3 mL/side
of SS solution (1% w/v) loaded onto the BC wound dressing before adding 5 mL/side of
PHMB solution (0.3% w/v)], and PHMB5 [5 mL/side of PHMB solution (0.3% w/v) only
loaded onto the BC wound dressing] (there were no statistically significant differences
in the amount of PHMB released from SS2/PHMBS5, SS3/PHMB5 and PHMB5 formulations
at the same time points).

between SS and PHMB was found to have minimal negative effects on
PHMB antimicrobial activity against P. aeruginosa if SS was loaded be-
fore PHMB in the BC wound dressing. However, there might be some
variation against other bacterial strains. In this experiment, the antimi-
crobial effectiveness of dual-loaded SS2/PHMB5 was compared to the
PHMBS5 formulation against all bacterial strains using both discs the dif-
fusion and broth dilution techniques.

Fig. 10 shows the comparison of antimicrobial activity between
the dual loaded SS/PHMB BC wound dressing (SS2/PHMB5) and the
single loaded PHMB BC wound dressing (PHMB5) against all bacteri-
al strains. There were no statistical differences in the inhibition zone
observed between the two types of wound dressing with the same
bacteria. This finding confirmed that the PHMB antimicrobial activi-
ties against all tested bacteria were not compromised by the addition
of SS, if it was loaded first in the BC wound dressing before PHMB.
Based on the broth dilution results, there were no differences in
the PHMB antimicrobial activity observed between the SS2/PHMB5
and PHMB5 formulation wound dressings even after the agar plates
were left for 72 h.

20
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Fig. 10. The comparison of antimicrobial activity between two wound dressings: the
dual loaded SS/PHMB BC wound dressing (SS2/PHMBS5) and the single loaded PHMB BC
wound dressing (PHMBS5) against all tested bacteria (B. subtilis, S. aureus, MRSA, E. coli,
A. baumannii, and P. aeruginosa), 24 h after placing the BC dressings containing PHMB on
bacteria-loaded MH agar plates which were cultured at 37 °C (there were no statistically
significant differences in the inhibition zone observed between the two types of wound
dressing using the same bacteria).

3.10. The comparison of the antimicrobial activity of the BC wound dressing
(SS2/PHMBS5) with other commercially available antimicrobial wound
dressings

To evaluate the potential of commercialization of our novel BC
wound dressing, the comparison of antimicrobial activity was con-
ducted between the SS2/PHMB5 wound dressing and other commer-
cially available antimicrobial dressings such as Bactigras® (Smith &
Nephew plc., London, UK), Acticoat® (Smith & Nephew plc), and
Suprasorb®X + PHMB.

It is clear from Fig. 11 that SS2/PHMBS is far superior in terms of an-
timicrobial activity against all bacterial strains than Bactigras, a paraffin-
impregnated gauze dressing containing chlorhexidine acetate. In com-
parison with silver-loaded Acticoat®, the antimicrobial activity of the
SS2/PHMBS5 dressing was better against Gram-positive bacteria often
found in chronic wounds (S. aureus and MRSA). In the case of Gram-
negative bacteria, the antimicrobial activity of the SS2/PHMBS5 dressing
was comparable to that of Acticoat®, but had less of an effect on
inhibiting P. aeruginosa growth. The antimicrobial difference between
the SS2/PHMBS5 dressing and Suprasorb®X + PHMB was only noticed
for B. subtilis. However, it is inconclusive that Suprasorb®X + PHMB
would be better than the SS2/PHMBS5 dressing for treating chronically
infected wounds, because B. subtilis has not been reported in infected
wounds [42,43]. These results suggest that the antimicrobial activity of
the SS2/PHMBS5 dressing is comparable to that of commercially avail-
able dressings. There was no single dressing which was more effective
than others for treating all tested bacteria. The advantage of SS2/
PHMBS5 over the commercial dressings is the promotion of wound
healing from SS.

Comparing to the report on BC dressing of other studies, our SS2/
PHMB5 dressing would show higher potential in term of the en-
hancement of collagen type 1 production than the single-loading of
antiseptics in BC dressings, such as silver/silver chloride nanoparti-
cles [44-52], silver sulfadiazine [5], benzalkonium chloride [53],
chitosan [54,55], and PHMB [56]. Considering the study that loaded
two compounds into BC dressing (negatively-charged gold nanopar-
ticles and positively-charged lysozyme [57], or negatively-charged
phosvitin and positively-charged chitosan [58] loaded into negatively-
charged cellulose acetate by a layer-by-layer self-assembly technique),
the goal of the compounds loaded was difference from ours. Best on our
best knowledge, this study is the first report of the release of the
antiseptic and the bioactive compound simultaneously from BC
wound dressing for the antimicrobial activity and acceleration of
wound healing.
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Fig. 11. A comparison of the antimicrobial activity of the BC wound dressing developed in
this work (SS2/PHMB5) with commercially available antimicrobial wound dressings
[Bactigras®, Acticoat® and Suprasorb®X + PHMB] against all tested bacteria (B. subtilis,
S. aureus, MRSA, E. coli, A. baumannii, and P. aeruginosa), 24 h after placing the BC dressings
containing PHMB on bacteria-loaded MH agar plates which were cultured at 37 °C
(* indicates a statistically significant difference (p < 0.05) between the SS2/PHMBS5 dress-
ing and other commercial dressings).
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4. Conclusions

We have successfully developed a BC wound dressing loaded with
SS, a compound known to enhance fibroblast collagen production with-
out negative impacts on the antimicrobial effects of PHMB. The loading
concentration of PHMB needed to be at least 0.3% w/v for effective
elimination of all tested bacteria (B. subtilis, S. aureus, MRSA, E. coli,
A. baumannii, and P. aeruginosa). For dual loading, the type of compound
and the loading sequence could have an undesirable negative impact on
PHMB antimicrobial activity. Highly negatively-charged PG completely
impaired PHMB antimicrobial activity against certain bacteria that are
difficult to treat, e.g., P. aeruginosa. The loading sequence was crucial
in the formulation containing PHMB and SS. Silk sericin needed to
be loaded first to maintain the antimicrobial effects of PHMB. The
SS2/PHMBS formulation was found to be the best, since it released
SS at a concentration close to the optimal conditions to enhance fi-
broblast collagen production and released PHMB at a higher concentra-
tion than the other dual formulations. In addition, the antimicrobial
activity of SS2/PHMB5 was comparable to that of commercially avail-
able antimicrobial wound dressings.
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The development of non-toxic ionic-crosslinked chitosan-based
microspheres as carriers for the controlled release of silk sericin
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Abstract Silk sericin is recently shown to possess various
biological activities for biomedical applications. While vari-
ous sericin carriers were developed for drug delivery system,
very few researches considered sericin as a bioactive molecule
itself. In this study, sericin incorporated in the chitosan-based
microspheres was introduced as a bioactive molecule and bio-
active carrier at the same time. The chitosan/sericin (CH/SS)
microspheres at different composition (80/20, 70/30, 60/40,
and 50/50) were successfully fabricated using anhydroustri-
polyphosphate (TPP) as a polyanionic crosslinker. The micro-
spheres with an average size of 1-4 um and narrow size dis-
tribution were obtained. From FT-IR spectra, the presence of
both chitosan and sericin in the microspheres confirmed the
occurrence of ionic interaction that crosslink them within the
microspheres. We also found that the CH/SS microspheres
prepared at 50/50 could encapsulate sericin at the highest per-
centage (37.28 %) and release sericin in the most sustained
behavior, possibly due to the strong ionic interaction of the
positively charged chitosan and the negatively charged seri-
cin. On the other hand, the composition of CH/SS had no
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effect on the degradation rate of microspheres. All micro-
spheres continuously degraded and remained around 20 %
after 14 days of enzymatic degradation. This explained that
the ionic crosslinkings between chitosan and sericin could be
demolished by the enzyme and hydrolysis. Furthermore, we
have verified that all CH/SS microspheres at any concentra-
tions showed non-toxicity to L929 mouse fibroblast cells.
Therefore, we suggested that the non-toxic ionic-crosslinked
CH/SS microspheres could be incorporated in wound dressing
material to achieve the sustained release of sericin for accel-
erated wound healing.

Keywords Sericin - Chitosan - Tri-polyphosphate -
Microspheres - lonic crosslinking - Controlled release

1 Introduction

Sericin (SS) is a globular water-soluble protein synthesized by
Bombyx mori silkworms to being the glue that envelops fibro-
in fibers and forms the cocoon. The silkworm cocoons con-
stitute around 20-30 % sericin with the molecular weight
ranging from 10 to over 400 kDa (Kundu et al. 2008). Usually,
sericin is produced during the production process of raw silk
fibers in silk industries and is discarded as a waste by-product.
Recently, the biological roles of sericin in biomedical applica-
tion have been reported. It is found to promote attachment and
proliferation of several mammalian cell lines (Morikawa et al.
2009; Terada et al. 2002). Sericin also shows excellent water-
retaining characteristics due to its high hydrophilic amino
acids content (Kundu et al. 2008; Zhang 2002). The serine-
rich residue of sericin was found to be a cryoprotectant for
cells (Tsujimoto et al. 2001). It also shows anti-bacterial and
anti-oxidant activities as well as the resistant to UV light
(Dash et al. 2007; Fan et al. 2009; Zhang 2002). Furthermore,

@ Springer
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sericin is known to possess anti-tumor properties with non-
immunogenicity (Aramwit et al. 2009; Zhaorigetu et al. 2003).
Therefore, it has been widely used as ingredient in the food
industries and in cosmetics/biomedical applications (Aramwit
et al. 2009, 2012; Kitisin et al. 2013; Masahiro et al. 2000).

Nevertheless, sericin itself forms a non-stable material be-
cause it is easily soluble in water. The blending of sericin with
other materials was established to improve properties of
sericin-based materials. It has been demonstrated that sericin
blended with polymers (e.g., gelatin, polyvinyl alcohol, etc.)
can form the scaffolds with suitable properties for tissue engi-
neering and wound dressing applications (Aramwit et al.
2010a, b; Mandal et al. 2009). The application of sericin in
drug delivery system is also challenging. Drug delivery sys-
tem is the method to control the release or delivery of a phar-
maceutical or bioactive compound to achieve a therapeutic
effect. Currently, various formulations of controlled release
system have been investigated (Freiberg and Zhu 2004; Ganji
and Vasheghani-Farahani 2009; Mengatto et al. 2012; Tang
et al. 2003). Microparticle is one of the widely studied forms
of controlled release carriers because it can be used to deliver
drug in a rate-controlled and targeted manner and can also be
applied either as implantable or injectable carriers (Freiberg
and Zhu 2004; Mandal and Kundu 2009).

The development of sericin-based microspheres has been
reported by several research groups (Nayak et al. 2014; Zhang
et al. 2004). Zhang et al. have fabricated the sericin micropar-
ticles by spray-drying and glutaraldehyde crosslinking for the
delivery of anti-leukemic enzyme L-asparaginase (Zhang
et al. 2004). The L-asparaginase immobilized in the sericin
microspheres showed significantly higher stability and
preferable resistance to trypsin digestion as compared with
native enzyme. Nayak et al. (2014) have prepared the micro-
capsules composed of sericin and alginate micro bead as inner
core and chitosan as an outer shell via electrohydrodynamic
spraying and genipin crosslinking techniques for live cell en-
capsulation. It was suggested that the developed sericin—algi-
nate—chitosan microcapsule supported the viability of hepato-
cyte cells encapsulated, contributing towards the development
of cell encapsulation model. Nevertheless, we found that very
few researches are interested in the development of drug de-
livery system by considering sericin itself as a bioactive mol-
ecule to be released for biological functions even though ser-
icin possess various biological activities. Then, the develop-
ment of carrier for the controlled release of sericin as a bioac-
tive molecule is our aim in this study.

Among various types of carriers, chitosan-based micro-
spheres have been widely investigated for the controlled re-
lease of different drugs (Sinha et al. 2004). Chitosan is a poly-
saccharide obtained by alkaline deacetylation of a naturally
occurring abundant polysaccharide, chitin. The molecular
structure of chitosan consists of glucosamine and N-
acetylglucosamine repeating units. Chitosan has been
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potentially used as pharmaceutical material due to its good
biocompatibility, biodegradability, and low toxicity (Thomas
and Sharma 1990). By varying the formulation parameters,
chitosan-based microspheres can be developed to provide
the desired release profile of drug incorporated. Generally,
most of the chitosan microspheres must be crosslinked by
chemical crosslinking reagents (e.g., epoxy compound, glu-
taraldehyde etc.) to increase its stability and extend the degra-
dation time (Mi, et al. 2002; Nascimento et al. 2001). Howev-
er, there are concerns over the toxicity of the cross-linking
agents to cells and tissue. In this study, the non-toxic inorganic
compound, anhydroustri-polyphosphate (TPP), was intro-
duced to fabricate the chitosan-based microspheres for the
controlled release of sericin. It has been established that the
formation of chitosan gel can be obtained by ionic
crosslinking between chitosan and low molecular counterions
like a polyanion crosslinker, TPP (Ko et al. 2002).

Therefore, the aim of this study was to develop the chitosan-
based microspheres for the controlled release of sericin using
the non-toxic TPP crosslinking technique. Various blending
compositions of chitosan and sericin (CH/SS at 80/20, 70/30,
60/40, and 50/50) were investigated in the formation of CH/SS
microsphere. Morphological and chemical structures of the mi-
crospheres were evaluated by a scanning electron microscopy
(SEM) and fourier transform infrared spectroscopy (FT-IR),
respectively. Stability, biodegradation rate, encapsulation effi-
ciency and the release profiles of sericin from the microspheres
were investigated. In addition, the in vitro cytotoxic test of the
microspheres to L.929 mouse fibroblast cells was performed.
This chitosan-based microspheres releasing sericin would be
incorporated into the wound dressing material and applied to
accelerate the wound healing process.

