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Chapter 1. l ntroducti on

1.1 I ntrodarcdriamln madckground i nformati on

Bi ol ogi cal pol ymer (hydrogel) is a pr omi
researdauled o its bidomgnrexdataibbilliaoyg s ebfmuoksttiapblie i
functi'dMadti tlyydrogel s have been designed and
research such as bui“adidn gg napvdb Ido did resyteesns ¢ la
cells in a cohtrolled manner.

One of the blrydr digsydlepg-bhadeebgdr b@elau s e
generally shows higher val ukesj eat ahiolsiet yb,i okci
and useful mul tipilse gdriescemtoroabigt ¢ athOngedr ogel
of the met hodspdmpthedser it rhydtr og e | i pPepoi des e
i nt eornalcnt i mo st meetpali deon ntl ercdctoisarmas, ceforce
cationic mettltade giadnsvedryd char gagpe pgiide qgleaiersat
strong interaction to °Towwmuaghbdomdsbetypeemft |
ions and certai nvgreipayupseisg d ca g eHfoavremer , synt he
t hpepti dedi fifsi cal t, expensiprmesand bhaptehdde ar
hydr®ogaernnodgadcies ¢gd i n a i edsugee espe amhe¢ %o n s .

M13 phamgeeasilay genetiltadtlgheali maece abdfl eo
single strand DNA and coat proteins. Except
phage is simply a ! 0mplgehx tdfe psri antiddartsi.thet al
i nteracti omawodd preyader dde li ,o nm i pnhdareesdd gvdir3o g e |
has been succandgifaslihloywgmdeagptet en tmaanlpi omedi c al
applicAddionistohamapll yfi cati emgpmeceses ML3 phage

eas,janrd cheapéiraft hpaetpd s el h yldr ogled pt er 1, t he



properties and possi bl e benefits of using
compared to peptide hydamdetlse fadn deeseanatdi s mi
of M13 phage hydrogel f or matsiomielxearmp | b a fn

peptide hydrogel s.

1.1 General background of M13 phage

M13 pha¢esiogbeancitcer i al phage that gamlny i nf
negatbiacea ereil 44Pue t o its many unigque proper:
been used for many biological researches. F
crystalcltiunree sotfr uM1 3 upsheadg eld smraan a lbberd | di ntgo bl oc}
constardcmens(idalstructaupdagech i & sg rfookrt hs.t em
l"However, there are only a | imited hmwmber c

repor t-ccidmen 3i onal (3D) structure of M13 phag

1.1.1 M18t pheagmd emor phol ogy

I nt er e ¢htei nwiaditdh | e gtMl 3 gprheegee def i morn e
speci fuincdédlorynepdhetedwr dihgpeodifsn bamglhe | ength
onef M13 phaY&Om sl.o8hger ef ore, hvidl 3a pheamg-@t h
c h angefaibll a&elmie k¢  sehcaapues eb M1 3 p h axy&0 Oh acso pa 7e0s0 o f
maj or coat protei-bscdpivdd I9f bmitnaomleyrodbit pr ot
the M13 phage; pVIIT and pl X coat proteins co
proteinsthemmprnihee end off FitduerMM¥BIl3. piwloaggeai n s
acircauailmgt eandede dMNAd at can be eat6ssBRNANgIT

us u al. [4ykeh°



M13 Bacteriophage

-— 5sDUNA (~6.4 KD — pVll (5-6
copies)
pVl (4%6.copies)
. pVIII (2700-2800 copies) pIX (5-6
plll (4-6 copies) copies)

| 870-960nm |

FigureThle. Imor phol ogy of ,MM133 Bbaacctteerriioopphhaaggee

filament |ike shape. 't stores its single st
pl Vv, pVvl, pVI IT,hdpe\slildimgendpaenrd PMNAX.genome si ze
the |l onger, mdahimlhpagmwre copies of pVIIIl <coat

The surWapdagmwnt ahesmi cal | yamwarok agbrleceups i n
terminal alanine and in |lysine (Lys8) and ¢
(Glu2) and aspartic aci d?°°ByAsgés minay iMmsgp 5t)h eo
mol ecsutlrauct ures on the phage, t hekemdllfeazneldar
mangonvenbi omadpeal coaft i voinwsutshgesnet i ¢ mani pul at
the virus Asmbrefnracgeeneti c modi ficat eapaintds need
repert obiiroeme dafpcpalli cati ons. Both covhbkemntaland
modi fications, S 0me I n conjunctgenerwai th
enhancemaentmealf unmcti osualhi ttdassageti ngcelilmagil hg
cytotoxgeneyftlet i v e emtdmetnitssue regenerating f

botspecdifagenosi s anfditgue®t rhe 121) .
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FigureChlemd cal | y MM@d ipfhyaigneg, because of chem
properties ocfh eMd 3c apl h angoedainf ebcead wtoend mbue t he M

phageruse/laati ve/ saumothigpemsnany piuocmpeodiesal

1.1.2 M1IBigaadecraynsd aPhapmpe tgi spl ay

M13 phageéehngque prisoephesrsteynbbelcya M4 &8 phasge
ablfer mlitbariylst a1t 1 wdteeter € o i ts di p.ollhee cl-hagrua cdt
crystalline propeorfttgenmp D wé heeste$ spehnrabgl ey ani s m
of the phagei ntoo tphadhd efrimomst hi s unneglet prop
M13 phage canaplnd end-bebtlatito i s rMlp3o rptheaget hat
be powsussikhsaynyact uatemrer gy hanvedhtterbirghelegnar g
out put can be obtained by combining ordere

confi guirnatgioolnds coa.t{ &d gsBi¥fes tir at e



Figur3M113. phage AFMI mopagrlaopmhgyn g e oFrdgqued
crystal (isnmeecftiilcm phassheownset-al smaedbprmdalges

arip~lemt hibakds.

Addi t i Mnaldhgagne beumeffed b ryi fcart dltiro medi c al
researwihtels phage ndl sedipmmgnnbhng smeRihgpur? 1. 4)
Lysogenic M13 phages do -nmreogtath rveeabkb atcdtad rilhsa $ t

during the process of infection and ampl i fi



the M13 phags ysodmeakgiong the phage genome i n
host DNA and replicate. Therefore, nonl yt.
bactereophaat can be used i n recombinant
di sptPahya.ge di spl ay fuiesit oazaghb £ h écdr gytst 81 3 i pnhea g e

Phage dbrspdshgm hlei-omppl i cat iodn Ml8n'Peheasgiede t he

|l ugdr ystallinit,wWld&f pMhY epicaamebee t er bi omat er
phage display for bi omedi cal applications s
proteins, or antibodies with a high affinit
ti ssue. -POanrcreedbimepti des ar e greenveeta lcead ,l yt hfeu spe

phages can be utidperidf itco pepatri deasr goert pr ot ei
Thepecific peptide can bet egremmientusc adnd d/s fafsepn

prot¥lihnmeans that a peptide can be displayed

25 :" P > 2 P et
pVIII pIX
\ display disV
plll

~ pVIII = pVII

e plll s PIX
pVI @ & = displayed peptides
pIll+pIX
double display
plIl+pVIII plII+pVII+pIX
double display triple display e
v —Z ¢

Figure Gelnedti cally engs mder ¢d | avmerndiowrs phag

bacteri)glpétargreo ws showediet i €er enmotd hft c adaisprsay



peptide on thdi §befaaoe pophabgpecefuoscipr @dheouogh
t he -sspietcei fi ¢ medihfoige a it @t & khfey pDMAgtee f or ei gn

pept(iidre craendfflused t o t he coat protein.

The di s pd patysedde sl ect edhebyr estundéi odfogi cal
evolutionary selmeoati omdéddmoneaa fliiegq Hridd | i ons o
M1 3P hage w«lamnebse wsedoanebpomrepeptsith@ahow a hi gh

af fitmi tay s aclyedas mol ecuwletdrvepaerpsb.i e glp. )5k

25

Repeat affinity Binding process e
selection Wash away \ e
unbound phases .
o . ) S0P
Amplify in ——
VE.\‘c)h'culture Elute bound phages

After 3 rounds

GTTGCTCGTGTT

\WAWAWA
A A

Propagate individual clones PCR and sequencing




Figure&chemfatic il lustratpirorc @9 fs  Tthedaeg sbailoyptaen n i
(blue circle) i s ibnymocbhielmizceadl oonr ;bhileg | doagsi hciablr ¢
obi | | ipohnasg eo fc laan e bietldrege a |fyotre possi bl;e ci)nt er
the unbound phalgelsuwtasady wa $ he d Itwfufnadr peammd etsh
st dyunad theanalfygtwdhleound phagesawmay ferlwrmhedhce
anal yt enewiutthiuofaaf er ;pree)vi ohies Ipphag&me eampl i fied
i nfeEt clodyat er ilauriina tBhreot h culBlurmediammbi fai @ed a
l' i brary, whi ch i s useed naesx ta nmpaunmpdud g efcdtni o(nly)
after sever al r de)ds tdfe Ddlsadptireaggogee(tc! ones a
prolifeg)Tantreodigh t he DNA seqWDNMciinsg, s etighoee ntea

identitfhay-gpkebifndpienpgt i de.

Thei splayed peptide on the surface of M.
function i-oaryftalrl ilneustdructure os, itnstsesruaect i
enzysmer gani c ¢ ornepcoegprvdgsre pt PFes . i n ghtea ncwer,f ace
di spl ayed Mla3n pbhea guesse chp wattalme -sspietcei f i ¢ thoucl eat
groswecific nhmecBsgbdiitn@lisng/ nucl eating peptide
bi opanning with CRGATIPAMPA a(yferdo nmr aan dpohma gpee pt i d .
novel peptide was di s\l aypehngppen.hehexseariacesao
t he M13 ,phagestall ographically orieinned S
ferroelectric tetragosahkibbcaontuend ktiizntea n as hea p(eB

aspect ratio, crystal or(iFemgea?li 6n, and cryst



Biopanning
' against BaTiOs

BaTiOs
binding peptide

Phage display

_—_— s

Nucleation of
BaTiOs3

5 .vassembly into

nanowires

Figure Sylntéhesi s 3dfBTHBoalTyicO ystalline Nanowir
Temperasung the engi ndaelde GBHEESId npdit &ngoe ivd e s

Bi opanmeitnhgo 8 ) Construct-R&(CRGOAT PECh e( tpeiineld RS)
PhageDivs ml ayi-Bign difn BTP et ildesnagmr coat prote

t hrmcl eati omy @flnsBal fpolr ync oy sat nad wii rnees



Engineered M13 phages <can also be elect
nanoparftorcmesgol d enarndhwi rgol d w©panowiorrtem a f i
me a s uhruemi duistiyn@guni que surf arceesomlaamsmonspectr a
pat t?8ror artificial bone biomaterials synthe:
di fferent peptides deri vle dwefrreo md i Dsepnltaiyne dMaotnr i
of M13 phages and these two engineered phag:¢
assembtiredctsures to achieve oriented nucl eat:i
make omeb mi mi ckirinngoragragnarci chybhatd foawunf faorltdisf i c
bone structur®s in the future

Through t he pgWia&3g e hdigsepsbhayash t o bi ol-ogi cal
i norganic materi al hybrids as well . For ins
gofcdwated M13 phages were used as a temgl at e
a good direct eledhromghmEOKESf ehemMDE&@) . cr oss
met hod, gl ucowwaroxaldastelsy bound t.glgoclbdenar
oxi daAudNPwer e assembled onto geneticalby encgc
Vi rhuassed stndtueggreater enzyme surface cover
attachment r eng tnlgotdise el ewit tilmgpe ®ved el ectrica
bet ween the redox enzymes and the conducti
broader scal ed, compactl ympachkoeeslhechirghliley ¢«
biofuel cel3° applications.

I n tissue eérreghnagercifaind ,nb et ma rtiop ug baot need
regenesatimvicset her desonedol | eddmbhepehtaitadi or
admi ni safravoi o/lemdarap h @lno g iocfa | tnbgereonwcthhy ma | stem

( MSC) gRD@t And PHSRN pepti ccavedueseod ayed mpkag
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bi ochembpabr aphiicalci al extr actehlalaunl adi rneacttr i sxt
cel | Bfextamml.sadwdndsafgje M13 phagectiaaavedusa ECM
constant ordered ridgewags ogeee matnehd o psteg ffa ph
assembdasiolfy genet iphalgley i mda i fai abldge( §r gove

17)16

Figur7eMSICadhesi on on t hcer et & glle oftfrhio lpihoavwg e
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concent(raatio,n e) and high(bphaeefcldd@8Ce®nbdbnattih
phadpased (il mvere) significantly elongated ail
bundl es (wdh,jtitkRrose)on thsepHdge mier d ) randomly
oriented and inmttkré ongasti(epéd d dgratdthda.r nf i el d 0}
mi croscopy ( a, b) , SEM (no,crd)s(Carpds fOlawd red s csd

by DAPI (bdatsijraanddHbayweHIeTdC phal)l oi din (greei

1. Rptihgdeér ope Imatwiotnh met al i ons

Peptide hydrogel can be pepmedei nntsedmran
ManMet al i gBesiynproe t ant for many biol ogi cal
proteins are highly involved in various cell

t hey oftesxitrsohnogy caoor di nati on bond between t
proteins. Through the bonds, peptide htreydr og
process of synthesizing peprioge s il mé,0o pprnadt ei n
bi ohazarl( Tlady eAllt.elr)natively, M13 phage <can
hydrogel that may i nduce betltogri argadescutlatdosn diin yk

bi-waf ety hosenregul ar pedtide hydrogel s.
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Ti me Bi ohaza

Hi gh Longe Hi gher Hi gher

$16 .-3
Pept i (NI S Requires Require

per chemipacalce: biohazar
i 35 we¢ )

amin rel ated t organi

aico couplin chemica

(>98¢

Lowe Short Lower Lower

M13 ph

Si mplie!| oc¢
~$2.7 45 da amplific
pr ctbo

Requires
antibio

Tabl eRell.alt i ve Compagy rstomepdeget waefeen and M13 phag

ti me, | dbohazamd t er ms

12. Met-RBéptide interactions

Met-mé pti de i nctoenmnaocnt iaonnd iismp @rtgamiMeim®m || i vi
ion binding has been considered to offer a
assembled peptide structures that are both s
the inclus-bbobndiofhg meit@qands speci fciocpaklpltyi dierst o
(GCNp 2)f or hierarchical assembly has been pr
nanospheres, nanofhebehtetgali d n da sfsietmrbil lys o-f a tr
coi l pepti de can occur to provi dssecamecr osc
mi croscale spheres through -Imegand iiomt eread taitd

ends of the growing crystaidtagogeddf beor omtker

13



specific |l ocations within the 3D peptide cr

hea-t¢ ai l cryst ailmeida attiealn.di Mestcd li onal assembl
formation of trimeric coiled coil i near st e
coils can support an antiparall el packing a

i nrteecti ons between a group etferpo ii t iavned rneesqi

residuest at mit hie of t(hFei gcuofi®l eld. 8)oi | s

a)

‘ = Metal Binding
Ligands (NTA/His;)

<)

GCN4-p2L

Figulr.dBi rect ttnagg gktids fl uormeplhoget @uEdd ) ZIGCN4
p20he co0lkdhel i)cays patlptei dhee x a g o ntahl e fcarcyesst aolf
cont aif miemg -mien il n g, N-ti egramidmsa | n iAtcr igN ToAtwri it dhc et i

metiadnhat MHitsdagged cafggpsess within the core
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i n

s u

of

Gr

t h

cr

cr

el

Hetsadje pendentwiftahsihn othhe cryst al during for.
rface and witHiireldr (dtedlts. abBirdi gchoinhagead (r
) d fbtheerx agon al e ynwit taHi Bi6leladr ¢ adbellirsdt | di ne
eetnhe fl uowaesclahed only at ophanhléhad¢dmanf
e c(9stamMHi s(6d)adiled during the formation
ysttahe pneseticse6 o(f0.FLl nHM)st Gwa a th(nDeRAt am M)e r

ystallizati on.

Especiat dly, c mtwiedkimo war #¢ mp doret ant for cel |l ul
ch as stabilization of* pXat anth o&uirdiacti wreal
talysis via el?2ctPFeomantira®mae et ul(aMm signal.
tabol if,smK @Nd&) .CaA third of all/l proteins (st
vol ved in <cel laurleagruimeec haa nmestnasl tchof act or wi
tions* ofta o and* Mhhe transitioh! Afeit@U cati
d?¥%nare relativelaxi def tdrmatbarsdadlliyn coor di
ses of nitvcmgen nomgsulesudue side chains ¢
e transitioncametall socado®mmdi nate to har de
rboxylic acids in the side chains of aspart
the met al I oneliyn tdeertaecrtmionnesd ibsy Itahreg of f er e
oups. The preferred i-mmetearlacdadtoinonsorwitthhe stp
id residues was fousbdoweMét ahei erl € Mgi ve
rtain residues AspecahdcMety. His, Cys,

Among met arlanisameds aht i ons (such as coppe

ements in al lubl itwielyg canwstaegmo® tri ggrederpat h
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C#)

pro

for

exp

aff
def

Par

tain occasions. I n Wovotetutees) tesppértd
cysteines and thaismi dAlnlel thesesiidutsr adt i
endent on reaction conditions. The othe
ol ved i n tbhendc otoar dda omafi e omn 5 g ves arl(asyu cohr as
| ear magnetic resonance, mass spectrometr
massi sted | aser desorption/ionization (
al bi ndings wi t h i norgani,c/ @ogpargil-d/)bi oi
tidinedmar gimi mg@ peptide, angimTbit & nhpaespt i d ¢
n selected andnustdhboboadmpimexXuin the proc
relative complexation pr®perties of the
Peptides are opedatgianmalsardodrspaci foiuses met ¢
i n the fopmatneom| ofcomphedehhaygdeci si ve

l uence-fohdpngt enbelcanisems hey act as a reg
centration and reacti ve hoex yrgedars dmee cpire so.n
tein that binds Cu (I1) i ons makes the tr
m of-rPcat el asma (PrP) due to the copper
pri on 2pcroootrediinn.at@u y -tbe inmdasl tddonahien, N compo
r or mor e r epreeastisduef stliyeercghtPHGGGWGQ (
firmed in electron paramagnetic resonanc
eri meaysdi Xfraction3*% XRD) experiments.