2 Materials and methods
2.1 Materials

Low molecular weight chitosan (chitosan oligosaccharide
(CH), molecular weight~5000 Da) was purchased from
Shenzhen Naturactive Inc., China (CAS number 9012-76-4).
Fresh bivoltine white-shell cocoons of B. mori produced in a
controlled environment were kindly supplied by Chul Thai
Silk Co., Ltd. (Petchaboon province, Thailand). Sodium
tripolyphosphate (TPP) was obtained from Sigma-Aldrich
Co. Ltd. (USA). Other chemicals were analytical grade and
used without further purification.

2.2 Preparation of sericin solution
The silkworm cocoons were cut into small pieces, and sericin

(SS) was extracted using a high temperature and high-pressure
degumming technique (Lee et al. 2003). Briefly, the cocoons
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were put into deionized (DI) water and then autoclaved at
120 °C for 60 min. After filtration through a filter paper to
remove fibroin fibers, the sericin solution was concentrated to
6 wt%, measured by the BCA protein assay kit (Pierce, Rock-
ford, IL, USA). The molecular weight of sericin obtained
ranged from 25 to 150 kDa, as reported previously (Aramwit
etal. 2010a, b).

2.3 Fabrication of chitosan-based microsphere using TPP

Chitosan solution (6 wt%) was prepared in DI water under
stirring overnight. The chitosan and sericin solutions were
mixed at the different blending ratios (CH/SS: 80/20, 70/30,
60/40, and 50/50) to obtain the final solution concentration of
6 wt%. The CH/SS mixture was stirred at room
temperature for 1 h. Then, 40 mL of TPP solution (1 wt%,
pH 6.5) was slowly dropped into the CH/SS mixture and
stirred at room temperature for 1 h. The white colloid of
CH/SS microspheres was obtained (Fig. 1). The CH/SS mi-
crospheres were separated from the colloid suspension by
centrifugation at 4500 rpm for 5 min. The microspheres at
the bottom of centrifugal tube were collected and washed
repeatedly with DI water prior to freeze-drying to obtain the
dried CH/SS microspheres.

2.4 Morphological observation

The morphology of CH/SS microspheres was observed on a
scanning electron microscope (SEM, JSM 5400, JEOL) at an
accelerating voltage of 12el5 kV after sputter-coating with
gold.

2.5 Average size measurement

Average size of CH/SS microspheres was measured using
Mastersizer 2000 (Malvern Instruments Ltd., UK). The

Fig. 1 The appearance of (a) CH/SS solution before adding the TPP
solution and (b) white colloid of CH/SS microspheres obtained after
adding the TPP solution (1 wt%) and stirred at room temperature for 1 h

microspheres were suspended in DI water and ultrasonicated
for 5 min to disperse them prior to the measurement.

2.6 Fourier transform infrared spectroscopy (FT-IR)
analysis

Attenuated total reflection (ATR) FT-IR spectra of the
CH/SS microspheres were collected using a homemade
slide-on micro-ATR accessory with a dome-shaped singe
reflection Ge-uIRE attached to a built-in 15X
Schwarzschild—Cassegrain infrared objective of a Con-
tinuum infrared microscope (Ekgasit et al. 2007). The
microscope, equipped with a mercury—cadmium—tellu-
ride (MCT) detector, was connected to a Nicolet 6700
FT-IR spectrometer. To acquire an ATR FT-IR spectrum,
the microsphere sample was securely mounted onto a
sample stage beneath the infrared objective. Spectral ac-
quisition was achieved at a defined position by raising
the sample stage until the scaffold came into optical
contact with the tip of the Ge-uIRE. The degree of
contact was monitored and controlled using a built-in
pressure sensor. All ATR spectra were collected with a
resolution of 4 cm™' with 128 co-addition scans.

2.7 Evaluation of encapsulation efficiency of sericin
in microspheres

The amount of sericin initially mixed with the chitosan solu-
tion was defined as w;. The amount of sericin after the micro-
sphere fabrication was determined from the supernatant of the
mixture after the microspheres were collected, defined as w.
The amount of sericin in the supernatant was measured by the
BCA protein assay kit. The encapsulation efficiency of sericin
in the microspheres was calculated according to the following
equation;

Encapsulation efficiency of sericin (%) = <M) x 100 (1)
wi

2.8 In vitro release test of sericin from microspheres

The CH/SS microspheres (5 mg) were placed into 1 mL
phosphate-buffered saline solution (PBS, pH 7.4) and incubat-
ed at 37 °C with a continuous stirring at 100 rpm. The PBS
solutions were collected and replaced with fresh at different
time points and the amount of sericin released into the solution
was measured using a BCA protein assay kit. The amount of
sericin released was determined from a standard curve pre-
pared from different concentrations of sericin solutions. Per-
centage of cumulative release of sericin from the microspheres
was plotted.
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2.9 In vitro enzymatic biodegradation test

The CH/SS microspheres (5 mg) were incubated in 1 Unit/mL
collagenase solution (CAS No. 9001-12-1) at pH 7.4 and
37 °C. The enzyme solution was changed every 2 days to
ensure continuous enzyme activity. At each time interval, the
remaining microsphere were collected, rinsed repeatedly with
DI water, and freeze-dried. The dried microspheres were
weighed and the remaining weight percentage was calculated
using the following equation:

t

Percentage of weight remaining (%) = <K> x 100 (2)
Wo

where wy and w, represent the weight of the microspheres
before degradation and the weight of the microspheres after
degradation at different time intervals, respectively (n=3).

2.10 Stability test

The stability of CH/SS microspheres was determined by
freeze-thaw technique according to the previous report
(O’Regan and Mulvihill 2010). The microspheres (5 mg) were
subjected into the freeze-thaw cycle as following: (1) -20 °C
for 46 h, (2) thaw at room temperature for 30 min, and (3)
incubate at 40 °C for 1.5 h. These 3 steps were counted as
1 cycle. The microspheres were subjected into 4 cycles of
freeze-thawing process. The microspheres collected from each
cycle were incubated in PBS solution at 37 °C for 24 h, then
the amount of sericin released into the PBS supernatant was
measured by BCA assay as described previously.

2.11 In vitro cytotoxic test

The cytoxicity of CH/SS microspheres was evaluated using
indirect method (extract method) on L929 mouse fibroblast
cells according to the Biological evaluation of medical de-
vices - Part 5: Tests for in vitro cytotoxicity (ISO 10993-Part
5 (1992)). The ethylene oxide-sterilized microspheres
(1 mg/mL) were incubated in Dulbecco’s modified eagle
powder medium (DMEM) for 24 h in order to obtain the
microspheres’ extract. The concentration of the micro-
spheres’ extracted solution (1 mg/mL) was diluted to three
different concentrations (0.5, 0.25, and 0.125 mg/mL) by
culture medium. L929 mouse fibroblast cells were seeded at
a density of 1x 10 cells/well of 48 well plate and incubated
at 37 °C and 5 % CO, for 24 h. After cell attachment, the
medium was removed and replaced with the microspheres’
extracted solution and continued the culture for further
24 h. The viability of cells was measured using MTT assay
(Mosmann 1983).
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2.12 Statistical analysis

All of the results were statistically analyzed using the unpaired
student’s #-test, and p<0.05 was considered to be statistically
significant. Data were expressed as the mean=+the standard
deviation.

3 Results

3.1 Morphology and size distribution of CH/SS
microspheres

Morphology of the dried CH/SS microspheresis showed in
Fig. 2. Aggregated microspheres were found for all formu-
lations while their size distribution seemed homogeneous.
The size distribution pattern of each microsphere formula-
tion is displayed in Fig. 3. All formulations had rather nar-
row size distribution. The CH/SS microspheres prepared at
80/20 and 70/30 had average sizes of 1.08—1.53 um while
the average sizes of microspheres prepared at 60/40 and 50/
50 were around 3.32-3.84 um, as presented in Table 1. The
average sizes of CH/SS microspheres prepared at 80/20 and
70/30 were significantly smaller than those of the CH/SS
microspheres prepared at 60/40 and 50/50 (p<0.05).

3.2 Chemical characteristics of CH/SS microspheres

Figure 4 shows FT-IR spectra of CH/SS microspheres,
chitosan (CH) and sericin powder (SS). All CH/SS micro-
spheres showed the characteristic absorption peaks of ser-
icin protein including amide I (1700—1600 cm™ '), amide
I (1560—1500 cm™ ') and amide IIT (1300—1200 cm ™)
(Khan et al. 2013). On the other hand, 6 characteristic
absorption peaks of chitosan were appeared for all CH/
SS microspheres. The vibrations of hydroxyl and free
amine groups were found at 3450 and 3324 cm ™, respec-
tively. The absorption peaks at 1655, 1560, and 1381 cm ™"
indicated C=0O stretching, -NH, bending and C-O
stretching of primary alcohol groups while that of
1152 cm ™' represented ~C—O—C— glycosidic linkage be-
tween chitosan monomers (Shanmugasundaram et al.
2001; Sionkowska et al. 2004).

3.3 Encapsulation efficiency of sericin in CH/SS
microspheres

The amount of sericin encapsulated and its encapsulation ef-
ficiency in CH/SS microspheres is presented in Table 1. The
CH/SS microspheres prepared at 50/50 could encapsulate ser-
icin at the highest amount (373 mg/g microspheres) while the
amount and encapsulation efficiencies of sericin in
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Fig. 2 Morphology of CH/SS
microspheres prepared at different
mixing compositions (80/20, 70/
30, 60/40, and 50/50). Scale bar=
5 um

CH/SS 60/40

microspheres prepared at 80/20, 70/30, and 60/40 were lower
(214-242 mg/g microspheres).

3.4 In vitro release of sericin from CH/SS microspheres

Figure 5 demonstrated the profiles of sericin released from
CH/SS microspheres after incubated in PBS solution for dif-
ferent periods. The small burst release was observed for all
microspheres. The microspheres prepared at 50/50 released
sericin at the lowest percentage along the period. On the other
hand, the highest percentage of sericin release was found on
the microspheres prepared at 60/40. The release of sericin
from all microspheres seemed to be sustained after 72 h.

3.5 In vitro enzymatic biodegradation rate of CH/SS
microspheres

The in vitro biodegradation profiles of CH/SS microspheres
after incubated in collagenase solution for different periods are
shown in Fig. 6. Along the period, all microspheres were
degraded in similar rate. The microspheres seemed to degrade
rapidly in the first day and continuously degraded thereafter.
The percentages of weight remaining of all microspheres after
14 days were around 18-22 %.

"

CH/SS 50/50

3.6 Stability of sericin in CH/SS microspheres
after freeze-thawing process

Figure 7 elucidated the stability of sericin in CH/SS micro-
spheres after each cycle of freeze-thawing process. After each
cycle of freeze-thawing process, the amount of sericin re-
leased from microspheres depended on the amount of sericin
incorporated in the microspheres. The microspheres with the
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Fig. 3 Size distribution of CH/SS microspheres prepared at different
mixing compositions (80/20, 70/30, 60/40, and 50/50)
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Table 1

Average size of CH/SS microspheres and encapsulation efficiency of silk sericin in CH/SS microspheres

Microspheres Average size (pm)

Encapsulation efficiency (%)

Amount of sericin encapsulated
(mg/g microspheres)

CH/SS 80/20 1.08+0.26 * 21.42+1.59 214.16£15.92
CH/SS 70/30 1.53+0.94 * 22.57£9.05 225.73+£90.54
CH/SS 60/40 3.32+0.15 24.21+5.89 242.09+58.93
CH/SS 50/50 3.84+0.54 37.28+3.88 372.84+38.84

The microspheres were prepared at different CH/SS blending compositions: 80/20, 70/30, 60/40, and 50/50

*Indicated significant difference compared to average size of microspheres at other CH/SS ratios

higher content of sericin released sericin at the higher amount.
Considering the effect of freeze-thawing cycle, the micro-
spheres prepared at 60/40 and 50/50 showed the lower amount
of sericin release after 3 and 4 freeze-thawing cycles. On the
other hand, the release of sericin from microspheres prepared
at 80/20 and 70/30 was not affected by the freeze-thawing
process.

3.7 In vitro cytotoxicity of microspheres to L.929 mouse
fibroblasts

The viability of L.929 mouse fibroblasts when cultured with
different concentrations of microspheres for 24 h was shown
in Fig. 8. The viabilities of L929 cultured with all micro-
spheres at any concentrations were comparable to that cul-
tured with DMEM in the absence of microspheres (90—
100 %). On the other hand, cells cultured with Zn as a positive
control of the test remained only 20 %.

4 Discussion
Sericin has recently been introduced as carriers in drug deliv-

ery system due to its biocompatibility, biodegradability, non-
immunogenicity, water-retaining property, and ability to be
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Fig. 4 FT-IR spectra of CH/SS microspheres prepared at different
mixing compositions (100/0, 80/20, 70/30, 60/40, and 50/50), chitosan
(CH) and sericin powder (SS)
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fabricated into various forms by blending with other materials
or crosslinking (Aramwit et al. 2009, 2010a, b; Dash et al.
2007; Fan et al. 2009; Kundu et al. 2008; Mandal et al.
2009; Morikawa et al. 2009; Terada et al. 2002; Tsujimoto
et al. 2001; Zhang 2002; Zhaorigetu et al. 2003). However,
sericin itself possess various biological activities, for example,
anti-bacterial, anti-oxidant, and anti-tumor activates (Dash
et al. 2007; Fan et al. 2009; Zhang 2002), as well as
the potential to promote attachment and proliferation of
several mammalian cell lines (Terada et al. 2002). We
have previously showed that sericin released from vari-
ous kinds of wound dressing materials could result in
the significant wound size reduction and accelerated
healing rate due to the enhanced epithelialization and
collagen formation (Aramwit et al. 2013; Siritienthong
et al. 2012, 2013, 2014). Sericin was then considered as
accelerating material for wound healing applications.
Thus, sericin should be considered as a bioactive molecule
and bioactive carrier at the same time. In this study, the sericin-
containing microspheres were developed for the controlled
release purpose of sericin itself. We previously found that
sericin only could not form the stable materials to suit tissue
engineering and wound dressing applications. It must be
blended with other polymers like polyvinyl alcohol (PVA)
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0 . . . . . . .
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Time (h)
Fig. 5 Percentage of cumulative release of sericin from CH/SS
microspheres prepared at different mixing compositions (80/20, 70/30,
60/40, and 50/50) after incubated in PBS solution (pH 7.4) at 37 °C for
different periods
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Fig. 6 Percentage of weight remaining of CH/SS microspheres prepared
at different mixing compositions (80/20, 70/30, 60/40, and 50/50) after
incubated in 1 Unit/mL collagenase solution (pH 7.4) at 37°C for different
periods

and the scaffolds with good mechanical properties could be
obtained (Aramwit et al. 2010a, b). Herein, we found that,
with the sericin only, the stable microspheres could not be
fabricated. Chitosan was introduced to blend with sericin
and fabricate the chitosan-based microspheres for the con-
trolled release of various amounts of sericin (CH/SS at 80/
20, 70/30, 60/40, and 50/50). We have tried to fabricate the
CH/SS microspheres from higher ratio of sericin, however, the
round-shaped microspheres could not be formed. When the
amount of sericin was higher than chitosan, the micro-flakes
were obtained (data not shown). It might because that the high
amount of water-soluble sericin could not be crosslinked with-
in the microspheres. In this part, we proved that chitosan must
be added at least 50 % of total concentration to form the stable
round-shaped CH/SS microspheres.

Among various techniques to fabricate chitosan-based mi-
crospheres, the using anhydrous tri-polyphosphate (TPP) as
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Fig. 7 Stability of sericin in CH/SS microspheres prepared at different
mixing compositions (80/20, 70/30, 60/40, and 50/50) after each cycle of
freeze-thawing process
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Fig. 8 Percentage of viability of L929 mouse fibroblasts when cultured
in the presence of CH/SS microspheres prepared at different mixing
compositions (80/20, 70/30, 60/40, and 50/50) at 4 diluted
concentrations. Cells cultured in DMEM in the absence of microspheres
were served as a negative control while cells cultured in the presence of
20 ppm Zn were served as a positive control

the chitosan counter ions to form the ionic crosslinked chito-
san microspheres is one of the easiest techniques while the
using of toxic chemical crosslinking agents can be avoided
(Ko et al. 2002). TPP is nontoxic and multivalent anions that
can form gel by ionic interaction between positively charged
amino groups of chitosan and negatively charged counterion
of TPP (Shu and Zhu 2000, 2001). This interaction could be
controlled by the charge density of TPP and chitosan. To fab-
ricate the CH/SS microspheres in our study, the ionic method
using TPP counter ions would be very suitable to handle with
the positively charged chitosan and the negatively charged
sericin and TPP. In this work, the ionic crosslinked CH/SS
microspheres at different blending compositions were suc-
cessfully fabricated by TPP technique. The CH/SS micro-
spheres with average size around 1-4 pm and narrow size
distribution were obtained. We found that the microspheres
containing higher sericin content (CH/SS at 60/40 and 50/
50) had the slightly larger average size than the microspheres
containing lower sericin content (CH/SS at 80/20 and 70/30).
This might be explained that the CH/SS microspheres pre-
pared at 60/40 and 50/50 could encapsulate more amount of
sericin (24 and 37 %), possibly because of the optimal ionic
interaction between the density of positive and negative
charges. It was interesting to note that about 63—79 % of
sericin was not encapsulated in the microspheres. It may be
lost during the washing step of the fabrication process. How-
ever, the small amount of sericin encapsulated in each micro-
sphere formulation would be enough to exhibit some biolog-
ical effects because the sericin was reported to show biological
activities even at low concentration (Aramwit et al. 2010a, b).

Although both chitosan and sericin are hydrophilic, FT-IR
results confirmed the presence of them (chitosan and sericin) in
the CH/SS microspheres even after the microspheres were
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washed repeatedly with DI water during the fabrication process.
This strengthened that ionic crosslinking between positively
charge chitosan and negatively charged sericin and TPP was
occurred. The spectra also suggested that there are interaction
between chitosan and sericin at the molecular level as the amide
I and amide II bands of sericin were drastically changed after
mixing. The aggregated [3-strand was red-shifted from 1620 to
1625 cm™'. The p-turn was blue-shifted from 1690 to
1684 cm™'. The shifts of crystalline structure toward amor-
phous structure indicate an increment of disorder after the
mixing. The decovoluted spectra of the amide I region
(Figure S1) showed the insignificant change of {3-turn
(1684 cm ™), a-helix (1658 cm '), random coil (1646 cm ™),
and aggregated B-strand (1620 cm ') upon an increment of
chitosan content, suggesting that an increment of chitosan con-
tent did not alter the secondary structure of the sericin protein.

When subjected CH/SS microspheres into the in vitro re-
lease test in PBS solution, the CH/SS microspheres prepared
at 50/50 showed the most sustained release behavior of sericin.
It could possibly be explained by the strong ionic interaction of
the positively charged chitosan and the negatively charged ser-
icin, as mentioned previously. This also verified that the release
profile of sericin from CH/SS microspheres could be controlled
by changing of charge density of the two molecules.

On the other hand, we found that the composition of CH/
SS had no effect on the degradation of microspheres. The
rapid degradation of the microspheres at initial may come
from the weak ionic interaction of the two molecules at the
other surface of microspheres. Thereafter, all microspheres
continuously degraded. This proved that the ionic
crosslinkings between chitosan and sericin could be
demolished by the enzyme and hydrolysis. Nevertheless, all
microspheres remained around 20 % after 14 days of enzy-
matic degradation, indicating somewhat high stability of these
CH/SS microspheres.

To further prove the stability of CH/SS microspheres, 1-4
cycles of freeze-thawing process were performed with the
microspheres. This freeze-thawing test is useful to confirm
the stability of microspheres after storage at freezing condition
and thawing to use at room temperature. Mostly, the release
behavior of sericin from the microspheres was not much
changed. This meant that the freeze-thawing process did not
alter the stability of microspheres. Exceptionally, the release
of'sericin from CH/SS microspheres prepared at 60/40 and 50/
50 was slightly reduced after 2—4 freeze-thawing cycles. It
was suspected that the chemical structure of sericin in micro-
spheres would change from random coil to 3-sheet due to the
repeated freeze-thawing steps. The randomly coiled structure
of sericin easily changed to 3-sheet structure as a consequence
of repeated moisture absorption and mechanical stretching
(Voegeli et al. 1993). The (3-sheet structure of sericin was
more stable, resulting in the lower amount of sericin released
from the microspheres.
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After 1929 cells were cultured in the presence of CH/SS
microspheres at various dilutions using indirect technique, the
toxicity of any microspheres at any dilutions to cells was not
observed. This was because both chitosan and sericin are bio-
compatible to cells and tissue while the microsphere fabrica-
tion process using TPP was also non-toxic. Therefore, we
introduced the non-toxic ionic-crosslinked CH/SS micro-
spheres releasing sericin to be incorporated in the wound
dressing material for the promoted wound healing. We sug-
gested that the microspheres can be incorporated in the wound
dressing and the sustained release of sericin from the micro-
spheres would continuously promote wound healing.

5 Conclusion

The CH/SS microspheres at different composition were suc-
cessfully fabricated using TPP ionic crosslinking technique.
The microspheres with an average size of 1-4 um and narrow
size distribution were obtained. The presence of both chitosan
and sericin in the microspheres confirmed the occurrence of
ionic interaction that crosslinked them within the micro-
spheres. The CH/SS microspheres prepared at 50/50 could
encapsulate sericin at the highest percentage and release seri-
cin in the most sustained behavior, possibly due to the strong
ionic interaction of the positively charged chitosan and the
negatively charged sericin. In addition, we have verified that
all microspheres were not toxic to 1929 cells. This micro-
spheres was suggested to be incorporated in wound dressing
material to achieve the sustained release of sericin for accel-
erated wound healing.
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ABSTRACT

This study aimed to compare type A (GA) and type B gelatin (GB) nanoparticles in terms of physico-chemical
properties and the release behavior of different model compounds (methylene blue, eosin, and sericin) incorpo-
rated in both nanoparticles. The GA and GB nanoparticles (397-501 nm in diameter) were successfully fabri-
cated by water in oil emulsion technique following by the glutaraldehyde crosslinking. GB nanoparticles showed
the higher crosslinking degree, consequently resulted in the slower degradation rate than the GA nanoparticles.
The model compounds having different charge characteristics including the positive-charged methylene blue
and the negative-charged eosin, were loaded in the nanoparticles. We found that the entrapment and loading
efficiencies of methylene blue and eosin depended upon the type of gelatin nanoparticles. The positive-charged
methylene blue could entrap in the negative-charged GB nanoparticles at the high entrapment and loading
efficiencies (92% and 46%, respectively), possibly due to their attractive electrostatic interaction. Correspond-
ingly, the negative-charged eosin would repel the GB nanoparticles which had the same charge, resulted in
the low entrapment and loading efficiencies (25% and 12%, respectively). On the other hand, the entrapment
and loading efficiencies of sericin, a model of active compound, in the nanoparticle could not be explained by
the electrostatic interaction. The negative-charged GB nanoparticles could entrap the negative-charged sericin
at the high extent. The different profiles of methylene blue, eosin and sericin released from the GA and GB
nanoparticles were obtained. The release profiles of methylene blue and eosin were mainly influenced by the
type of gelatin nanoparticles. The sericin-encapsulated nanoparticles were cultured with L929 cells in order to
confirm the biological activities of sericin. The sericin-encapsulated nanoparticles and the control sericin at all
sericin concentrations were not toxic to L929 cells. Interestingly, the cells cultured in the presence of GA and
GB nanoparticles loaded with 8 mg/mL sericin produced the significant amount of collagen, compared to those
cultured with pure sericin control. This was possibly due to that the sericin-encapsulated gelatin nanoparticles
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were uptaken by cells and target the intracellular signaling of collagen production. From this study, we suggested
that the selection of type of gelatin nanoparticles would be very important to get the desired release profile of
each compound. The data from this study would be useful for the application of gelatin nanoparticles in drug

delivery system.

Keywords: Type A Gelatin, Type B Gelatin, Nanoparticles, Release Carrier, Methylene Blue, Eosin, Sericin.

1. INTRODUCTION

The administration of drug by oral or intravenous routes
has been applied for the treatment of human diseases for
centuries. Though effective, this kind of administration
requires high dose of drug to achieve its effect at a tar-
get site, and thereby results in the systemic side effect to
the other organs in some cases. To solve these problems,
drug delivery system has been developed. Drug delivery
system refers to the technology for transporting a drug
or pharmaceutical compound to achieve its desired ther-
apeutic effect at the target site. Furthermore, the drug
delivery system can prolong the effectiveness of a ther-
apy and reduce the repeated administration.!") Implantable
drug delivery system at a local site is one of the most
interesting approaches. The concept of implantable drug
delivery system was first described in 1938.%) In 1960s,
Folkman and Long were the pioneers for the develop-
ment of implantable silicone rubber capsules which suc-
ceeded in the controlled release of many different classes
of drugs.® After that, the implantable drug delivery sys-
tem at the local site has been received increasing interest.
Many researchers have attempted to investigate on various
types of release carriers as well as their interaction to drugs
in order to understand the controlled release mechanism
and the optimal dose of drug required for the treatment.
To obtain the desired therapeutic effects, the selection of
appropriate release carrier to encapsulate and release a spe-
cific drug is very important.

Various formulations of carriers including films,®
hydrogels,” micelles/liposomes,® as well as nano/
microparticles”-® have been investigated for the con-
trolled release of drugs. The film and hydrogel carri-
ers usually showed high drug encapsulation efficiency
and slow biodegradation rate, however, the surgery is
required for the carrier implantation at the target site.?
Micelles and liposomes are the nano-sized carriers that
are widely used to encapsulate hydrophilic/hydrophobic
drug, but their encapsulation efficiency is usually low
and showed undesirably fast release profiles.”) Alter-
natively, nano/microparticles which have high surface
area/volume for drug adsorption showed the high drug
encapsulation efficiency while the controlled release could
be accomplished.!”) Furthermore, the nano/microparticles
can be locally applied as injectable carriers without the
need of surgery. Nanoparticles can be produced from vari-
ous materials including natural polymers (gelatin, chitosan,
alginate, etc.)"""'? and synthetic polymers (poly(vinyl
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alcohol), poly(lactic-co-glycolic acid), etc.).'*'® In this
study, the gelatin nanoparticles were of our interest to
be investigated as the release carriers for various model
compounds.