Hi stirdipieeti des haoowme i Wwedeadsy p e pwiithdhe g h

i nities.Howenvdetrapluhgihotnimdt ae compl exati on a
or maucbnpecpadamasge the central neavee syst

kighsaomd Al&z hdeiisnearsaaen © .tfuobrem monfo b i Hii szterdd t h e
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pept i( Al HAHHAAD) was twesngd aa® for metablpic na
mi ner aggdlrédnocrystals on the nanotube%hei n t he
pH chdngetpagtenedteadn i nter aclie omassten mafcmlay ge
di striviaut iaibm oenlsect ron donor h@diofufpiesn tod t apcetpitoi nd
bet ween pepneitdesmakredehemi cal structur-e chan
peptide cOmpl wmdeshai n foriowisnngeeé pil i de kihredi ng
el ectrost atti cevfeonrtcuea.l Ityhe c sntzreol 4 ed t he mo r |
nanocrystalsrafduet i on of the idhs due to ini

Tezcan and hcaovveo rrkeapnogrttheedr t ransZn i Ol meit @
asan mporitoanntf or tipepmetdal indbmabeygi onpdm &e men
( Foli)ndi ngwimobtyinfosc hr o mgr ctad iS5®tvedf or mati on of
3DcrystalliéNMet arriags. (Zn (1 1) plays a role o

derived peptides.

122Met-pelpt ihgaer ogel s

The thgrdmocgael be def hndeidmemsshagochradphi | i ¢ pol
net woy kttehmat alo s ocrelr taamorunt otfh rwoduttgghr hydr ati on i
aguesws$ VCEeQetl a(siodal t r)a rss itthieo mlrionckeisreq) odnfe r s
to fporrogressively | arger branmconee getucctoldrudl
conformation of tQantsitnuatigngnapefioeiehsesht ual |y
i ncreetalke si ze of the branched polAfmeerr wihteh
critical poagredt Gtga p p ptAyidnrto)g,el s can be sti mul
respomndhetor oundi ng aénwsitsiuconhthéanstp er at,atlt ect pHc

field,ighnd-sAngi pHve polymer structurally cor
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groups that respond to the pH cihmaarg elsiogsi n t |
protons.

Certain peptides caat def awrsmeldp eaptl imbgndorneeg e |
Peptide elhydracsg uni qgue properties. Pepti de
bi ocompatnidbibli iokagcdda wsd yof it s bTihoilso giisc atlh es trreu
novelptjpdedgygdrogaen be nbsedediecalaurtdH tidsa ng
uni que ipeffopert

Peptide hydrogel ctame ber axlatteyyme s .zed@he nmo
tye of peptide hysdsemglkelled speaptsealef hydrogel
peptide i hSebhbscsteimbhy. pepti de calnonfeoraom awihtyhd
inducer (such as pH, “feompei asMaae ddoandpiimns
formi ng-bpesptdi heg¢ dr ogel s canadandmblmo | ierctud amdryo
physical hydmadedgealmo | at tTehaerdbdfao Irdpiinng .pepti de h
showienj ecstoalbilde praogarhtitssgetami nning fl ow durir
i njebefoma@siod i d r@ecloavteiroynn ti me, stiffness, ar
can be moida f med edeasrndgol uti on tChha&wintirens t he
i nt er mol eacsusleamrb Isye lifntpw | &y mey § ztédglml

Some@eptides can form a Ipydrtdgel itnhreawgl
These pept-hyde olmpaFdteedn bneocvoeme b ipdlad diodads af or

injectabl e bagppdusceheiodbmaspofi | idgcapisamad

di stiroinb uptr o preartteireisalosfr sigsh & &r ge pr otweiitnhs, al
bi-ionj ect abiil é8¢ y&fptreorpelrd@iichajlect i on, the hydr
continuously rel ease chemot herapeutical mo |

| ocati on f otri ma& ¢espiorsasd Il yci ng dangerous su
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i nvasi ve pMaoncye diumjeessct abl ecompd r a g ¢ gersle caswmer b e
t hassembhe vi vbheheeact isone accdnred idtdissompesd at ur e,
i N pHcerotraidin a( Fogur¥The9) nject abdre thg dmade |

in a sowiitdhifnoram $ Woiumge heddneexdtnearbral “ht er act

Facial Assembly

.
p L ]
SRR
o il
Non-Covalent

g e - AN Crosslink
Hydrophilic Face P N N ‘f:\x
' " 1 s AN} , 4B { i
b AT e : Self Assembly .
7 » = ‘kﬁ\(\"?, —* Lateral Assembhly —_—* { - X
'( i Hydrophobic Face Ay { :‘ { :" -: ’ 'f‘_ O
7 % .'\' A A ‘.\i,'yl = i
y | = =
¢ AT P4 ~3nm

I
L] L] <
\A*QVA.“T""I

i ~3nm

MAX1: VKVKVKVKVPPPTKVKVKVKV-NH,

Fi gur eMAX.X9s aalsfsembl y pepti de) i md g leanwodMisgmhu | ar
consequiemttdramhol ecu) A rdeassisreenthadtyr bggean mhaaye
concentration, fHiI guntwe dofr@eatpwempe | delf d r ean d

| ater al anas s eaod laslt r suecitifubreer s $0 fwhhyodlreo g e | net wo

structur e

1. 2A13t er naNa tvpeé potfi de hydr ogel

M13 phage hydrogel can be a good alterna

hydr ogel synttdesfarcdrleguperrsi ve processes Wi
chemical s. However, M1 3 phage hynddabgalp i s
bi omateri al t heavteaggaymntageaiors peptide hydrog
made of several coat proteins and single str

Mo sfti | ament ous (shuicchp calsy nDeNAs fai nl da reernetséi ghl y
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charged pol yeloenptarcdli \gthdlgteirmd Fodld¥ne nat f or c e
bet ween two adpaneahtd rmpaltyiivensdue to the corr
t he i onarcdwrud st heg polRowsBght zman wi éadnt men't
i ntr odcuocrerde!| at i omr o wrettemeietns a k-Ooya a w a appr oxi me
anal ytical At r esamamelnetr beli weéamcefsi |tatme ntManni n
condensation of i occrhsargreldi ke dé mh ff malastdeafo n g

spati al correlations of i ons or Ee®genr ddatea tfic
attractiohi Waedlry el ecwa | pal 9 MoonhGlar | o ( MC)
simulations for a systel ioke hpelaydéluadht yaosloy td
DNA and fil amérmti dé asnephages béadt earnidapMadasy é& s

l ong and-l shkedbfogiodaluphrtameéepshdififtshuehtace

chardensi t y. Thhees epirtp et n ca teosmieisswlesit i uct ur al |
stable in solutaonge oofer i aniwied efoinida measrees .
good nsoydsedemm ex drmieme et i cal predictions of in

|l i ke pol ywl ebtlaboblkyg adégsadag pme of fd and ME3 vir

sevedialal ent (mMBaaald %iMmase xper i memuams |eyx pierct ed

grand canoni calc oG isdoeanuianage i eanss heushzandf i on
surface chargof dtihse avibrioeds @ehe x p escotleudoi bt zati o
certain ion .Cheeouintaeidomd ed el ectrostatic
primarily freerspbusdbéefor mati oneairméhtabd i bpst

Weakompeci fic bonds play a domimamutcedolbeg it
t r ansmettiad n((Mir‘d,n $Zn Tond 2QuheExact | ocation and
coordination iodnst hiensdidvealteme Isadaridd Ipwmodll egs u

Fil amentous bdaatver imgpdmgws del vy used as vec
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genet8iThe.r aggregation properties cuanndelbe var

used for many biomedical applications

FigurePHad® contrast mi cfriolsac(dijyt fianagad ¢(B)

bacterilmumhdifpes, and M13 phage bbpdll&9® awMe Ciarcd
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sol utibbanch bundl e was dtehtcecuasda med dfo wiomusai mi
the average diameter afpprlhailnath.el M3 bhuwmndd lees:
are shorotcecrasamdal | y br atnhceh eonpdesn, tiomdaircdat i ve

interfil ament association.
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ChapteMl32.bact erbiacspehdagldy dr ogel for I n
Breast cancer growtomt rt dlrloaudyh r gglHe a s e

bi oorgani c bbodp| eeam@aer at ur e

2.1 lntroducti on

Breast icmananoeer t hast faroingilrag&éest t hies sbwaly
Breast icaneerof the biggesitn hwodlidtoc ocdhogr o
American Cancer Society, ,l4n0c, .6AMsSuirfveema lleanc e
patients Dredstfrommncedmo ichr &4t ., cthecerel at ed
scientists and r esearscehveerrsalh dbowee abset € fR?Asatcuedi ecd
a resuulrtentdy, there are sevteoa adurbe eamsd tcraenat
cancBHBoweveerspitthee nvested effort asdimalnyne, t
challenginffapt b@d mpniseutredbr east 3tSaonmceers. ci enti s

are consoppasn@g @ oidigleyw oover cotmherxggarrent

chall enging probl ems.
Copper i's an important el ement fohemany
bodP*There are many critical enzyme protein

oxi ®Padsezdmpgper superoxXPdendi snywstyds edxnit darseeq u i
certai nsoamocuonptper f or*’Tthieesier aadtiivivittiiesss .are hi

cel lgurloawt h r ey ul anteiams. t hat adegpatecamobhreti pc

cells and tissues grow in a regulated manner
Coppeoncentirsathogh in the bodYCogdpeaance
becomes even more Iimportanitsfoot camicgraceft 6¢

stimulator, chadt aanlgs oo ga f@&Gsdinsd eirn dtuycpeirc.al |y s hc
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anggenesis property to obtain ¥fomesacyppeEy
pl ays a great rol e as a mandatory cofacto
angiogenesi s. It means t hat copper depletio

growth of <cells an®l nhdeedegscoppemheddomldgti or

been successfully proven to be as oné? of pr
Il ntriguingly, copper ovVeknmnaocwnu nud alid omo thearst iad
for cedded atna t cedt LCoapnpceesra sdd mpd ean kill cel

by damaging DNA strand&Amadnodt ihgpdrp pempmpe ixr at i
copperpti deegempcan be formed through the in
or more pkeetindce vtéytwmd mp F X .