Gelatin is the denatured product of collagen in which
its structure consists of amino acids mainly glycine, pro-
line and hydroxyproline. It is biocompatible, biodegrad-
able, nonimmunogenic and non-antigenic. There are two
types of gelatin which are type A gelatin (GA) derived
from an acid-treated and type B gelatin (GB) derived from
an alkali-treated processes. Different production processes
affect on the isoelectric point (pI), pH and other prop-
erties of GA and GB obtained. GA has an pl between
8 and 9 (positive charge at neutral pH) while GB has
an pl between 4.8 and 5.4 (negative charge at neutral
pH).!"> In this study, GA and GB were fabricated into
nanoparticles by water in oil emulsion technique. The
physico-chemical properties of both nanoparticles were
characterized and compared. The GA and GB nanoparti-
cles were introduced as carriers for the delivery of vari-
ous model compounds. It was suspected that the GA and
GB nanoparticles having different physico-chemical prop-
erties would interact and release various compounds in a
different manner. Herein, the compounds including methy-
lene blue, eosin, and sericin were introduced as drug mod-
els to study their release behaviors from the GA and GB
nanoparticles. Methylene blue and eosin are the repre-
sentative models of positive-charged and negative-charged
compounds, respectively, while sericin is a model of bio-
logical active molecules. The encapsulation efficiencies
and release profiles of methylene blue, eosin, and sericin
from GA and GB nanoparticles were evaluated at phys-
iological condition. In addition, the sericin-encapsulated
nanoparticles were subjected into the culture of L.929 cells.
The cell viability and collagen production were assessed.
Based on our best knowledge, the direct comparison on
the properties of GA and GB nanoparticles as release car-
riers has not been performed. The results from this study
gave the useful information and idea for the matching of
gelatin nano-carriers and drug type to obtain the desired
release profile for various applications.

2. EXPERIMENTAL DETAILS

2.1. Materials

Type A (GA, pI 9) and type B (GB, pl 5) gelatin were sup-
plied from Nitta Gelatin Inc. (Osaka, Japan). Glutaralde-
hyde solution, methylene blue and eosin was purchased
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from Ajax Finechem (New Zealand). Sericin was extracted
from the silkworm cocoons using a high temperature and
pressure degumming technique as described previously.!®)
The sericin with an pl ~4-5, a concentration of 7 wt%,
and the molecular weight ranging from 25 to 150 kDa was
obtained.'” Other reagents used were analytical grade.

2.2. Method

The gelatin nanoparticles were fabricated by water in oil
(w/o0) emulsion technique according to a method reported
previously."" Briefly, 2.5 wt% GA and GB aqueous
solutions were prepared at 50 °C. Then, the GA and
GB solutions were added drop wise into 600 mL of
pre-warmed soybean oil, followed by homogenization at
50 °C, 3400 rpm for 15 min to prepare a water in oil emul-
sion. The emulsion temperature was decreased to 4 °C
for the gelation of gelatin nanoparticles. At this step, the
non-crosslinked GA and GB nanoparticles were obtained.
The nanoparticles obtained were washed repeatedly with
cold acetone in combination with centrifugation at 4 °C
to completely remove residual oil. Then, the nanoparticles
were air dried at 4 °C. The non-crosslinked nanoparticles
(1 g) were immersed in 0.05 vol% glutaraldehyde in ace-
tone:water (3:1) solution at 4 °C for 20 h under darkness
for the crosslinking, followed by agitated in 100 mM aque-
ous glycine solution for 2 h to block the residual alde-
hyde groups of glutaraldehyde and washed repeatedly with
deionized water. After freeze-drying, the glutaraldehyde-
crosslinked GA and GB nanoparticles were obtained.

2.3. Measurements

GA and GB nanoparticles were homogenously suspended
in deionized water (pH 5.5). Zeta potentials and sizes of
the GA and GB suspensions were measured by electron
spectrometry (ELS, ELS-7000AS instrument, Otsuka Elec-
tronic, Japan) at 25 °C and an electric field strength of
100 V/em. The zeta potential was automatically calculated
using the Smoluchowski equation. The zeta potentials of
sericin solution were also measured (n = 3).

The amount of free amino (NH,) groups in the nanopar-
ticles before and after crosslinked with glutaraldehyde
was evaluated using the modified 2,4,6-trinitrobenzene
sulphonic acid (TNBS) method.!” Briefly, 5 mg nanopar-
ticles was treated with 1 mL of 4 wt% sodium hydro-
gen carbonate (NaHCO;, pH 8.5) and 1 mL of 0.5 wt%
TNBS at 40 °C for 2 h. Then, 2 mL of 6 N hydrochloric
acid (HCl) was added to the reacting solution and fur-
ther incubated at 60 °C overnight. The absorbance of the
solution was spectrophotometrically determined at 415 nm
after suitable dilution. The amount of free NH, groups was
determined from a standard curve prepared from various
concentrations of [-alanine. The crosslinking degree of
glutaraldehyde-crosslinked GA and GB nanoparticles was
calculated in relative to non-crosslinked nanoparticles as a
control (n = 3).
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Morphology of the dried nanoparticles was observed on
a scanning electron microscope (SEM, JSM 5400, JEOL,
Japan) at an accelerating voltage of 12—15 kV after sputter
coating with gold.

2.4. In Vitro Biodegradation Test

Known weights of the nanoparticles were incubated
in 1 Unit/mL collagenase solution (pH 7.4) containing
0.01 wt% sodium azide as an anti-bacterial at 37 °C.
The enzyme solution was changed every 2 days to ensure
continuous enzyme activity. At the pre-determined time,
the remained nanoparticles were washed repeatedly with
deionized water, and freeze dried. The dried nanoparticles
were weighed and the percentage of remaining weight was
calculated as follows:

Remaining weight (%) = (W,/W,) x 100

where W, and W, represent the weights of nanoparti-
cles before and after degradation at different time intervals,
respectively (n = 3).

2.5. Entrapment Efficiency

Methylene blue and eosin solutions (0.05 wt%) were incu-
bated with the GA and GB nanoparticles at room temper-
ature for 24 h for physical absorption. After air drying, the
methylene blue- or eosin-encapsulated nanoparticles were
obtained. To evaluate the encapsulation efficiency, methy-
lene blue and eosin entrapped in the nanoparticles were
washed out repeatedly with dimethyl sulfoxide (DMSO).
The absorbance of methylene blue and eosin dissolved in
DMSO was measured using a spectrophotometer at the
wavelengths of 570 nm and 522 nm, respectively. The
amounts of methylene blue and eosin were determined
from the standard curves prepared from various dilutions
of methylene blue and eosin, respectively.

Sericin solution (8, 20, and 40 wt%) were incubated
with the GA and GB nanoparticles at 4 °C for 24 h
for physical absorption. After air drying, the sericin-
encapsulated nanoparticles were obtained. To evaluate the
encapsulation efficiency of sericin in the nanoparticles, the
nanoparticles were hydrolyzed with 6 N hydrochloric acid.
The concentration of sericin (total concentration of pro-
tein subtracted with the concentration of gelatin nanoparti-
cles) in the supernatant was measured by the BCA protein
assay kit. The amount of sericin was determined from the
standard curves prepared from various dilutions of sericin.
The entrapment efficiencies of methylene blue, eosin, and
sericin were calculated according to following equation;

Entrapment Efficiencies (EE, %) = (C/C,) x 100
Loading Efficiency (LE, %) = (Cy/Cys) x 100

where C, and C; represent the amounts of compound
loaded and entrapped in the nanoparticles, respectively
while Cy, represents the amount of nanoparticles (n = 3).
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2.6. In Vitro Release Test

The methylene blue-, eosin-, and sericin-encapsulated
nanoparticles were placed in 10 mL PBS at 37 °C under
shaking. At the pre-determined time points, the super-
natant was collected and replaced with same volume of
fresh PBS solution. The concentration of methylene blue,
eosin, and sericin released into the supernatant was mea-
sured as described previously. The percentages of cumula-
tive release of methylene blue, eosin, and sericin from the
nanoparticles were calculated (n = 3).

2.7. In Vitro Cell Viability Test

L929 mouse fibroblast cells were seeded on the 24-well
pates at a density of 2 x 10* cells/well and cultured
in Dulbecco’s Modified Eagle Medium (DMEM) sup-
plemented with 10 vol% fetal bovine serum (FBS) and
100 U/mL penicillin/streptomycin at 37 °C, 5 vol% CO,.
At 1 day after seeding, the medium was removed and
refreshed with fresh medium containing the GA and GB
nanoparticles loaded with sericin and the control sericin
at 8, 20, and 40 mg/mL. The viability of cells cul-
tured in the presence of sericin-encapsulated GA and GB
nanoparticles and the control sericin for 72 h was quan-
tified using the conventional 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay (n = 3).2?
The cell culture supernatants were collected for the
assess of the amount of soluble type I collagen produced
by cells using the Sircol® collagen assay kit (Biocolor
Ltd., Northern Ireland, UK). The results were determined
using a microplate reader (Biohit 830, Biohit®, Helsinki,
Finland) at a wavelength of 500 nm. The amount of col-
lagen was calculated based on a standard curve of soluble
collagen (bovine type I collagen, produced from USA dis-
ease free animals) (n = 3).

All quantitative data were shown as mean = standard
deviation. The statistical significance was determined by
paired and unpaired Student’s z-tests along with ANOVA.
A value of p < 0.05 was considered to be significant.

3. RESULTS

3.1. Physico-Chemical Properties

The physico-chemical properties of GA and GB nanopar-
ticles are presented in Table I. The zeta potential of
GA solution equaled to +11.57 mV while that of GB
solution was —11.70 mV (p = 0.0003). When formed
into nanoparticles, the morphology of the non-crosslinked

Table I. Physico-chemical properties of GA and GB nanoparticles.
Zeta potential Crosslinking degree Average size

Sample (mV) (%) (nm)

GA +11.57+£0.12 36.98+1.38 576.804+49.15

GB —11.70£0.90 40.3942.02* 970.37 4 145.8*

Note: *p < 0.05 significant difference against the value of GA nanoparticles.
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and glutaraldehyde-crosslinked GA and GB nanoparticles
observed by SEM was shown in Figure 1. The irregular-
shaped and aggregated nanoparticles were observed. The
average size of glutaraldehyde-crosslinked GA nanopar-
ticles (576.80 nm), as determined by ELS technique,
was significantly smaller than that of GB nanoparticles
(970.37 nm) (p = 0.0028). The glutaraldehyde-crosslinked
GB nanoparticles (40.39%) showed higher crosslinking
degree than the glutaraldehyde-crosslinked GA nanoparti-
cles (36.98%) (p = 0.0073).

3.2. Biodegradation Rate

Figure 2 presents the percentage of remaining weight
of the glutaraldehyde-crosslinked GA and GB nanopar-
ticles after incubated in PBS (pH 7.4) containing
1 Unit/mL collagenase at 37 °C for different peri-
ods. The glutaraldehyde-crosslinked GB nanoparticles
showed higher percentage of remaining weight than the
glutaraldehyde-crosslinked GA nanoparticles along 14-day
period. The degradation rate of glutaraldehyde-crosslinked
GB nanoparticles was around 1.2% per day while that
of glutaraldehyde-crosslinked GA nanoparticles was 6.6%
per day.

3.3. Entrapment Efficiency

The entrapment and loading efficiencies of methylene blue,
eosin, and sericin in the GA and GB nanoparticles were
presented in Table II. The entrapment and loading effi-
ciencies of methylene blue in GB nanoparticles (92.7
and 46.3%, respectively) were significantly higher than
those of GA nanoparticles (39.5 and 19.8%, respectively)
(p =0.0001-0.0042). On the other hand, the eosin loaded
on GA nanoparticles showed the higher entrapment and
loading efficiencies (42.2 and 21.1%, respectively) than
that loaded on the GB nanoparticles (25.4 and 12.7%,
respectively) (p = 0.0001 —0.0026). In case of sericin, the
entrapment efficiency in the GB nanoparticles (50.1%) was
significantly higher than that of GA nanoparticles (15.3%)
(p =0.0011). On the other hand, the loading efficiencies
of sericin in GA and GB nanoparticles were very low
(0.1-0.4%).

3.4. In Vitro Release Profiles

The profiles of methylene blue, eosin, and sericin released
from the GA and GB nanoparticles were illustrated in
Figure 3. The methylene blue and eosin were released
from the GA nanoparticles at the lower extent than that
of the GB nanoparticles along the period (Figs. 3(a)—(b)).
The release of methylene blue became stable after 7 h
while the release of eosin reached the plateau after 60 h
of incubation. In case of sericin, the opposite trend was
observed. Sericin was burst and completely released from
GA nanoparticles within the first few hours of incubation.
On the other hand, sericin was gradually released from the
GB nanoparticles until completely at 72 h.

Mater. Express, Vol. 5, 2015
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3.5. Viability

The viability of L929 cells cultured in the presence of
sericin-encapsulated GA and GB nanoparticles and the
control sericin was demonstrated in Figure 4(a). The cell
viability was around 80-100% when cultured in the pres-
ence of any concentrations of sericin. The collagen produc-
tion of cells was shown in Figure 4(b). The cells cultured
in the presence of GA and GB nanoparticles encapsulating
8 mg/mL sericin showed a significant amount of collagen
production, comparing to those cultured in the presence of
GA and GB nanoparticles encapsulating 20 and 40 mg/mL
sericin.

4. DISCUSSION

In this study, we have investigated the controlled release
of various model compounds from the nano-carrier, gelatin
nanoparticles. Both type A (GA) and type B gelatins
(GB) were used to fabricate the nanoparticles by water
in oil emulsion technique. The physico-chemical prop-
erties of GA and GB nanoparticles were characterized
and compared. Then, the GA and GB nanoparticles were

Mater. Express, Vol. 5, 2015
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SEM images of the non-crosslinked and glutaraldehyde-crosslinked gelatin nanoparticles. (a), (c¢) GA and (b), (d) GB nanoparticles. (Scale

introduced as the release carriers for various model com-
pounds including methylene blue, eosin, and sericin. The
release behaviors of each compound from the nanoparti-
cles were comparatively studied.

GA and GB nanoparticles were successfully fabri-
cated by water in oil emulsion technique. The nanopar-
ticles obtained had irregular shape with the average size
at around 576-970 nm (Table I). The fabrication of
gelatin nanoparticles by the water in oil emulsion tech-
nique using the high speed homogenization has been
reported elsewhere.?) Although the gelatin nanoparticles
are widely studied, the comparison between GA and GB
nanoparticles in term of drug release carriers has not been
performed. Because the GA and GB are obtained from
the different production processes, their physico-chemical
characteristics (e.g., bloom strength, pl etc.) are different.
Thus, when formed into the nanoparticles, the properties
of GA and GB nanoparticles were supposed to be dif-
ferent. The different properties of GA and GB nanopar-
ticles would consequently result in the specific release
profile of each drug incorporated. Because gelatin is water-
soluble, the gelatin nanoparticles must be crosslinked in

245

3oy



Materials Express

A comparative study of type A and type B gelatin nanoparticles
Aramwit et al.

Article

100 &=—o
————— o
5 B T O----ol
* * e -~

. 80 |
g
E
£ ---GA
' 60
g -0 GB
o
£
c
£ 4
£
Q
4

20

0

0 2 4 6 8 ° 2 *
Time (days)

Fig. 2. The percentage of remaining weight of the glutaraldehyde-
crosslinked GA and GB nanoparticles after incubated in PBS (pH 7.4)
containing 1 Unit/mL collagenase at 37 °C for different periods. *p <
0.05 significant against the value of GA nanoparticles at the corre-
sponding concentration.

order to reduce the solubility and increase their stabil-
ity. Glutaraldehyde which is a protein crosslinking agent
was selected to crosslink the GA and GB nanoparticles
in this study. By glutaraldehyde reaction, the crosslink-
ing bonds between amine groups (NH,) of gelatin and
aldehyde groups of glutaraldehyde were formed.*? The
extent of glutaraldehyde crosslinking mainly depends on
the extent of free amine group of gelatin. GB nanoparti-
cles which had more free amine groups showed the higher
crosslinking degree than the GA nanoparticles (Table T).
This was corresponded to the results reported previously
that the GB electrospun fiber mats were crosslinked by
dehydrothermal and glutaraldehyde vapor to the higher
extent than the GA electrospun fiber mats due to the more
free amine groups of GB.*® The GB nanoparticles with
higher crosslinking extent showed the slower degradation
rate than the GA nanoparticles with lower crosslinking
extent (Fig. 2).

Model compounds having different charge characteris-
tics including the positive-charged methylene blue and the
negative-charged eosin, were loaded in the nanoparticles.
It was found that the entrapment and loading efficien-
cies of methylene blue and eosin depended mainly upon
type of gelatin nanoparticles. The positive-charged methy-
lene blue could be entrapped in the negative-charged
GB nanoparticles at the high efficiency, possibly due to
their attractive electrostatic force. On the other hand,
the positive-charged methylene blue would repel the GA
nanoparticles which had the same charge. The entrap-
ment and loading efficiencies of eosin in the GA and GB
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Fig. 3. The percentage of cumulative release of (a) methylene blue;
(b) eosin; (c) sericin, SS, from the glutaraldehyde-crosslinked GA and
GB nanoparticles after incubated in PBS (pH 7.4) at 37 °C for different
periods.

nanoparticles could also be explained with the same mech-
anism as in the case of methylene blue (Table II). The
phenomenon of electrostatic interaction between drug and
carrier was also reported elsewhere.®

In addition to the methylene blue and eosin, sericin
was introduced as the model of active compound to be

Table II. Entrapment efficiency (EE) and loading efficiency (LE) of methylene blue, eosin, and sericin on GA and GB nanoparticles.

Methylene blue Eosin Sericin
Sample EE (%) LE (%) EE (%) LE (%) EE (%) LE (%)
GA 39.5+0.5 19.84+0.2 422422 21.1£1.1 153425 0.14+0.02
GB 92.7+£7.2* 46.3+3.6* 25.4+0.5* 12.740.3* 50.1+4.0¢ 0.440.03

Note: *p < 0.05 significant difference against the value of GA nanoparticles.
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investigated its release pattern from the GA and GB
nanoparticles. Herein, the sericin at 8, 20, and 40 mg/mL
showed negative charge at —5.4, —12.3, and —17.5 mV,
respectively. Interestingly, we found that the negative-
charged sericin could be entrapped in the negative-charged
GB nanoparticles at the high extent although they are the
same charge. This meant that the electrostatic interaction
might not always be the main mechanism for the encap-
sulation of sericin in the nanoparticles. The other factors
such as the molecular size of active compounds and size
of carriers would also have influence on the release behav-
ior over the electrostatic interaction. Methylene blue and
eosin were the small molecules with the molecular weight
of 319 and 691 Da, respectively, while the sericin has a
broad molecular weight between 25—-150 kDa. It is possi-
ble that the large molecule of sericin would be preferable
to entrap in the larger size of GB nanoparticles.
Considering the release behavior, GA and GB showed
the different release profiles of methylene blue and eosin.
The release mechanism of methylene blue and eosin was
mainly the diffusion because there was no enzymatic
degradation in the release experiment. We also found that
the release mechanism could not always be explained
by the electrostatic interaction. The repulsive force of
same-charged molecules (methylene blue and GA) did not
always accelerate the release of compound (Fig. 3(a)).
There might be the other forces e.g., van der Waals,
hydrogen bonding, etc. that governed the release behaviors
of molecules from carriers. The release of sericin from
GA and GB nanoparticles showed significantly different

Mater. Express, Vol. 5, 2015

profiles (Fig. 3(c)). Sericin could not be controlled released
from GA nanoparticles. It was completely burst out at
the beginning, possibly because of the low stability of
the lower crosslinking GA nanoparticles. On the other
hand, the higher crosslinking GB nanoparticles could con-
trol the release of sericin. Furthermore, the small size
of GA nanoparticles would not support the entrapment
of the large molecule of sericin, then it may acceler-
ate the burst release. When comparing the release pro-
files between small molecule (methylene blue and eosin)
and large molecule (sericin), the noticeably difference was
observed. This may be explained that the release profile
of molecules also depended on the loading mechanism.
Large molecule of sericin may be adsorbed only on the
surface but not entrapped inside the nanoparticles while
small molecules like methylene blue and eosin may be
loaded inside the nanoparticles.

The sericin-encapsulated nanoparticles were further
tested for their biological activities with 1929 cells.
Because the sericin had biological effects in a dose-
dependent manner, various concentrations of sericin were
loaded into the GA and GB nanoparticles. The concen-
trations of sericin loaded into nanoparticles were selected
based on the data of our previous study.('” The sericin-
encapsulated nanoparticles and the free sericin at all
concentrations were not toxic to 1929 cells (Fig. 4(a)).
Surprisingly, we found that the cells cultured in the pres-
ence of GA and GB nanoparticles loaded with 8§ mg/mL
sericin produced the highest amount of collagen. The rea-
son for this phenomenon was not clear at present. It was
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likely to be that this concentration range of sericin released
from the GA and GB nanoparticles loaded with 8 mg/mL
sericin was optimal to activate the collagen production
of 1929 cells, compared to the nanoparticles loaded with
sericin and free sericin at other concentrations. Further-
more, the sericin-encapsulated gelatin nanoparticles would
be uptaken by cells to promote intracellular signaling for
collagen production, resulting in the enhanced biological
activities. The uptake of nano-carrier by cells to promote
biological signaling was reported elsewhere. 326

Taken together, it could be summarized that different
model compounds showed the different release behaviors
when incorporated in GA and GB nanoparticles. The selec-
tion of type of gelatin nanoparticles would be very impor-
tant to get the desired release profile of each compound.
Furthermore, the release mechanisms of compounds from
carriers would be explained by electrostatic force, van
der Waals, hydrogen bonding, or some others. We also
concluded that the active compound like sericin when
incorporated in the gelatin nanoparticles remained its bio-
logical activities. Based on our best knowledge, we are the
first report of the direct comparison on the properties of
GA and GB nanoparticles as the release carriers. The data
from this study would be informative for the application
of gelatin nanoparticles in drug delivery system.
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Abstract

candidate for anti-bacterial applications.

In this study, a ‘green chemistry’ approach was introduced to synthesize silk sericin (SS)-capped silver nanoparticles
(AgNPs) under an alkaline condition (pH 11) using SS as a reducing and stabilizing agent instead of toxic chemicals.
The SS-capped AgNPs were successfully synthesized at various concentrations of SS and AgNOs, but the yields
were different. A higher yield of SS-capped AgNPs was obtained when the concentrations of SS and AgNOs5 were
increased. The SS-capped AgNPs showed a round shape and uniform size with diameter at around 48 to 117 nm.
The Fourier transform infrared (FT-IR) spectroscopy result proved that the carboxylate groups obtained from alkaline
degradation of SS would be a reducing agent for the generation of AgNPs while COO™ and NH, * groups stabilized
the AgNPs and prevented their precipitation or aggregation. Furthermore, the SS-capped AgNPs showed potent
anti-bacterial activity against various gram-positive bacteria (minimal inhibitory concentration (MIC) 0.008 mM) and
gram-negative bacteria (MIC ranging from 0.001 to 0.004 mM). Therefore, the SS-capped AgNPs would be a safe

Keywords: Green synthesis; Silver nanoparticle; Silk sericin; Alkaline degradation; Anti-bacterial activity

Background

Over the last decades, silver nanoparticles (AgNPs) have
been widely used in catalytic, optic, electronic, and other
applications due to their unique size-dependent proper-
ties and high surface-to-volume ratio, which are signi-
ficantly different from those of the corresponding bulk
materials [1]. Recently, there has been a great deal of in-
terest in the effective anti-bacterial/anti-fungal activity of
AgNPs [2-5]. In fact, it is well known that Ag ions (Ag")
and Ag-based compounds have strong biocidal effects
on as many as 12 species of bacteria including Escheri-
chia coli [6]. Das et al. showed that AgNPs with a 12-nm
size could be used as effective growth inhibitors against
Bacillus subtilis, Staphylococcus aureus, and Pseudo-
monas aeruginosa [3]. Kim et al. reported that yeast and
E. coli were inhibited at the low concentration of AgNPs
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[7]. Furthermore, silver exhibits low toxicity and min-
imal risk in the human body [8].

AgNPs can be synthesized by a variety of methods
such as reverse micelle process [9], chemical reduction
[10], microwave dielectric heating reduction [11], ultra-
sonic irradiation [12], radiolysis [13], solvothermal synthe-
sis [14], electrochemical synthesis [15], bacterial synthesis
[16], etc. Among these methods, chemical reduction is
one of the easiest and widely used techniques. Solomon
et al. have reported the chemical reduction of silver nitrate
using sodium borohydride to synthesize stable and non-
aggregated AgNPs [17]. Sodium dodecyl sulfate, sodium
citrate, and hydrazine hydrate solution were also used as
stabilizing and reducing agents to prepare AgNPs with
high anti-microbial activity against gram-positive bacteria
[18]. However, these chemical methods use organic sol-
vents and toxic reducing agents, consume high energy,
and require difficult waste treatment. Recently, resear-
chers have an increasing awareness about the environ-
ment. The use of toxic chemicals and solvents should be
avoided, contributing to the emergence of ‘green chemis-
try’ for the synthesis of AgNPs [19-23]. Utilizations of

© 2014 Aramwit et al,; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly credited.
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environmentally friendly or naturally derived materials
are some of the key issues of a green synthesis strategy
[19-23]. Various types of microorganisms have been re-
ported to synthesize AgNPs either intra- or extracellularly
[19,20]. Also, stable AgNPs could be synthesized by using
polysaccharides such as starch as both reducing and sta-
bilizing agents [21,22]. AgNPs were synthesized by au-
toclaving a solution of AgNO; and starch [21]. Starch
undergoes hydrothermal hydrolysis in an autoclave to pro-
duce glucose. Thus, starch can be used instead of pure
glucose for the synthesis of AgNPs. In addition to polysac-
charides, proteins, which are naturally abundant non-
toxic materials and available from various sources, are
introduced for AgNP synthesis. Zhao et al. have synthe-
sized a AgNP-embedded soy protein isolation (SPI) film
[24]. The whole reaction process was carried out by ex-
posure to white light at ambient temperature, which
is highly energy-efficient and eco-friendly. Moreover,
the AgNP-embedded SPI film showed an effective anti-
microbial activity against both gram-positive and gram-
negative bacteria. Sasikala et al. have introduced the
capabilities of the miracle bean soybean Glycine max as a
stabilizer in the production of AgNPs [25]. Irwin et al. re-
ported that keratin-stabilized AgNPs at 0.3 to 3 uM com-
pletely inhibited the growth of an equivalent volume of ca.
10° to 10* colony-forming units per milliliter (CFU/mL)
of S. aureus, Salmonella typhimurium, or E. coli [26].