I n this article, web ad e mho rhsytdrraotgee | t teh av i rc
coppgearoorganieaed pbmpeenr phagencaeaatoptobél sd) |
Th &ydrogel can be for mét omyg etricantpid cyq liaindgdd rnegd C
M13 phage solution di splA6VGCAGTETEGAGI RDI@E | pe
maj or coat. pMb3 eb ac t(éallilsoop hcaagiel ed phage) 1 s a
B70nME0 nm | oB6Ynmnwi de) t hat specifically in
phage #®xnhontsxy Auuwmdan t i's genetically modif
polymer form via pRdgdediespliagl met dedomposi
hydr ogel (GT2 -Hegereadeh}) .i $hpsl pH sensitive
hydr ogel can show a conphagéedomel emsenot h
mi croenvironmebnt9 aatiC.pwra €61 & asopdphage compl ex
showed a high cytotoxicity t e tawod -MABReRls)t can
TheMCF and-MBRAB1 kiehwesr e chosen for this stu

have BBeeameft he meddilbcumeneéed ilni npersevi ously pul
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st udf es dheriact EhesMPEAS .cewds edlimmet ed as a heal
|l ine detersmdfneeeyelle andobfel detCivsiednsf at di ffe

concentrat?oomhagpa CaHMPI e x

22Materials and Met hods
22 . Areparation of the engineered M13 phage
Through previously opfubphabad dimephpegsi de
seque AGTeGAGTGTGAGI Ri&hetwwnsadn yt\Miltogmd pr ot ein
on the sgehatcea®if h@klrde dpeh(asdr 2 p.H &g edulr)leh e
GT2 phage was amplified Vi a t hteo pfrielefiioluls |
experimentacttiytiobalai oedcentration @f xt*dd eng
phage/The concentration of phage solution
spectroomedamrsopdteidgdanlgyi ty ( @DL mé. p a(thd e=nlgtihn 1 cn
pat hl evagst ha)ponvert ¢etiph aage@® mcent rlatx!émldaogfe s/ mil
based on the previ oudsley enaglineleateadd phatge. s
microfil meni edofwither syringe (CORNDNBE) wh o
The phage sal soipordwismdd pracreesmoomnes and s mal
undesired molecul es idni atlhyestipshbae gRoESHI al yensb)
membr aneS OMRPf esence of M13 phabpedMsi maoqifng n

usingoédobical at omi Brfukreae QmitFcarigopsRdecs p2e
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Fi guleThe pVI I I maj or coat pridtreitrei at Dwad tau rB
we b s ithtee ti p of pVIpPIi nkoaotipse duheerneeay @ d¢hpet i d e

was genetically fuseldaotpehtalgge. sur face of M13

Peak Force Error 440.0 nm

FigurRe&cT2. M13 bacteri ophagébacnt eAFWwphagege,

| omg@g | a mesrmhtadbuesklee nati ve form of M13 bacteri of
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2. 2Zo0oppemhage Hydrogel Formati on

50le of 20mM copper3@0 | pfw&I2agbd@det*@ao6! ut i
phagé/ Mf-3 emo2P8 om@u e pasasliiomdyenousl y dispel
the GT2 phage?°salnut ifoonr neetd 37 IGY @r @deetlg ewoiotnn  t
temper(@2®@Yy eAnot her meG@Thloydd rt g dlol erb Wl o N enagt
GT2 phage solution into coppeM Belsl®d*'i @unl or i

concentrati.onThes i2n0jneM)ta nodha toer i veenrtealh @ waped t & e

mor phol ogy of hydrogel s. To test water inso
l evealodde of GT2 hydrogels were transferred in
glass vial wi t h hydrogel was shaken vigoro

hydroxide were used to al tetr a hdei fpfHerleervtelp H n

2.2.3 Phage f{f hmnf bapRétoiplhnia g€@u aggr)egati ons
GT phage film and WT phage f54d mofwebeMpr
CuCGbol ut eamcshelofGT phage s &l 0Ot Xdpmldgeamd - air
dri(e® hoons}) he gl asAZeiovyer NEONsHiIi gh Resol uti
El ectron Microdomopd swad iueed he arrangements
film WthtoonsCu The aggrdapa@ifidohagefwe&€ue detect e
recorded in t A $PHBMgiemavpess .al so processed in

make a WT phage film as a control group.

2.2.%" emMhage I nteraction
Agarose gel el ectrophor &'s iomh avpes @oeemd log xme

sodel sitmmtTUMSE.2W0lkEf ®EDhage s dl5ut0iltéprh &0 e svaml )
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pl acedcihn wteHadg aofgevei t h a d?'i oear emihc€@mMMat i on
l120mM)Wanhahppldaleact ri ¢ atOurvwelntta-dbesu))f ome@Bati vel

char ged i &cgnh a grei g rdatt ®ewar ds t he positively c h

Coomassie blue staining was performed to |«
protenns he agahesagarebse gelCowansasksri®a80ed i n
st ai msionguti ebn nfionrut®s i n a gentle shaking mar

(destaining) buffer (10% acetic acid and b5
staining in the background agarose gel (to c

preitns)

225Eval uation of Hydrogel i n mechanical prop:
Tor si onalr y(rbChiesocnoevte r y Hybri d2)Rhwasneused D
measure the rheological behaviors of the hy
ont he geosmeeterly,parall el pl,autned e(rditahnee tocean d4ilt i
ti me sweép watt haradbny Oglapd &Brequency-4dweap/ st
Storage modul us and weoes so moadiun euds tvoal meassur e
Vi scosgietlyWedggr ee@h2 ehydrogel Hyaspget i Walsys. (1
water content ratio, gel fractiormOlcaotl Wwel |
and 2hage solution were added to(DMEBEcco M
20mM28wn. The mass of the hydrogel aswa®dt ak
after they were for Méidoni.n Wahtee rmecdoina ewitt hr aGu
using ((wedtr iheyddrhoygderlogel )/ dri ed hydrogel ). G
((hydrogel mass/ {'masge *mad3y. +S@el ling ratio

((eswl en hdyrdireodgenydr ogel )/ dried hydrogel)
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226Copper Cytotoxicity

Al amar BCelelE Vi abfid 3mRadsesmpyganyyay was used
measure copper chte&sawcertyet 67 ,t WOD82 31 MCF
MCF/anWMDAVMB2 3 del | sc wletriemn edel wel i npBdayes )( and
treatded a@tontentr A% ico(h @M, b O M0 Mg 5 0 Mg 1 mM,
2mM, SamMliOmM nB0le of GT2(bydabgdl ByOleci m$§ e IGITi2n g
phage solutibagé)@/mnmlol@GmMMnCwlowauti am9gferred
one of the sampl ecagnmnoarpb3he tekbhtvibability w
three diffetrse;ntDayi mle, payw 2, and Day 3. The

control?*i?Nm KCor GT2 hydrogel) was regarded

ones of t heCeb hmpvlieasb.i | i t yanwlasc oanprafrierdmetdo b
endot hel iI(UMGCEO&AND B m4 | cebly tDbewmaedr od el | assay Kk
Ther Mo s HTehre (L1 VE/ DEADE Gel | |l maging Ki't

227Fl uorescent Nmageog ahd Actin Filaments i

cel(IMGF and -MB2A83 1)

DAP(I4M, &@mi-dpihneony | i ndol e) bwdg unsedcanta st s
i mage DNA in the nucAleeauxsa) adn@8s P huasleldoitda ns t(a
f il amegrtese b oftdhr -MCd&dnd -MBRR1 breaeastet i aGH/
anWDAVMB2 3 tel esleavichul tudetf @ Bweentl spivaaags) and
treat dncts aameotncentr at?tiomigs OMf1 OQOMg 2 0 Mg 5 0 Mg
1 mM, 2 mM,a ncSdnoMnMa n 8 Ole of GT2 (bydanbgdl b5yOlei nsert
of GT2 phage s b&iplhtaigers/ M) xi fitD@m n2 GmMa€ion)

transferred to one of the sampDAPRRNOrad U ms di o
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i magesmwedef or t he bsyamagsedfawpar e .

228pHControll ed Rel eaisaeg eo fc oGmpp peexr

| CRES method was asneld cboantdet de@tehembeds
Cé*i org cenmmchT2 hydr5o0Dbggenl t he( nedampl es agaer gr o
di ffpHef®.5 and 7t idme ap o idn tisd, ;e r38n tmi nnuuttee s , 1
hour, 3 hour, 6 houirnSoill2, hWatrer ,2 4anldouRor ag
Labor @dSWFRAL) at Okl ahoma -EFPatwaddnaveo susegd t
and count theeheahfedefasom GT2 hFyadod)ongetl he
med{pH &t 5pbody t empCer at umienu(t3e’s, 30 minutes,

hour, 6 hour, 12 hour, 24 hour, 2 day, 5 day

229Cu?tGT2 phcaogepllemagi ng

Conf ocal i M8Mng magidnger wor med t o Vi sua
mor phol ogi cal changes of LebirccaastSP8& anScann
Conf Mudlti photon/ FLWMs Musedstopegeerform Conf o
Confocal Mi croscopy/ AdvvanbedUbhi gbt sFimpgo hg Ol
breasncenprevioeusly fluorescently dyed in Ph
DAPI (bl ue) wer e-pdpleltdadtngd almyd miicerwed on t he
mi cr os£®ipes NEON High Resolution S@aannmisreg EI
to make alyeM iomh cri ti cal poi {tMGFr aed -MBDAast ¢
231 <cel bnlthedi)yocvoewresr sl i ps weomri c2a0t emdi nauntde 7
et hanol treated and-UYIl aaad aunder fadrtde uer i |

parmabdehydketi on and ghgduakt oeebBanol d
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2. Besults and Discussion
2. 3CHA*Engi neered M1Bopgkage Hyd

300 of phage 5s0bel wtfi RMOMaMncopper (1 1) chlc
mi xed to form GT2 hydrogel . GT2 hydrogel s h
slightly weak acidic condition. GT2 hydrogel
forcepMl13 Wihage can dli ke fagwinteld a@dul. However
gelli ké*iOWTaggregWheggr e gaslreows | ess copper se
|l ess aggregati on?tiocaf( Fplyp2ug@ dw)Z1thdi €oa can make
coordination bond -tter miintwso g&f3Tpheep ttdlodeersNi nat i
bond may induce thekéetosmauconr 6T 28HeMaaGe phag
potentma&lel ystronger c e wi tnhonra&tfi*o snbecmdi se of

possabbetcdomradi nathenmwdedm dG@us t hedt hfr 2 oqgi mien e

resesl idisbeayed pepAGTUCGAGERGEUE@AGIERT G)

FigureGT2. 3Hydr ogel i nGwat earydabgelH Shows a d
insolubility at aVwe&dlseaccdiGd2chiydirtoigehnh. can

by forceps.
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Figur &T2. Hydr ogelggaredgE@WER20mM ( A), ,(3Aa0M Qnk)e

GT2 hydrogalggarcrdgaWweé for mesdoliun i©@m, the gl ass
vigorously shaken. GT2 hydrogel shoawsafa hig
WTaggr egat@®) GT2 hydrogel shows tah affi gWler a

aggre@@atkeofwi G@moncentration (3mM).

Wat er insolubility of GT2 hydrogel was
Hydr ogel showed the best wat er insolubi | it

di ssobtmpl enelwnpter out o48)t.heg F@pHurreenge (5

Fi gu2bepH sensitivity,bK G6T2 GAYdrHyglerlogehows t he
insolubility at pH 6. G ¥s20 | huybd reo gaetl psH e’ms B eos

rangg -@mf GT2 hydrogel becomes solebéksin wat
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2. 3.2'MC8 phage interaction

The interacti?dinorbsetave& nML3 phage can be
i mages. 26)KGiTRurpchage aggregatedi onmassioefgr mit
bundl es and even-miclrleiametdera Imrcgeo bi oorgani c
WT phage showed | ess?*aggs etghhaefn o&@T wid hehgeCu Co
sasilwer e foundWihegphaGe ddFEmpluett 2sdggests tha
phage did not fautlHep?*Contse,r atcherwdftcdhre it coul c
CU*™WT phage cCafmipb@Tx2. phage agagprpeegaarteido nlsar ger
phage bundlihgtetaatt ngésiotnfsFinpu reeo Cac. BnNf i r m
t heeactivity and interactiofisnhseen@GlBRaphaGe?2
sepafrwmihnheerted into agarose gel for2*ebactrofy
concentration at each trial. GT2 phaigoen ss h o we
and a fsrmeadtli on of GT2 phage Wiasn mcgnat¢edr att
conditions due to its aggregation ersfdorf or ma
resi smmt gngitni otnhe agafoe®T2yedhagleu compl exes wer
their iniatalPfi@msiltsinoMiswi th nalked mgeni d&Fi GT
phage still has 238 omisghbedfofwi nittsy ctra tGuwal con

f ormati on.
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Figur €f#23.o0m induced M13 phage aggr &gt i®In2s i
phage made one | ar ge a?digoresy,at(eBl) |Wlyephavgd had

witRFi®@ins were shown in a scatltierkd ch gp gptrtoerem tl
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Signal A = SE2 EHT = 5.00 kv 00KX , Width = 12.70 um  Date :25 Sep 2018
WD = 7.2mm R —— Time :12:31:29

Fi gureCr2a-8Bsnking pCwide@T?2 ph@ge o®T2 phage

bundles are strongly | inked and bound togeth

GT2 Phage (5.0 x 10"/ml) in 10 ul ddH:0

L S

Top Down | M e | Seed g eGSR e O SN SRS Sy e Sed Sl

View (45°)

» e b & LvL.'J‘.‘-; .

8 ‘ N “.

Top Down
View (90°)

[ Sy Sy Sy Seow o T e 9 A

Cu 2+ion

omMm 120 mM

Figur9&l 2ctrophoretic mobi*l oGy bk & gnéhte na sGsTaR2y
phage forms a cbtinpmlsex tvhiet h aCue compl ex resi
agarose gel during the ele tompbonesinsr atio

| ower amount of GT2 phage proteins migrate.
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2..8Char ast eocfs 2CGuhadig dr d @aeglgr egat e

El as@Ti2c hydr ogedlli Wadgr eganhebe formed in
medimat 20mMNM a@Irhydr agel VJgr egamebe both pick
byf orcelpwevéiteraformati on ofGTkhyyddromgedl WTr uct
aggredatemposes slowly at pHGT24 hydrobel DME!
superior hydrogel properties in watertoconter
t hooé Wlggreggatausehi gher water content/ swel
propeoti &2 hydaswgegher i massagtghamgawer s ame
condi tTihamesans W ITeamgregatde GT2 hwedrfemganled i n
DMEM medi um at?*i200n, mMcGTQw plbduga dicar ger and he
hydrogel from the equivalent amount of init.i
(Figu0e&T2., hydrogel al so shows higher storag
than onesaggfedd®®2 hydrogel i's more eNTastic
aggr ega(tFei gluTrhreims?y 1suggest that, due to the h
gel fraction, more GT2 phages were abBile to
ions to form a polymer structur e, absorbin
phages doagigr eydrenati ompe&(ltih) nwe tthoewe ak
mechani cal opr oMfle ratgigwse gat £i | | the requiremen

unl i ke GT2WTh yadgrgorgeegl @teea swnad y e mvbilteh f or ceps.
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Fi gur@Hy2drlogel p r o pheyrdtri oegséMToaf g g@Tegsd 2 e hy dr og el
mass I s higher aghaerhbatauosd ®&MT2 hydrogel has

in gel fraction, water content ratio, and sw

'f""—_*_—.—_. -&~ Storage modulus GT2

- Loss modulus GT2
Storage modulus WT
=¥ Loss modulus WT
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=]
o
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Pressure (Pa)

10 L L L} T
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Angular frequency (rad/s)

Fi gwnkeMechani cal pr ohpyedrrtaigegble-la WEG& G r e dRe
hydrogel has a@andghkirgsearmomadgel us tagor egaltste of

indicates that>&Todndhydred gaeslt i iccaatn dc evritsacionu sa n
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frequehbhaas)nesaggf e@Wdtz2e hydroiggni finscaamdarl yi n
mechamitaaelngt haggpaads®ffer age modulus in blue

i n green)

234Cytooxti cit yfaofl GO 2 HgdrBgehst cancer cell s
Copp(elilons show a high cytotoxici/tycwedn br
l' ine) at a high conmentt@idri phmha@& Bn sndMl) u twiho h e a
toxic WocMCFs-hatttern@@bati on. However, addi
MCF cell s inaDMEM2oreichdtnh®duwed a higher cytot
t haftf on?lliyorCsu. 2 RlTgourcel ari fy the?ficgnotarndciGTQ
hydrogel in detail ?*ibpheatytdotf deiremtig c®@hZ E€nt
hydrogel-7ooeeMCBE was measured atDaywrDag @i ff el
anday At dake 3gr dawt h7 oldr eMGR cancer cell s w
repressedMEEy*i ommr ¢60of GT2 hyd2.8delve/ DRiagurce |
i maging results also supportdiThe ceppervitabdx il
on MMB231 in the same conditions was-MBIl so ob
231 wagni fsiucpapnrtelsys® @M dFoand GT2 hydrogel . GT2
showed a | ower c¢cyMB2t3dx iceiltlys @t MRA hbs@end da
MCF/ cel |l s2.5BRidg &rrn g6 Tlee 2cdpper MCoHXXA A,i tBr emans t
endothelium cells i(motrtmal samé | ccrmdittridda)s wa s
compeae tthomesfe MCFand-MBRR.ISur pri 8enghk pMCHL OOAf
was supprelssveadCtdyd >GT2 hydrogel. GT2 hydrog:
cytot oxMCKFLIOygedd nbaman MC&nd MBR3telisne

(Fi gu.vld nt er es hengleyg WwtMCe7 ,( MDBR2 31, andoAAMCF
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were highly 5i0lkthiodi t@T2 bhyydr ogel as’*ibay we
concentdreastpiiane of that GT2 hydrogel ca'n only
i ons, creati’figona cloonw g G-tdrMftei b n t he DMEM me
Addi tiaosnagrdnogven in Fplyage L9 AiRgnMdit3ced d goses
that strong inhibition of breast cancer cell

bot h®*iCuns and GT phages.