In this study, silk sericin protein was introduced for
AgNP synthesis. Silk sericin (SS) is a water-soluble pro-
tein extracted from silkworms. Currently, SS is considered
as a waste product from the textile industry. It is highly
hydrophilic with strong polar side chains such as hydroxyl,
carboxyl, and amino groups. Recently, SS has been widely
used in biomaterial applications due to its biocompatibility,
biodegradability, and anti-oxidative and bioactive activities.
We herein introduced SS as a reducing and stabilizing
agent for AgNP synthesis. Due to the results, SS can be
used instead of other natural products to easily produce
AgNPs. The effects of reaction conditions including
the pH value and concentrations of SS and silver nitrate
(AgNO3) solutions on AgNP formation were investigated
via a UV-visible (UV-Vis) spectrophotometer, transmission
electron microscope (TEM), and colorimeter. The size and
zeta potential of the SS-capped AgNPs were determined by
using Zetasizer. The chemical structure of the SS-capped
AgNPs was analyzed by attenuated total reflection Fourier
transform infrared (ATR FT-IR) spectroscopy. The anti-
microbial activity of the SS-capped AgNPs against gram-
positive and gram-negative bacteria was evaluated.

Methods

Materials

Fresh bivoltine white-shell cocoons of Bombyx mori pro-
duced in a controlled environment were kindly supplied by
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Chul Thai Silk Co., Ltd. (Petchaboon province, Thailand).
Silver nitrate (AgNOj3), sodium hydroxide (NaOH), and
other chemicals were of analytical grade and used without
further purification.

Preparation of silk sericin solution

The silkworm cocoons were cut into small pieces, and SS
was extracted using a high-temperature and high-pressure
degumming technique [27]. Briefly, the cocoons were put
into deionized (DI) water and then autoclaved at 120°C
for 60 min. After filtration through a filter paper to re-
move fibroin fibers, the SS solution was concentrated until
the desired concentration was achieved (approximately
7 wt%, measured by the BCA protein assay kit, Pierce,
Rockford, IL, USA). This SS solution was used as a stock
solution. The molecular weight of the SS obtained ranged
from 25 to 150 kDa, as reported previously [28].

Synthesis of SS-capped AgNPs

The SS solution was diluted to 5, 10, and 20 mg/mL,
and NaOH was added to adjust the pH of the SS solu-
tion to be 9 and 11. The prepared SS solution was added
to the AgNOs solution (1, 5, and 10 mM) under constant
stirring. The mixture was stirred at room temperature
overnight. The transparent solution which turned yellow
indicated the formation of SS-capped AgNPs.

Characterization of SS-capped AgNPs

UV-Vis absorption spectra of the SS-capped AgNPs were
measured using a UV-Vis spectrophotometer (Perkin-
Elmer LAMBDA 25, Waltham, MA, USA), from 300 to
600 nm, to evaluate the formation and yield of SS-capped
AgNPs. For the stability test, the SS-capped AgNP suspen-
sion was stored at different temperatures (4°C, 25°C, and
37°C) and the yield was analyzed at each pre-determined
time. The concentrations of formed AgNPs were obtained
from the calibration method. To construct the calibration
curve, AgNP colloid standards at various initial AgNOj3
concentrations were prepared by reducing AgNOj; with
NaBH, in the SS solution. The amount of NaBH, used in
the reaction was excessive, and the dissolved silver ions
completely transformed into metallic silver. The charac-
teristic plasmon absorption at 420 nm was plotted against
the initial concentration of AgNO3; and employed as
a calibration curve. The plasmon absorption intensity
at 420 nm directly related to the amount of AgNPs
formed. The color of the SS-capped AgNP suspension
was determined using a colorimeter (Konica Minolta
CR 400, Chiyoda-ku, Japan). The CIELab scale was
used; lightness (L*) and chromaticity parameter b*
(yellow-blue) were measured. The size and zeta po-
tential of SS-capped AgNPs were determined by Zetasizer
Nano Range (Malvern Instruments Ltd, Malvern, UK). A
drop of SS-capped AgNPs was placed on carbon-coated
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Figure 1 Formation of SS-capped AgNPs at pH 9 and 11. (A) 5 mg/mL SS+1, 5, 10 mM AgNOs at pH 9, (B) 10 mg/mL SS+1, 5, 10 mM
AgNO; at pH 9, (C) 5 mg/mL SS+1, 5, 10 mM AgNOs at pH 11, (D) 10 mg/mL SS+ 1, 5, 10 mM AgNOs at pH 11.
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copper grids and observed on TEM (Hitachi H-7650,
Chiyoda-ku, Japan).

The chemical structure of the SS-capped AgNPs was
analyzed by ATR FT-IR spectroscopy. Briefly, the SS-
capped AgNP suspension was dropped on a glass slide
and left to dry overnight under an ambient condition.
The ATR spectrum was collected by a germanium micro-
internal reflective element (IRE) attached onto the built-
in x 15 infrared objective. A sufficient contact between the
tip of the IRE and the sample was achieved by raising the
sample stage towards the IRE. The degree of contact was
monitored by a built-in pressure sensor on the sample
stage. The ATR spectra were collected via a continuum
infrared microscope attached to a Nicolet 6700 FT-IR
spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA) using a 256-scan co-addition at a resolution of
4 cm™" with a built-in nitrogen-cooled mercury-cadmium-
telluride (MCT) detector.

Evaluation of anti-bacterial activities of SS-capped AgNPs
All bacterial experiments were performed in a laminar
flow hood according to the full aseptic technique pro-
tocol. The researchers wore a cap, a mask, and gloves
during the experiment to prevent the contamination
of harmful bacteria. The anti-bacterial activities of SS-
capped AgNPs were analyzed by broth dilution method
against six different pathogenic microorganisms includ-
ing gram-positive bacteria (Bacillus subtilis, S. aureus,
and methicillin-resistant S. aureus (MRSA)) and gram-
negative bacteria (E. coli, P. aeruginosa, and Acinetobacter
baumannii). The pure cultures of bacteria were subcul-
tured on Mueller-Hinton agar (MHA). Each strain was
inoculated into soybean casein digest (tryptic soy broth
(TSB)) for 4 to 6 h at 37°C. The growth cultures were di-
luted to 5 x 10° CFU/mL. AgNP suspension (1 mL) was
added to the mixture of TSB (1 mL) and the bacterial
culture (1 mL). After incubation at 37°C for 24 h, the

Table 1 Yield, size, and zeta potential of SS-capped AgNPs synthesized from SS and AgNO; at pH 11

Sample Yield of AgNPs (mM) Size (nm) Zeta potential (mV)
5 mg/mL SS+1 mM AgNO3 0.06 958+09 -23.7+06
5 mg/mL SS+5 mM AgNO3 0.75 488+ 0.1* -252+02
5 mg/mL SS+ 10 mM AgNO; 0.88 552+ 0.6% -171+£06
10 mg/mL SS+1 mM AgNOs 0.04 1170+68 -220+0.1
10 mg/mL SS+5 mM AgNOs 0.66 48.1+£0.2% -255+09
10 mg/mL SS+ 10 mM AgNO3 093 636+ 1.6% -188+23

*p < 0.05, significant against the values of SS-capped AgNPs synthesized from 1 mM AgNOs at the corresponding SS concentration.



Aramwit et al. Nanoscale Research Letters 2014, 9:79
http://www.nanoscalereslett.com/content/9/1/79

minimal inhibitory concentration (MIC) was examined.
It is expressed as the lowest dilution which inhibited
growth, judged by the lack of turbidity in the tube. After
the bacterial experiment, the used cap, mask, and gloves
were autoclaved before disposal. The flasks were auto-
claved for sterilization, and the area was disinfected with
70% ethanol.

Statistical analysis

All the results were statistically analyzed by the unpaired
Student's ¢ test, and p < 0.05 was considered to be statis-
tically significant. Data were expressed as the mean
standard deviation.

Results and discussion

In this work, SS was selected as a reducing and a stabil-
izing agent for the synthesis of AgNPs under an alkaline
condition due to its being environmentally friendly, bio-
compatibility, and functional groups with reducing po-
tential. The effects of pH and concentrations of AgNO;
and SS on the formation of SS-capped AgNPs are shown
in Figure 1. It was found that the SS-capped AgNPs
could not be formed at pH 9 at any concentration of SS
and AgNO;. On the other hand, at pH 11, all concen-
trations of SS (5 and 10 mg/mL) and AgNOs (1, 5, and
10 mM) formed SS-capped AgNPs with different yields.
This is because the functional groups with reducing po-
tential of SS could be obtained from the alkaline degra-
dation [29-31]. SS is a hydrophilic protein with strong
polar side chains such as hydroxyl, carboxyl, and amino
groups. It was supposed that the SS degraded under
strong alkaline condition would generate the reducing
species that could reduce silver ions [21]. Furthermore,
the abundant hydroxyl groups of SS were expected to
complex with the silver ion and prevent aggregation or
precipitation of AgNPs [21,32]. The effect of the acidic-
alkaline treatment of soluble starch on the synthesis of
metal nanoparticles was reported by Tongsakul et al.
[29]. They found that degraded intermediates with redu-
cing potential (i.e., aldehyde and a-hydroxy ketone) of
starch are concomitantly generated when the alkaline
concentration is greater than 0.025 M and the in situ
generated species could completely reduce platinum ions
(20 mM) and sufficiently stabilize the obtained plati-
num nanoparticles (5 mM) of uniform particle size (2
to 4 nm).

Table 2 Color quantitative results of SS-capped AgNP
suspension synthesized from SS and AgNO; at pH 11

Sample L* b*
5 mg/mL SS+5 mM AgNOs 17.7+£0.0 03+00
10 mg/mL SS+5 mM AgNOs 17.7+04 04+0.1

L* indicates brightness ranging from black (L*=0) to white (L*=100). b*
indicates blue-yellow color, value ranged from -60 (blue) to 60 (yellow).
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5 mg/mL SS + 5mM AgNO,
= 10 mg/mL SS + 5 mM AgNO
= 15 mg/mL SS + 5mM AgNO,
=== 20 mg/mL SS + 5 mM AgNO
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Figure 2 Formation of SS-capped AgNPs synthesized from SS
and AgNO; at pH 11.

The SS-capped AgNPs had a yellow-brown color with
a typical absorption peak of AgNPs at 420 nm [21]. The
yield of SS-capped AgNPs increased with the increasing
concentration of AgNO3. However, the concentration of
SS seemed to show less effect on the yield of SS-capped
AgNPs. Yields of SS-capped AgNPs synthesized at pH 11
are presented in Table 1. It was clearly seen that the yields
of SS-capped AgNPs synthesized from 10 mg/mL SS +
1 mM AgNO; were the lowest (0.04 mM) while those syn-
thesized from 10 mg/mL SS+ 10 mM AgNO; were the
highest (0.93 mM) according to the absorption intensity
and AgNP concentration standard curve. At both 5 and
10 mg/mL SS, AgNO; at 5 and 10 mM produced 0.66 to
0.93 mM SS-capped AgNPs. The colors of the AgNP sus-
pension were quantitatively evaluated as presented in
Table 2. L* and b* indicated the lightness and yellow-blue
color of the suspension, respectively. The AgNP suspen-
sions synthesized from 5 or 10 mg/mL SS + 1 mM AgNO;
were lighter (higher L* values) and more likely yellow
(higher b* values) than those synthesized from 5 or
10 mg/mL SS+5 mM AgNOs;. The lighter color of the
AgNP suspension indicated a lower yield of SS-capped
AgNPs than the darker (brown) suspension. Thus, the
higher concentration of AgNOj3 produced the higher yield
of SS-capped AgNPs.

The effects of the wider range of SS concentration (5,
10, 15, and 20 mg/mL) at a fixed concentration of AgNO;
(5 mM) on the formation of SS-capped AgNPs were

Table 3 Yield of SS-capped AgNPs synthesized from SS
and AgNOs at pH 11

Sample Yield of AgNPs (mM)
5 mg/mL SS+5 mM AgNO; 047
10 mg/mL SS+5 mM AgNO; 063
15 mg/mL SS+5 mM AgNO; 1.26

20 mg/mL SS+5 mM AgNO;
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5 mg/mL SS + 5 mM AgNO3 10mg/mL SS + 5mM AgNO3

O

Figure 3 Morphology of SS-capped AgNPs synthesized from SS
and AgNO; at pH 11, observed on TEM. Scale bar=1 pum.
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Figure 4 Normalized ATR FT-IR spectra of virgin sericin and
AgNPs. The intensity was normalized against the absorption at
1,070 cm™'. (A) Original SS shows characteristic absorptions of
protein including amide | (1,700 to 1,600 cm™, asterisk), amide |l
(1,560 to 1,500 cm™", asterisk), and amide Il (1,300 to 1,200 cm™,
asterisk). (B) SS-capped AgNPs show new functional groups including
carboxylate (1,451, 1,404, 1,353 cm™!, asterisk) and amine salt
(830 cm ™, asterisk). (C) Thermally treated SS-capped AgNPs
show the same functional groups as those in (B).
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Table 4 Infrared band assignment of silk sericin and
SS-capped AgNPs

IR band (cm™) Band assignment

1,700 to 1,600 Amide | (C= O stretching vibration)

1,560 to 1,500 Amide Il (N-H bending and C-N stretching
vibration)

1,300 to 1,200 Amide Il (C-N-H in-plane bending and C-N
stretching vibration)

1,451, 1,404, 1,353 Free carboxylate groups (COO™ stretching
vibration)

830 Amine salt

further investigated, as shown in Figure 2. It was found
that 5, 10, and 15 mg/mL of SS +5 mM of AgNO; could
produce SS-capped AgNPs and the yield increased
with the increasing concentration of SS (0.47, 0.63,
and 1.26 mM, respectively), as presented in Table 3.
Interestingly, at 20 mg/mL of SS, the peak absorption
at 420 nm was not observed. The mechanism of this
phenomenon was not clearly understood at present.
It was supposed that the high SS concentration provided
excessive stabilization of Ag®. As a result, Ag* was slowly
reduced. An increase in the absorption at 420 nm or in-
tense yellow color over time was observed.