Day 3
5 1004 _I_
£
2 80
=
£ 60
3
t% 40
=
[T
L 20-
: T
3'?"' 0- T ; T
2 S 2

& 5 & oS

« b QQ Q’Q‘

3 & v

O Y
&
e
00

Fi gwn2Gr owt h I nhib?ioonagt) G ppeageé¢ ! | ) ions
t he MCEell growth significantl y (a%0%a, hiitgshe lcf
does not inhibit7 tdhel Igg.owdHdweoferMCFGT2 phage

cytotoxi MiCtFg el | s?2*iwintsh. Cu
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Day 1-3

110-
< 100-
2 90
S
O 804
© 4
I
~ g
u -o- Day 1
O 50-
Eo 40 -= Day?2
=
304 -+ Day3
71—
100 1000 10000
Cu?* ion concentration (uM)
Day 1-3 W Positive Control (Cu?* OM)
120 cu®* 50uM
£ r B8 cu?*100uM
g 100 @1 r ! ! cﬂ% 200,M
e T .I. il
2 80 8 cu? 500uM
S 1 cu®* 1mM
E 604 T B cu? 2mM
S ol i - Cu?* 5mM
= - Cu?* 10mM
. @3 GT2 Hydrogel (50uL)

Figur@8MQE/1 cel | ogr awtfif er ent coh'¢c emt raantdi o2
hydr oMGFHf cancer cel |l growt lbmmMasg ‘i ouip pEdaeys slk,d
ImMCU¢*i on afamédy MCFcancer cell growt h was s
hydragell | Day( 58),) 2, and 3
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Cu® 0mM Cu 50uM Cu® 100um Cu?200uM Cu? 500uM Cu* 1mM Cu® 2mM Cu®*5mMm Cu**10mM GT2 (50ul)

100 pm

»

100pm * = " 100pm - 100 ym 100 ym T 100 ym

Figur4Li2vel/ Dead CMCH |l magi ng, Live cells wer

and dead cells were3dagnoedatriedncol or after

Day 1-3

110+
100+
904
804
704
60+

50+
404 -~ Day 1
= Day?2
-« Day 3

% MDA-MB-231 Cell Growth

20

100 1000 10000
Cu?* ion concentration (M)

- Day 1-3 @8 Positive Control (Cu?* OM)
£ 120- Cu®* 50uM
Lg) 100 @111 I.1 B cu?* 100uM
=t | .a . Cu®* 200uM
S gl B8 Ccu** 500uM
§ Cu?* 1mM
@ 807 ' I 8 cu* 2mM
= Cu®* 5mM
2 Cu?* 10mM
= GT2 Hydrogel (50uL)
=
Figur®8MRAVMB231 cell growth on diff*¢mentandonc
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GT2 hydt bgelowt h eMB2 MDA Br east cancer cel l
suppress®@ddGuUu onms50le of GT2 hydrogel

Cu*0mM CU™ 50uM Cu? 100uM Cu?200um Cu? 500uM Cu® 1mM Cu®*2mM Cu®*5mMm Cu*10mMm GT2 (50ul)
Figure@eLi2vel BeaAawB2 3 Cel | | magi ng, Live cell s we
color and dead cel |l s wedraey sitnaciunbeadt iroend col or
Cu*0mMm Cu™ 50uM Cu? 100uM Cu®200uM  Cu* 500uM Cu* 1mM Cu*2mMm Cu* 5mM Cu® 10mM GT2 (50ul)
Figur2&Li2v.el/ ek 8el | | magi ng, Live cells were
and dead cells were -dagihatdiuvored col or after

235Nucl eus and Actin -Fi bacdcheWB28 1i nwiMGFM Cu

GT2 hydrogel

MCF/ cell s were immunofluorescent

st ai

necd

488) to |l ocate and visualize DNA ( +7/n ctehlel snu
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afteay 3i ncuba’tiioam ivmarCwus cormdd&Endbf aGlTradngydnd
MCF cdlalts <l#iMogy did not show any noticeabl
shape of nucl eus and actin fid7amerdtl s, i ®o nppoas
controlt heoxatle@®e Clh The size of the nucleus a
net wor k -7i nseNBQOtFOMe Ctbhecame | argieh hpdsainti ve cont
However, actin -Titcamesntwei @eodMiCééatct edaiit Cy

compar etdoismmhgosi ti ve c¢ o2UtMDIAME2F3i 1g ubrreeast can
cells wemenuab$§buorescent stained in DAPI ar
|l ocate and visualize DNA (in thevBa@dgdl ees$ ) sa
aftaay 3i ncubat*abnvamni €Cws ¢ o n50den torf a tdTo2n sh yadnrdo
MDAMB231 cell s WwWatondlnmM dC not show any notic
siaemdhape of nucleus and acthiosoeff i NFGFoendtl s, i o
t hpositive control . HowewW®&2 31lacel hsf wemnement g
contrattednN @Cuwmpatrheodsethggosi t i ve c¢ o2ltyino | ( Fi
botMCF an#MDAMB231 ckél actin afriel assmeamtnggWwiyt i nhi &
the preseim@f*obdbn |0led ®F2 hydirtogies . poscsi bl e t
filaments arexidadamoigdédd cedyd@dE*s ons in tKhe medi

excess?tiofse fmause veitd&biat mainl ymommgisns act

al |l l i ving orbpasrids mdidihuvenmap ees eiricenhsyfdr Ox vy I
radicadxi diozsetamifnoraci dsesh as K, i RroPeiand
Hydr oxyl radical can steal a hydrogen on a

rese din act Ahthpdoogeén. abstracti on 2diforhycdamxy
accept the a anec ap a.idva adfo c a | carbon on the si

protmay batleed t o a possi bplaet he{acyabrobnoynl at a @inc
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carbonyTlhe modi fi canbinomeof sacwuuichure may dest
pol ymeri matwilosmmuslileeseri ous problem fomeactin
formed in acEventfuxiamgntwef sdife€acsadannduce

ma nlyicch e mipec alcess®Bsppress a stable for'fMati on o
Cu?' OmM Cu' 50uM Cu? 100uM Cu?' 200uM Cu? 500uM Cu? TmM Cu?' 2mM Cu? 5mM Cu?' 10mM GT2 (50ul)

Bright Field :
Microscopy & = -

Phalloidin
Alexa Fluor
488

100 ym

DAPI

Merge

Fi gwrl&DAP I and Phall oi dicnelsltsa@miy8gnoeciubMCFON
GT2 hydrogebesiréas medito no ucso nCcueN A aitn otntrse nucl
and actin fi-Tamewetre GEME@Fned in DAPI and p
respectively?*apbnvemnti oatsi cCus aNudc IGTRs kiyrdr MG E
cells seems ¢900 € easandt dexSChesGklidoat The

signs of actin filament activity/explieoeansion

and GV2aAr 568

Cu?' OmM Cu' 50uM Cu? 100uM Cu?' 200uM Cu? 500uM Cu? TmM Cu® 2mMm Cu? 5mM Cu? 10mM GT2 (50ul)

Bright Field
Microscopy  © . ©

Phalloidin
Alexa Fluor
488

DAPI
Merge
Fi gurle9D2aPI and Phal |l oiMDANB2s3tla i oakflntlgest apyf 3

incubation with GTXdebydrsgeblirtomeato®aretnt r at i
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DNA in the nucl eus MDAdB2a3dlt iwrer fei Isa md mted (i n

phall oidin (Al exa 488)?*roenscpeencttriavtei loyn sa ta nvda r@To
Nucl eus -m nceMOFs seems <60M¢ @uiroenasendatdecr ease
>50Me Chi on. The signs of actin filament act

i nhi bti t>eldnMi €o0 and GTE5Bb¥ydrogel

236pHControll ed Rel epahsaeg eo fc oGmpp peexr

GT2 hydraelgeldéd&Omposition was observed i
duri-Bgdays at r oom °C)e mpGTr2a thuyrder o(g2el was sl ow
over days. Sti mul atiprhalgy, croerpd eesxd dMaGu naecefn i n
haze at the bottom of the glass vial by na
al most completely decomposedBS&ndoldaerhid boenti enlgy
one&i gorsdiaki ng. 220)FTihgeu rckeecomposi tion rate of
DMEM was also tested. GT2 hydrogel di sappe
temperatur e) rapi dlity Gwikteldi ney®2 . miHowtee ) , G
seemed decompose slowly at pH 6.5 i R2.1IRMEM (
Based oMEY ClPafapn€uwere released completely
hydr ogel in DMEM at pH 7.4 (room temperatur e
can be fully dissolved in 12 hours at pH 7.
mi nutes in DMEM at pv 7s.td4i,l 1GTn20 th yfdurlolgye Idi s s o
Thimg ght indicate that GT2 hwidtrdhomgpenlutleesc o md sow
di ssocaowdli2ndgrour s. GT2 hydmradag ed | odwe croampeo satd p
(Fi gu.2peT2 hydrogel showerde lae asslitmamenrsC uaa t ep Ho f6 .

andtbaody temperc@) Thmies (Bli7vgdt i mdi cate that GT
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decomposes sICowl(fF2@#BRprB8RAe conitiron | edl €€aise of
hydrogel was maintai nea.4p vienr edt ilnmmengphe.r i (oRdi, g uC

hydrogel can release and de¥ompose sl owly at

-

Figur@becaemposition of GT,2Z htey d rmagels atf @GH 7.
in PBS solution at (pH 7.4) were obtained at
10 mi8B80 minutes, 1 hour, 2 hour, 4 hour, 6 h

60 hour, 72 hour, 84 hour, 4 day, 4 day 12 h
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DMEM at pH 7.4  "DMEM at pH 6.5 DMEM at pH 7.4 - DMEM at pH 6.5

o

FigurébDec@mposition of GT2 hydrogel, GT2 DMEN
hydrogel disappear mimealDMEMplHe sirs 4t hayn nmaked e\
GT2 hydrogel di sappear slowly at pHo6t Be cCoc

naked eye.

pH-Controlled Release fo GT2 Hydrogel
1204

n = pHT7.4

- pHBS5

% Released Copper in DMEM

0 5 10 15 20 25
Time (Hour)

FigurazDec 2mposition of GT hydrogel °CG)n GOIMEM a
hydrogel decomposed faster at pH 6.5. GT2 h
in 12 hours.
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GT2 Hydrogel in DMEM
30+
254 -~ pH65

204

15+

10

% Released Copper

5

0

0 5 10 15 20 25 30 35 40 45 50
Time (Hour)

Figur2GmR2 2hydr ogel decompositi°Gnh 66T2pHyé6r 6ge

decomposed sl ower at °®ody temperature (37

GT2 Hydrogel in DMEM

100+
904
80+
70+
60+
50+
40-
30+
20+
10+

0 L) L] L] Ll Ll Ll

0 5 10 15 20 25 30
Time (Day)

-~ pHB.5

% Released Copper

Figur4GmR2 2hydr ogel decompdasgyt(°®h @T2 pMy dbr. dbg e

decomposed sl ower at °hipdy & plegregpat ure (37
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237Encapsul ation of BreasRhagencceammxledd s by C
I n confocal i-tmnaged -VBRA MCEel |l s with GT2
fil almeke structures (locatMQ@QF oand AVBBRAB Gr f ace
ce)l swere not identified due t &EMheimagwwasss o
used to creabok bheasmamiesaehi geé¢ SErgsonéuli dh

Figure 2an2l6 F)lgnrehe& 7SEMFiIi goages, 2. 2565, gaihd

Figur)eMCFx7 and -MBRA1 cerndwi ously treated with
Cé*phage clwepleexs ur r cCufri@GTe2d pohya g e . toowepM eerx, GT 2
phages were not found on the surf &@éienosf. the
suggestonlityhathen GT2 phages?tiaaniBit\cadseT® wi t h
phage compl ex have ot ini gWC Faanfdf iIVNBR B WC etl d b
(membr.&8de3dT2 phage complex enclosed breast c.
poor oxygehriaewnt absorption, and evéf®ftually
CUtGT2 phage comrip In@mimgedndtu e e eatmo rseer i ous fdoamage
t hleregasathcer cells by prevenamcgspdhredi fg otmo i E
andignal proteins, esbs@amt iwatlwiafyot ®whebr ssgge
t hat surrounding tReo@Bacphagel tompltdéx Cmay
effectievéiandnt ¢Hebneeinttof a6d eehkmhtdahl| |y i

thestel Apopt ogd e ptdtt bvmduced oxi.dati ve stres
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Signal A = SE2 EHT = 500kV  Mag= 500X Width = 228.7 pm Date :18 Nov 2018 : EHT= 500kV  Mag= 600X Width = 190.5 pm Date :19 Nov 2018
4

WD = 7.7mm StageatT= 0.0° »H—< Time :15:17:35 WD = 8.9mm StageatT= 0.0° Time :15:24:16

Signal A = SE2 EHT=500kV  Mag= 386X / Signal A = SE2 EHT= 500kvV  Mag= 337 Width = 339.3 ym  Date 119 Nov 2018 ‘
[ 00

StageatT= 00° — Time WD=69mm  StageatT= 0.0° —r Time :15:37:15

¢

¢ £/ )
Signal A = SE2 EHT=500kV  Mag= 726X . Width = 157.5 pm  Date 119 Nov 2018 Signal A 2 EHT=500kV Mag= 511X Width = 223.7 pm  Date 19 Nov 2018
WD=70mm StageatT= 00° —— Time :15:42:14 WD=84mm  StageatT= 00° —00— Time :16:01:38
3 Y o

EMT= 5.00kV  Mag= 912X | Width = 1253 ym  Date 119 Nov 2018 EHT = 5.00 kV 14K X
WD=7.5mm StageatT= 00° — Time :15:48:34 WD = 7.6 mm = 00° Time :15:57:06
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Figur®MQ@F/2 SEM i mages/, aWwh)CutMGH , (B) awka F
Cé*ion, (€) ama Cti on, (D) amCFElU on, (-E) aMCF
5mM €t on, (-F) MCE a3 ®Had owWiptldd,deGMCF/, treated wi
50le of hgd2ogealMCF{He [ tel l Sutfaathedde wift hGT 2

hydrogel at higher magnification.
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EHT = 5.00 kV E 6 ) Date :18 Nov 2018 Signal A = SE EHT = 500kV  Mag= 912X ! Width = 125.4pm  Date 119 Nov 2018
WD = 82mm Time :16:10:13 WD=72mm  StageatT= 00° —q Time :16:22:58

EHT=500kvV  Mag= 526X Width=217.4 ym Date :19Nov2018 |t Signal A= ¢ EHT=500kV  Mag= 468X Width = 244,3 ym  Date 119 Nov 2018
WD=73mm  StageatT= 00° WD=73mm StageatT= 0.0° i Time :16:29:53

£ 9

¥

i Signal A=SE2 EHT= 500kV  Mag= 547X ) Date :19 Nov 2018 Signal A = SE2 EHT= 500kV  Mag= 465X Width = 246.1 pm  Date 19 Nov 2018
| WD = 7.4mm Stageat T= 0.0° —— Time :16:33:47 WD = 6.0mm StageatT= 00° — Time :16:46:59
o e = TR © :

{

%

] =33
WD = 5.6 mm Time :16:38:46 WD=56mm StageatT= 00° —— Time :16:44:47
N —— — R AERSEREER———

EHT= 5.00kvV  Mag 1) Width = 456.2 ym  Date 119 Nov 2018 Signal A = SE2 EHT = 500kV  Mag= 3.37KX Width = 33.88 um Date :19 Nov 2018




Figur 8 MRAMB23 BEM i mages, -ME2A3)1 O04A Chi on, ( B)
MDAMB2 3 45 @M C& on,MOAMB234ar00M Ca on, MOAMB
23attimM Gt on,MOAB23 attbmM €t on , MOAMB23,1 treated
wi 60le of pled,geG) MWBR31, trea@ledofwiGTh2 hwdr ogel

MDAVMB2 3d el Itreabbld onvfi tGT2 hydrogel at higher

Fi gur2ég MCEZTMDAVMB2 3 SEM i mageshi gh ma,gOhAYX i(cBat)i on
MDAMB2 3 tovered ?Wiothnh |@Gunded ,G0)2 (ENMGEFGesver ed

withRfi®on | oaded GT2 phages
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2.@oncl usi on

Copper seeanrd mpor bant cetftpargtrioomutlha rflayc tfoor
cells due to its role as an inducer of ang
mec hani sm boosteoppeHowegereaccumul ati on cause:
the growth of breast-7c amdeNMBRdell)l. [1GT2e sh y(dM®
shows the rel eamphagpd ddmneplaeqgppmEenrd eantpHNanner a
t emper aReureea.s ed (strofQilo@®@T2 i phade eGowamp | e X
Surround etclia¢ncer cell membr anes and eventua
( MGF and-MBRAB 1Thi sscomt rol |l ed rel ease mechani si
tr eaantdi | | cancer ycadalnl st bsepeebcdidiyi ¢ atl il me peri od (

Due ttheetbdbnfi neme@uoc®T2 phage acnodmpdierxe ct del i\

C#*ion into cyt,opblraesans to fananecldriseme t h® xlygehkh of
and nutamidexntdsati ve stress. | t may al so cause
breast cancer cell s withredhgetno IEELCAK amfd isn tge

proteirmgfjocatrmewtrisuanvdival it wiffvent ua@fFilopn Cu
bi oorgani-sucopmphexngsmaeycehaac n cesltlo heepopt osi s
pat hmaye effandi enf.€Et gQ228nWi s new novel met h
brightenfiuvpfdtdha&ncer shediapeui nc ameadius ar e
potentiuwlill yf petdher st uditehse snuecahs ua eanemdr oifon
concentrat i-lmansed ns aiadliteree msval of toxiasorgan

wel Imaansy o t?Hieaon Cuel ated organic chemical stud

55



Figur2e8Se@hematic

t her ape®titoihb aGe

| mage

hydrogel
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Cu2+/M13 Phage Hydroge!

Cu2+/M13 Phage Bundle
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Live Cancer Cell

Dead Cancer Cell

process

C



ChaptdeGol d ( M1I3) Piham e B as eRo rHyadtrimaogne |

Pot enGrieadm tne mi c a l Synthesi s of Bine Gog

3.1 Introduction

Nanotechnobegry d&adawanced rapidlresfear cmasy
such as the deaebdéppomkeasndgnet ateRiNAOtSIipepti des
protei n%®°Namoanticl eapwe aphri ctpgheer t i es have domi
area of sensivagdandceaetdeR®Placg meud mgdrys wi th
gol d nanso(@aNfs) i chlaee e sthbeedined and advagcedt by
researshusi ng oft dhaes iIAluINE savp ghhe claibgh i s yr f ace t o
ratio and fascinatinAgNPosphabkiimgdgtltgperetnised i o
selective*®detecti on.