Sizes and zeta potentials of SS-capped AgNPs synthe-
sized at pH 11 are presented in Table 1. The SS-capped
AgNPs synthesized from 5 or 10 mg/mL SS+1 mM
AgNO; showed the largest size (95.8 and 117 nm, re-
spectively). When the concentration of AgNO3; was in-
creased to 5 or 10 mM, SS-capped AgNPs with smaller
size (48 to 63 nm) were formed. However, it seemed that
sizes of all nanoparticles were in a similar range (48 to
117 nm). TEM images in Figure 3 qualitatively show the
round shape of SS-capped AgNPs and confirm their size

< 0.081

ot
o
)

Amount of

o o
o o
I~

o

Incubation time (day)

Figure 5 Stability of SS-capped AgNPs synthesized at pH 11
when stored at different temperatures. (empty square) 5 mg/mL
SS+5 mM AgNOs, 37°C, (filled square) 10 mg/mL SS+5 mM
AgNOs, 37°C, (empty triangle) 5 mg/mL SS+ 5 mM AgNOs, 25°C,
(filled triangle) 10 mg/mL SS +5 mM AgNOs, 25°C, (empty circle)

5 mg/mL SS+5 mM AgNOs, 4°C, (filled circle) 10 mg/mL SS+5 mM
AgNO;, 4°C.
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Table 5 Anti-bacterial activity of SS-capped AgNPs (5 mg/mL SS + 5 mM AgNO3) against gram-positive and

gram-negative bacteria

Gram Bacterial strain Concentration of SS-capped AgNPs (mM) MIC (mM)
0.001 0.004 0.008 0.017 0.034
+ MRSA T T/C C C C 0.008
S. aureus T T/C C C @ 0.008
+ B. subtilis T T/C @ C @ 0.008
- P. aeruginosa T C C C 0.004
- A. baumannii C @ C @ 0.001
- E. coli T C C C 0.004

T, turbid suspension; T/C, slightly turbid suspension; C, clear solution.

as reported in Table 1. Zeta potentials of all SS-capped
AgNPs were around -25 to -17 mV, indicating their
high stability.

Figure 4 and Table 4 show the normalized ATR FT-IR
spectra and infrared band assignment of the original SS
and SS-capped AgNPs. The spectrum of the original SS
(Figure 4(A)) showed characteristic absorptions of pro-
tein including amide I (1,700 to 1,600 cm™), amide II
(1,560 to 1,500 cm 1), and amide III (1,300 to 1,200 cm™Y)
[33]. After the addition of silver salt under an alkaline
condition (Figure 4(B)), an obvious presence of new
functional groups including carboxylate (1,451, 1,404,
1,353 cm™!) and amine salt (830 cm™t) was observed. The
new absorptions indicated the hydrolysis of amide linkage
into its basic structural units [34]. The carboxylate groups
also function as a weak reducing agent for the generation
of AgNPs [35-38]. This FT-IR data proved the mechanism
of how SS under an alkaline condition formed the AgNDs.
In addition, the reduction reaction was accelerated by the
thermal treatment of the SS-capped AgNPs (Figure 4(C)).
The carboxylate (COO~) and amine (NH, *) moieties were
clearly present. It was reported that these moieties could
stabilize AgNPs through the donated lone pair electrons
to the surface of metal nanoparticles [35,38]. An excellent
stabilization of AgNPs by COO™ and NHj groups also
prevented precipitation and aggregation of the nano-
particles [21,32].

The synthesized SS-capped AgNPs were stored at dif-
ferent temperatures (4°C, 25°C, and 37°C) for 7 days to
observe their stability, as shown in Figure 5. It was found
that the SS-capped AgNPs stored at 4°C were rather
stable along the 7-day period; on the other hand, more
SS-capped AgNPs were formed when stored at 25°C and
37°C. This might be that the reduction reaction contin-
ued at higher temperature.

The anti-bacterial activity of SS-capped AgNPs against
gram-positive and gram-negative bacteria is shown in
Table 5. The SS-capped AgNPs synthesized from 5 mg/mL
SS+5 mM AgNO; were selected for the study due to
their high yield and stability. We found that the growth
of all gram-positive bacteria (MRSA, S. aureus, and

B. subtilis) was potentially inhibited by SS-capped
AgNPs (MIC 0.008 mM) while the SS-capped AgNPs
inhibited the growth of gram-negative bacteria at a
lower MIC (0.004 mM for P. aeruginosa and E. coli and
0.001 mM for A. baumannii). This result clearly eluci-
dated the effectiveness of our SS-capped AgNPs for anti-
bacterial applications.

Conclusions

SS-capped AgNPs were successfully synthesized under
an alkaline condition (pH 11) via a green chemistry
approach using SS as a reducing and stabilizing agent.
The higher concentrations of SS and AgNOj increased
the yield of SS-capped AgNPs. Sizes of the SS-capped
AgNPs were around 48 to 117 nm. The FT-IR result
proved that the carboxylate groups obtained from alka-
line degradation of SS would be a reducing agent for the
generation of AgNPs while COO™ and NH;; groups stabi-
lized the AgNPs and prevented their precipitation or
aggregation. Furthermore, the SS-capped AgNPs showed
potent anti-bacterial activity against various gram-positive
and gram-negative bacteria. We therefore introduced the
SS-capped AgNPs as a safe candidate for anti-bacterial
applications.
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Silk sericin has been recently investigated for many biological roles. This study aimed to develop the new
delivery system to control the release of silk sericin. The alginate microparticles encapsulating silk sericin
were fabricated by electrospraying technique. Concentrations of silk sericin and alginate polyelectrolyte
solutions were investigated. All microparticles had an average size of 264—284 um and could entrap silk
sericin with high entrapment efficiency (84—89%). The microparticles could deliver silk sericin in a rate-

controlled manner. This study would show a promising controlled release application of silk sericin
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protein from alginate microparticles fabricated by the means of electrostatic forces.

Published by Elsevier B.V.

1. Introduction

Electrospraying (electrohydrodynamic spraying) is a method of
liquid atomization by means of electrical forces. In this process, the
high voltage is applied to a liquid flowing out of a capillary nozzle.
The liquid is forced by the electric field to be dispersed into fine
droplets. Since the droplets are electrically charged so that their
motion is facilitated, the droplet coagulation is not occurred. The
size of electrosprayed droplets can range from hundreds micro-
meters down to tens of nanometer and their size distribution can
be nearly monodisperse. The droplet size can be easily controlled
by adjusting the operating conditions, such as feed rate, working
voltage, the distance from needle-to-collector, needle diameter and
polyelectrolyte concentrations [1]. Electrospraying technique has
been widely applied in both industrial processes and scientific
research applications. It has also opened new routes to micro- and
nano-technology, for example, micro- or nano-particle production
and micro- or nano-capsule formation [2—4|. Many researches in
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0304-3886/$ — see front matter Published by Elsevier B.V.
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electro-microencapsulation are aimed at developing new drug
delivery systems [2,3,5].

Controlled release system has been used to deliver drugs or
bioactive molecules in order to achieve a therapeutic effect at a
target site. The advantages of controlled release system are lower
dose of drug required and avoiding the side effect of drug to other
organs. Various formulations of controlled release system including
films, hydrogels, micelles, as well as microparticles have been
investigated [6—9]. Recently, microparticles are widely used as
controlled release carriers because they can deliver drug in a rate-
controlled and targeted manner and can also be applied either as
implantable or injectable carriers [9,10].

Natural materials are widely used to produce microparticles due
to their biocompatibility and biodegradability. Alginate is one of the
most commonly used biomaterials. Alginate is a naturally occurring
anionic polysaccharide found in cell walls of marine brown algae. It
is a linear copolymer with homopolymeric blocks of (1-4)-linked §-
p-mannuronate (M) and its C-5 epimer a-L-guluronate (G) residues,
respectively, covalently linked together in different sequences or
blocks. Alginate shows gelling properties in the presence of diva-
lent cations such as Ca®>*, Sr** or Zn®*. The gelation phenomenon
can be explained by the egg-box model in which divalent cation
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binds to two carboxyl groups on the adjacent alginate molecules
[11,12]. The hydrogel properties of calcium alginate beads have
been proposed for controlling the release of small molecules and
proteins [13,14].

Silk sericin, a biocompatible protein derived from the silkworm
cocoons, is highly hydrophilic with strong polar side chains such as
hydroxyl, carboxyl and amino groups. The biological roles of silk
sericin have been recently investigated by many researchers
[15,16]. They reported that silk sericin is an anti-oxidant, bio-ad-
hesive and bioactive agent, as well as a promising implant for
tissue-supporting prosthetics of human body [16]. It has been
demonstrated that after blending with other polymers, silk sericin
can form a scaffold with suitable properties for tissue engineering
applications [17,18]. It was also reported that silk sericin enhanced
attachment and proliferation of human skin fibroblasts [19,20].
Although many biological properties of silk sericin have been
established, the delivery of sericin still needs further development
in order to achieve the controlled release of sericin and provide the
optimum concentration for its biological effects at a target site.

In this study, silk sericin/alginate microparticles were produced
by electrospraying technique aimed at the controlled release of silk
sericin. Concentrations of silk sericin and alginate polyelectrolyte
solutions were varied to investigate the formulation of micropar-
ticles which provided the controlled release of silk sericin. Size of
microparticles and encapsulation efficiency of silk sericin in mi-
croparticles were evaluated. The in vitro release test of silk sericin
from the microparticles was performed in phosphate buffered sa-
line (PBS, pH 7.4). This study would show a promising controlled
release application of silk sericin protein from alginate micropar-
ticles fabricated by the means of electrostatic forces.

2. Materials and methods
2.1. Materials

The fresh bivoltine white-shell cocoons of Bombyx mori pro-
duced in a controlled environment were kindly supplied by Chul

Negative electrode

Applied voltage
15kV

4

+++++++
— 9 » o<

Ground electrode

Thai Silk Co., Ltd. (Petchaboon province, Thailand). Alginate acid
sodium salt (180947, MW 120,000—190,000 g/mol, viscosity 15—
20 cP for 1% in water) was purchased from Sigma—Aldrich Co., Ltd.
Other chemicals were analytical grade and used without further
purification.

2.2. Preparation of silk sericin solution

The silkworm cocoons were cut into small pieces and the sericin
was extracted using a high temperature and pressure degumming
technique [21]. Briefly, the cocoons were put into deionized (DI)
water and then autoclaved at 120 °C for 60 min. After filtration
through a filter paper to remove fibroin fibers, the silk sericin so-
lution was concentrated until the desired concentration was ach-
ieved (approximately 7 wt%, measured by the BCA protein assay Kit,
Pierce, Rockford, IL, USA). The molecular weight of silk sericin ob-
tained was ranging from 25 to 150 kDa, as reported previously [22].

2.3. Preparation of silk sericin/alginate microparticles by
electrospraying technique

The preparation of silk sericin/alginate microparticles was car-
ried out according to the scheme presented in Fig. 1 (the photo-
graph of instrument set up was shown in Fig. S1). The
microparticles were fabricated by electrospraying of silk sericin/
alginate solution into CaCl;, solution, according to the method re-
ported by Zahoor et al. (2006) with slight modifications [23].
Briefly, stock solutions of silk sericin and alginate were prepared in
deionized water under magnetic stirring at 500 rpm, 40 °C. Silk
sericin (2% and 3% w/v) and alginate solutions (0.25% and 0.5% w/v)
were mixed to obtain homogeneous silk sericin/alginate solutions.
The viscosity of the solutions was determined at 25 °C in a water
bath using a viscometer (Model LVDV-II", BROOKFIED) while the
electrical conductivity of the solutions was measured using a
multimeter (Model tetracon 325, Inolab).

Then, the silk sericin/alginate solutions were extruded dropwise
into CaClj; solution (2.5% w/v) through a 18-gauge blunt needle of a

Silk sericin/alginate solution

- Concentrations of silk sericin: 2 and 3 %w/v

- Concentrations of alginate: 0.25 and 0.50 %w/v
- Flow rate: 1 mlh

_-1 8-gauge needle

25cm

2.5% wilv CacCl, solution

Silk sericin/alginate microparticle

21x29cm?

Fig. 1. Scheme production of silk sericin/alginate microparticles by electrospraying technique.
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glass syringe connected with the syringe pump (Model 781100, KD
Scientific), the negative generator high voltage (Model UC5-30N,
Gamma High Voltage Research) and power supply (HY3003, Gold-
Tool). The applied voltage and feeding flow rate were fixed at 15 kV
and 1 ml/h, respectively. Under gentle magnetic stirring at 100 rpm,
room temperature for 30 min, microparticles were formed in CaCl,
solution. Then, the microparticles in CaCl; solution were centrifuged
at 5000 rpm for 10 min to collect the microparticles. The micro-
particles were washed twice with deionized water and then frozen
at —20 °C overnight prior to lyophilization process for 2 days. The
microparticles were kept at 4 °C until used for experiments.

2.4. Morphological observation and size measurement

The morphology of silk sericin/alginate microparticles was
observed on a scanning electron microscope (SEM, JSM 5400, JEOL)
at an accelerating voltage of 12—15 kV after sputter-coating with
gold. The average size of the microparticles was measured from the
randomly selected 100 microparticles per each formulation when
observed on an inverted microscopy.