Especismallslfy zAd NPsnora&ttractive for bi ome
sensing, i madilmnd,ardrug delivery, and c¢ancer
catalysis, electronipcrso,c edttE Brmmn Iqiuree gl nads prtoinc &
optical prAdessiicgersi faftanob] gdtt st anor plamldogi c a

hysiological.lc¢dsiazeactehapeéei and dagtgeremgiarne onh

©

optical propr bet ifteismestdhihadd y acpapnr e p n it ZaAier@gn d
stabiadagemnstgCol AwPealr mal | yedrhopeionkorrd when it

aggregat eschairgggse cpoldropifBeot tuopns s e mblof AuMRs i n

effiwaynwidlhegannt contr ol at the nlantbisemad eof
nanoscience and %% AwN Rsalsn onheotgayl. n acnaoamastoe r i al
havtehe flexibility of surface modi fications

gener drean quant um. Kii gteic danfnfeeicntisn g peptides

repor tteldeifrorhi gh af fi ni tiiregge ntta arme tneaelr vioarss sd a
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changpapgti de conf or mateigfachrams iThtr @augh-mdt atk
compl exaatdi gmmoet ei n defor mauman mawi cadseeases
Par kighsand Al&z heii sneMesteasl.| i ¢ s n avessywn rdzeeecs i by
applyhegsequencreidchi pepdi cdes nasa daotrmanmpdftau kee
Thepecificdpepguedes i mgmecialie met al sc/amemi co
prodihéeghly crystal.li hjgepnta ndoec r ymiddalbasrmgpd § 0 0 n
nanot wkhetsontr ol the size and the pawlkd3i ng d
bacteriophage hasebeenras$wmattivaaldPsywotoh fAuNn a
hydr cHyedlr ogel s composed of genetically engi ne
M1 3 h ag e sA uaNsPd

Gol d Nanoparticles have been used to mak
this articleé’froml ddAuarhes | sAaudg & moe tneackgel hag er e d
Ml3hage basedyhydursoagiegmyal obedt apepti de on t he
phagte. allso produces fi nmeosgdBndn) namep atrot i rcd s
power of M13 phage after thAed*foMInBatpbagef
hydr ogel with embedded fine gold nanopartic
used for many bi omedi cal researches because

nanoparticle/ions and biosafe M13 phage.
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3.2 Materials and Met hods

3.2.1 Preparati on Bdafp htahgee engi neer ed

Through the previously published methods of
(HQKLVFFAED) was genetically fused on the p

genetically engineered M13.pAhage (B31 phage)

Figu3d ahe pVIII maj or coat pridtreitrei at Dwad tau rB

we b s thtee ti p of pPVIpi nkoadotipseduheernesay e dhpet i de

seque(nt@KLVFFRAESD)geneti.cally fused

Th&83phage was amplified via the previous
the experimentally obtained critical/ mini mu
phage (!2phxagke®°mhé¢. concentration of phage sol

using the spectrometer, con g(iale=r0i migl (o@D i c al
=1 in 1cm pnaatshl-veonigitehr)t)ed Ptiphtages/ ml 16ased o
previously <calcul ated dat a. The engineered

microfilter syringe (CORNONBE) Twwhopbagersol
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wa s al so purified Vi a desal ting process t
mol ecules in the phage solution by dialysis
(MW 50kD) . PBr3elsleawgpwea sofconf i r-MEM bwymadpi g usin

bi ol ogical atomic force MmMFcgkoféeope (Bruker C

Peak Force Error 440.0 nm

Figuxx @2FM i mages of B31 phage, B31 phage ha

shape | i ke native M13 phage.

3. 2A2% oB3phage Hydrogel Formati on

50le oohMAGE*i ofs n HALMCloroaywas added0do the
oB3phage sP2ubdi‘phafge/ iR)BRouats a room temper
(2€C)AdT owere passively/ homogeB8hbblhgedisopeatse
and formed Barmdyf@3bgdiogel were PBSDMEMTIrred
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media andthedM&8Cin t he dcaermsitidnasig |toubbieBs8 1fyohiryndr o g e

commbmochemical cell culturing medi a
3. 2. 3 EvalBu3aHy dorno ool i n mechanical properties
Tor si onal rheometer (Di scower ywaky bus ed Rt

measure Ltbgi chleobehaviorB3Hydrndhege |lh yI@Elpmled s .
wer e tfecsrt edt orage modulus (el asticoanygt eaenld
par al | egle opredtitragmé&Ed ®r mm) under the conditions
37°C withOemgdap, and frequenkly rsadd/émpoWwdt 0.5

aggregates were also tested as a control gro

3. ZAFM/EM | maging of3tRBANPshage AHydr ogel

Af ter the Bright fiienlgd tihnea gpirnegs efnéchd ncdof n fA urN
TEM i mamgetinlpovks e perf ormedoltad wasopmpalNREec!| es (
B31 hydartoghilgher magnificaZEbS8S 40A Cesvént
Transmission EI ewas omns eMd ctiTar Mrcmapdeioignc t ascopy
| maglhady t he Uni ver siBtipFMf i @eRgahgmaet hod was
to visualize AuNPs imnlBYylclaydmad@enli ¢B riudireore Imni
Cat al).yYSvuisssAmbpti on spectrum was r Abisowed i &R
spectrum pvarsf mtidseeochd a peak at a certain wayv
average size of AWbhNPstadanopkeCcoOowbmgompared t

t hreel ated ref%Pehal@l)dat a

AUNP 10nn 20nn 30nn 40nn 50nmnm 80 nm| 10 n n
Si Z ¢
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Peak
Locat~53m~520(~530|~540|~550|~B50m~380nr
(&)
Tabl e JiBbU¥rption data for average gold ne

peak | ocation moves to the Il eft (Il ower wavel
and the peak |l ocation moves to the right (h
i ncreases. (Pasviezi®ea p@Ei MLAOWMN m) range to corresp

wavelengt h6Q®O@®@nhmr ange)

3.3 Results and Discussion
3. 3A®*i oB3phage Hydrogel

Peptide sequence di BQKBEYBmhAgHhR)ge ( BvAk phag
succesarmpll ibfgide dni x e ¢*i wintsh t Au f or mt a3 hRaurogy edt
a room temp¥nwhiulree WROphage did not3*ifoorsm a h
After 24°hom3k,h WdFogele #*iaotn AlutumM)ed | ight b
indicating t he formatiobincloefs f(ifnBea e g cAsudNP B i n
negatively charged adni nandacD pésidliespl ay
(HQKLVFFAEDVeersallrlf ace net c¢hascgaen mdeg B&HlvgH:hage
104When B31 phages wer¥® i @mgoaudgéhd nbeyipaedpu i o e
interaction in a ohmkdrtioogwes rreetdtuocedute, form Aul
to a possible reduci nmegeaftfievwcet soifd et icghhailnys b
resi dBa8sl iprmAddbstitomeal diyspl ayadanpydfppiecge i de
motif thant isphaorws! IsePThanginmanal | ealmoallgi gBn3me n't
phages WiitomsAuwi || create small and tight s

net wor k, and it may make a strong %iedmsing
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trapped in B31 hydrogel d u e i tgdu Btedhde | FB.ggurroex i me
B31 hydrogel al dd eehownanl wekicleity i n water
bi ochemi c@Fi gBel@d. FBQuUTr e

S

-

Figuxx @83hydrogel f or mat i®bino natc odnicfefAetrceantti oA |

concentrafiiom46§®B3AlU phage showiedt ar adtriomm ew

Ad*i ons forming a |ight MluccbwilMaBB1dhytieogat ¢

B31 hydrogel represents a different size of

FigwWr @831 hydrl)gelown view of B31 hydmB&del , (

hydrogel
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Figudr 831 hydirmgeilstil |[(Ad vB&8Btlerhydr ogel i's st
and (C) Freshly made B31 hydrogel i s al most
l i ght white cloudiness due t36 oB3s1l hpphdatgheged g g r

't indicat easl monsatt Au MRy ef orsmed i n newly made

FigwBr®31 hydrogebisthémicaypimaede aof B31 hydr
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inserted into each (dMEaSad e nme dmaian, uNDMEM me d
PBS buB3®r hydrogel showed ulki Igibteyde t hree co

regardless of time period

3. 2B3hydr oged hani cal properties

Ad*i oBi31 hydrogel show higher val ues i n
modul us thaf*i oWBsphdgeéusol ut iaolfnlr € qu emasyt r W e
at -Q05r dd/igairfy31 hydrofgel di mord8 eiff @adtdi anoa red
viscus **heWTphuage sdltutsiuogngest s t hat the int

Ad*i ons and B3slt rpdimagyeers tilsan 24 men sb eatnwle eNT  Apuh a g ¢

Storage modulus B31-Au

100"..-.—-.———._.—.

X

Loss modulus B31-Au
Storage modulus WT-Au
=¥ Loss modulus WT-Au

Pressure (Pa)
3

1 T 1 1 T T L]
10 20 30 40 50

Angular frequency (rad/s)

Fi gwBr7rdMechani cal strength of B31 hydrogel, tr

phage does not3*tioherastswibohgAas B31 phage.

3. 3Fi MaiNPssynt hiesi*ABlI31 phage Hydrogel
The presence of fimalteAUNPS edveby brightf
(Fi @3By eThe dark regions in the phage hydroge

hydr oAgFreM .i mages confirmed that AuNPs in B31
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i n 3AuUCWT phage compl ex. Based on the parame
| argest AuNPs in B31 hydrogel i mages were <Ff
sizes <Aw®0rem ¥ inoWNu phage ddmmdBPen TEM i mages
B31 hydrogélowdngdhAge complex, the sizes of A
in B31 hydrogel®fitoMi@n pbage ico mpdledkT.h e( Rirgysrt ea |
struct mbeddédeAuNPs in B31 phage network 1in
(Fi gutD)AuNPs imy dBr3dlyewed a peal®nmriomaidc &t2i ng
size of most AuUNPs % oWDnmhadoe NPempline X ushow
broad peak3@mngindi dating the s50nenJVfi smost
absorption spectrum were obtaimned BBd dgnfriomger

Absorption spectrum results also indicates t

(Fi guia)
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Fi gwrd&ri ghtfi elBR31 nmhaygdersAgbéflowdng hage compl ex,
B31 hydrogel has fine AuNPsal ¢8) AWNPphaghkat

| arger than ones in B31 hydrogel
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