2.5. Silk sericin entrapment efficiency

The total content of silk sericin in silk sericin/alginate micro-
particles was evaluated. The dried microparticles were accurately
weighed and put in tri-sodium citrate buffer followed by contin-
uous shaking at 200 rpm to completely dissolve the silk sericin/
alginate microparticles. The concentration of silk sericin protein in
the supernatant was measured by the BCA protein assay kit. The
entrapment efficiency of silk sericin was calculated according to
following equation;

. . . G
%Entrapment efficiency of silk sericin = (?X) x 100
i
where Cy is the amount of silk sericin entrapped in microparticles
and G is the amount of silk sericin initially incorporated into silk
sericin/alginate solution.

2.6. In vitro release of silk sericin from microparticles

The silk sericin/alginate microparticles (10 mg) were placed into
1 ml phosphate-buffered saline solution (PBS, pH 7.4) and incu-
bated at 37 °C with a continuous stirring at 200 rpm. The PBS so-
lutions were collected at different time points and the amount of
silk sericin released into the solution was measured using a BCA
protein assay kit. The absorbance was measured at 562 nm and the
amount of sericin released was determined from a standard curve
prepared from different concentrations of silk sericin solutions. All
experiments were performed in triplicate.

2.7. Statistical analysis

All the results were statistically analyzed by paired and unpaired
Student’s t-tests and ANOVA. The value of p < 0.05 was considered
to be statistically significant. Data were expressed as the
mean =+ the standard deviation.

3. Results

3.1. Viscosity and electrical conductivity of the silk sericin/alginate
solutions

Viscosity and conductivity of the silk sericin/alginate solutions
were presented in Table 1. The viscosities of the solutions prepared

from 3% w/v silk sericin (30—34 cP) were significantly higher than
those of the solutions prepared from 2% w/v silk sericin (7—7.5 cP).
On the other hand, the doubled concentration of alginate solution
slightly increased the solution’s viscosity. The similar trend was
also observed for the electrical conductivity. The solutions prepared
from 3% w/v silk sericin showed significantly higher conductivity
than those prepared from 2% w/v silk sericin. The concentration of
silk sericin solution seemed to have more effect on the viscosity and
conductivity of the solutions than the concentration of alginate
solution.

3.2. Morphology and size of microparticles

Morphology of silk sericin/alginate microparticles was shown
in Fig. 2. The homogeneous size distribution was observed for
every microparticle formulation. However, the surface of micro-
particles prepared from the higher concentration of silk sericin
(3% wfv) was rougher than those prepared from the 2% w/v silk
sericin. Size of all microparticles was around 264—284 um, irre-
spective of silk sericin/alginate compositions (Table 2). The sig-
nificant difference in size of microparticles among formulations
was not observed.

3.3. Entrapment efficiency of silk sericin

Entrapment efficiency of silk sericin in microparticles was pre-
sented in Table 2. The microparticles prepared from 2% wj/v silk
sericin and 0.25% w/v alginate showed the lowest silk sericin
entrapment efficiency (84.49%). On the other hand, the highest
entrapment efficiency of silk sericin ( ~89%) was obtained from the
microparticles prepared from 3% w/v silk sericin and 0.25—0.5% w/|v
alginate. The entrapment efficiency of silk sericin was increased
with the increasing amounts of silk sericin and alginate incorpo-
rated in the microparticles.

3.4. In vitro release profiles of silk sericin from microparticles

Fig. 3 shows the percentage of cumulative release of silk sericin
from the microparticles after incubated in PBS solution at 37 °C. All
formulations of microparticles showed burst release of silk sericin
at initial time. After that, silk sericin was continuously released
from the microparticles. At any amounts of silk sericin incorpo-
rated, the microparticles prepared from 0.25% w/v alginate released
silk sericin at the higher extent than those prepared from 0.50% w/v
alginate along the incubation period. After 8 h of incubation, the
silk sericin was released completely from the microparticles pre-
pared from 0.25% w/v alginate while the release from the micro-
particles prepared from 0.50% w/v alginate was only around 30—
50%. On the other hand, at the same amount of alginate, there was
no significant difference in the cumulative release of silk sericin
among microparticles prepared from different amounts of silk
sericin (2% and 3% w/v).

Table 1
Viscosity and conductivity of silk sericin/alginate solutions.

Type of microparticles Viscosity (cP) Conductivity (ps/cm)

2%SS + 0.25%Alg
2%SS + 0.50%Alg
3%SS + 0.25%Alg
3%SS + 0.50%Alg

7.05 + 0.49
7.50 + 0.91

3033 + 0.89%

34.75 £ 1.59%

1216.75 + 2.06
122550 + 1.915
1946.50 + 5.196* 1
1875.75 + 3.862* 1

*p < 0.05 significant against the value of 2%SS + 0.25%Alg microparticles.
ip < 0.05 significant against the value of 2%SS + 0.50%Alg microparticles.
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2%3S + 0.25%Alg
S

2%SS + 0.50%Alg

L

Fig. 2. SEM images of silk sericin/alginate microparticles (scale bar = 100 um).

4. Discussion

The aim of this study was to develop new system for controlled
delivery of silk sericin using the method of liquid atomization by
means of electrical forces. Alginate hydrogels have been widely
investigated for controlling the release of drugs, small molecules,
and proteins [13,14,24,25]. For example, alginate beads could be
used for a potential oral controlled release system of blue dextran
[13]. It was found that the release of blue dextran from alginate
beads was strongly affected by blue dextran/sodium alginate ratio.
The encapsulation of enzyme, invertase, in the conventional algi-
nate beads was studied [24]. It was shown that drying method,
composition, as well as pH of the release medium could be
managed to control the release of enzyme. The bovine serum al-
bumin (BSA)-incorporated alginate microparticles were fabricated
by the electrospraying technique [25]. It was proved that the
electrospraying technique could be applied to prepare alginate in
micro size and successfully encapsulated BSA. Alginate micropar-
ticles could be optimized for oral delivery of BSA in a controlled
behavior.

In this study, the alginate microparticles were proposed for the
controlled release of silk sericin. Silk sericin was encapsulated in
alginate microparticles and fabricated by electrospraying tech-
nique. By the electrospraying technique, a polyanionic or poly-
cationic aqueous solution was electrosprayed into an aqueous
solution containing a polyelectrolyte with the opposite charge. A

Table 2
Size of microparticles and entrapment efficiency of sericin in microparticles.

Type of Size of microparticles Entrapment efficiency
microparticles (nm) of sericin (%)

2%SS + 0.25%Alg 284.53 + 62.89 84.49 + 0.78

2%SS + 0.50%Alg 284.47 + 45.71 88.26 + 0.66*

3%SS + 0.25%Alg 264.53 & 35.17 89.43 + 0.29*

3%SS + 0.50%Alg 281.10 + 41.51 89.91 + 0.46*

*p < 0.05 significant against the value of 2%SS + 0.25%Alg microparticles.

spherical interface consisting of a polyelectrolyte complex was
formed by electrostatic interaction to produce microparticles. Size
of microparticles could be controlled by varying the operating
conditions, such as feed rate, working voltage, the distance from
needle-to-collector, needle diameter and polyelectrolyte concen-
trations [1,26]. In this study, concentrations of silk sericin and
alginate polyelectrolyte solutions were varied to investigate the
formulation of microparticles which provided the controlled
release behavior of silk sericin. We found that the concentrations of
silk sericin and alginate solutions influenced the solution’s viscosity
and conductivity (Table 1). Both viscosity and electrical conduc-
tivity are known to play an important role in electrospraying and
hence controlling the properties of the microparticles obtained. It
was reported that the higher conductivity and less viscous solution
could form the smaller-size particles [27,28]. However, in this study,

100

20

Cumulative release of sericin
(%)

Time (h)

Fig. 3. Percentage of cumulative release of silk sericin from silk sericin/alginate mi-
croparticles after incubated in PBS solution (pH 7.4) at 37 °C. (-jli=) 2%SS + 0.25%Alg,
() 2%SS + 0.50%Alg, (=A=) 3%SS + 0.25%Alg, and (@) 3%SS + 0.50%Alg.
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the viscosities of all solutions were in the range of low viscous
solution (<250 cP), thus the size of all microparticles were similar
[25]. Although the conductivities of solutions prepared from 3% w/v
silk sericin tended to be higher than those of 2% w/v silk sericin, the
difference was not high enough to make an effect on the particle
size. The solution with as high conductivity as 8000 ps/cm pro-
duced the nano-size microparticles, as reported by Chen et al. [29].

In the electrospraying process, it was supposed that the corona
discharge was occurred because the silk sericin and alginate poly-
electrolyte solutions flowed through the conductor applied with
high voltage, brought to the ionization of a fluid surrounding a
conductor. The strength (potential gradient) of the electric field
around the conductor was high enough to form a conductive region
and to overcome the surface tension of the solution, but not suffi-
cient to cause electrical breakdown to nearby objects, then the
solution was discharged from the needle. It was observed that the
radius of the conductive fluid at the tip was less than a centimeter.

From all formulations fabricated at the operating conditions of
this study (18-gauge blunt needle, 15 kV applied voltage, 1 ml/h
feeding flow rate), the silk sericin/alginate microparticles with an
average size of 264—284 pum were obtained (Table 2). This size of
microparticles could be applied as injectable carriers which were
easily access to specific target sites without the need of operation.
Fukui et al. reported that alginate/chitosan microcapsules with the
size range of 80—230 pum could be produced by the electrospraying
technique by varying feed rate, working voltage, needle-to-
collector distance, inner diameter of needle, concentration of so-
dium alginate solution, and concentration of chitosan solution [26].
Suksamran et al. have also fabricated BSA/alginate microparticles
by electrospraying technique [25]. They found that size and shape
of microparticles depended on concentrations of alginate and cal-
cium chloride solutions and electrical potential. The low viscous
alginate solution (0.5% w/v) could form small semi-circle particles
while the medium viscous alginate solution (2—3% w/v) tended to
form large sphere particles. They also reported that the decreasing
concentration of alginate solution resulted in the decrease in mean
particle size. It was explained that as polymer concentration was
decreased, the surface tension force that leads to reduce size of the
droplet was reduced, therefore the smaller size of particles was
formed. However, in this study, the concentration of alginate so-
lution did not affect on size of the microparticles obtained, possibly
due to that the concentrations of alginate solution used in this
study (0.25 and 0.5% w/v) was in the range of low viscous alginate
solution (<250 cP) in which the similar size of alginate micropar-
ticles were formed. The rough surface of microparticles prepared
from 3% w/v silk sericin (Fig. 2) was possibly a result of the high
viscosity of their solutions (Table 1).

Silk sericin could be successfully entrapped in alginate micro-
particles possibly through the ionic interactions between anion-
charged alginate and cation-charged amino acids of sericin. The
entrapment efficiency was found to be in the range of 84—89%
depending on the concentrations of both silk sericin and alginate
solutions (Table 2). When increased the concentration of silk
sericin, it seemed that more amount of silk sericin was encapsu-
lated within alginate microparticles. This corresponded to the re-
sults reported elsewhere [25]. Increasing amount of alginate also
increased the entrapment efficiency of silk sericin because there
was more alginate available to entrap silk sericin. The encapsula-
tion of protein, drug and yeast within the alginate-based micro-
particles with high encapsulation efficiencies was reported
[25,26,30].

The silk sericin/alginate microparticles could deliver silk sericin
in a rate-controlled manner (Fig. 2). The release of silk sericin from
alginate microparticles was governed by the diffusion through the
swollen matrix. High amount of silk sericin was diffusional released

at initial due to the swelling of alginate matrix. Thereafter, the
release of silk sericin became stable because there was no enzy-
matic degradation of the matrix. We also found that the release
behavior of silk sericin mainly depended on the concentration of
alginate solution. The microparticles containing higher amount of
alginate showed more sustained release of silk sericin. This may be
explained by ionic interactions between silk sericin and alginate. At
higher concentration of alginate solution, the more ionic in-
teractions between highly anion-charged alginate and the cation-
charged amino acids of sericin would be formed, resulting in the
stronger binding between them. The strongly-bound molecules
would show less diffusional release. This controlled release of silk
sericin from alginate microparticles would be beneficial in term of
achieving the optimum concentration of silk sericin for biological
effects at a target site. The controlled release of various drugs and
proteins from alginate-based microparticles was also reported
[25,30—33].

Furthermore, the molecular size of silk sericin released from the
microparticles into PBS solution was analyzed by SDS-PAGE tech-
nique. The band pattern of silk sericin released from all micropar-
ticles was similar to that of silk sericin standard (unpublished data).
This meant that the molecular weight of silk sericin did not change
after the encapsulation process, indicating the stability of silk
sericin [34,35].

In summary, the silk sericin/alginate microparticles could be
successfully fabricated by electrospraying technique for the de-
livery of silk sericin in a rate-controlled manner. The entrapment
efficiency and release behavior of silk sericin depended mainly on
the concentration of silk sericin and alginate solutions. The results
from this preliminary study would be beneficial for further devel-
opment of microparticles by mean of electrostatic forces to deliver
silk sericin in order to achieve its biological effects at a target site.

5. Conclusion

Silk sericin/alginate microparticles were developed as the new
delivery system of silk sericin. By an electrospraying technique, silk
sericin/alginate microparticles with an average size of 264—284 um
were obtained. Silk sericin could be successfully entrapped
in alginate microparticles with the entrapment efficiency around
84—89% depending on the concentrations of both silk sericin and
alginate solutions. The silk sericin/alginate microparticles could
deliver silk sericin in a rate-controlled manner. The release
behavior of silk sericin also depended on the concentration of
alginate solution. The microparticles containing higher amount of
alginate showed more sustained release of silk sericin. Therefore,
the silk sericin/alginate microparticles could be applied as carriers
for the controlled release of silk sericin. This study would show a
promising controlled release application of silk sericin protein from
alginate microparticles fabricated by the means of electrostatic
forces.
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