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graphene oxide with carboxyl groups, CRGO)-2 =1} =% tf|(gold nanorod, AuNR) =& 5 A st} 313t o] &
13l 2 =-AFo] =(graphene oxide, GO)E IL-2o4] A& oz 39 vhg]sle] CRGOE T3S, AgNOs2| ol
up2} AuNRE| ZolE ZA3ske] 880 nmeolA 23 53 S5A4& el AuNRE @438k #d /IR ARSI
AWrA el o ghel® RGOS &) CRGOS iAo i W 7128277} AFE o] &S FT-IR, & T%F &
A g PP A4S Fal skt T3 RGO HlEl] W carboxyl groupe] A E CRGOE FE A JoA 431
A4S YeERSITE 714 e85 38 §4F CRGO-AuNR Y= 53A= oF 317 nme] # 43k 2719 F&
7] #EE BT CRGO-AUNR Yo i3l 7 714 F A2l CRGOS} AuNRE] synergistic effect® 13t =
2 T E7E 58 22 214 880 nm #lo] A 2] ZAel 9% < &3V AuNRETE 28 o] Y HE s ERls
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Abstract

Photothermal therapy is a treatment that necrotizes selectively the abnormal cells, in particular cancer cells, which are more
vulnerable to heat than normal cells, using the heat generated when irradiating light. In this study, we synthesized a reduced
graphene oxide with carboxyl groups (CRGO)-gold nanorod (AuNR) nanocomposite for photothermal treatment. Graphene ox-
ide (GO) was selectively reduced and exfoliated at high temperature to synthesize CRGO, and the length of AuNR was ad-
justed according to the amount of AgNOs, to synthesize AuNR with a strong absorption peak at 880 nm, as an ideal photo-
thermal agent. It was determined through FT-IR, thermogravimetric and fluorescence analyses that more carboxyl groups were
conjugated with CRGO over RGO. In addition, CRGO exhibited excellent stability in aqueous solutions compared to RGO
due to the presence of carboxylic acid. The CRGO-AuNR nanocomposites fabricated by electrostatic interaction have an aver-
age size of ~317 nm with a narrow size distribution. It was confirmed that under radiation with a near-infrared 880 nm
laser which has an excellent tissue transmittance, the photothermal effect of CRGO-AuNR nanocomposites was greater than
that of AuNR due to the synergistic effect of the two photothermal agents, CRGO and AuNR. Furthermore, the results of
cancer cell toxicity by photothermal effect revealed that CRGO-AuNR nanocomposites showed superb cytotoxic properties.
Therefore, the CRGO-AuNR nanocomposites are expected to be applied to the field of anticancer photothermal therapy based
on their stable dispersibility and improved photothermal effect.
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Figure 1. Schematic illustration of the synthesis of the CRGO-AuNR nanocomposite.
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e oJstolq el QRe ol3 44, 9kl ke se @
Mo A ol 58 B ARHT QAT ol ARNEE ok
o] ] o7 ukgol oJ3 o AE MElF oz FA) ol 2
= o Aol ke E obgo] A Aol whgale] TR, &
W, 417 o} 5 Tkt AAA, Aad $AeS 24l 4
2 ole BAES e f19 Ukt We B89 B AR
Azt e 54 B

(photothermal therapy)”} 55 ¥l Qic) 3
QIAFS] =549l 3 Zeh= F(localized surface plasmon reso-
nance)& 5319 electron-phonon¥} phonon-phonon ZHO = H-AY
H HEAL o]2kS Bl Ate A F-lelvt S ddsto] s Al
Ask= 7lsolths]. B4 Ame W A5} Jbseta RS &
Aoz Qe 9 Aedes gl AR Fof o] JA) ¢k,
9w 3)& S5 VdE 5 e, 7).

ARl B JIARE F, & T vk v dAk=el o
53] Z=u="l(gold nanorod, AuNR):= T ZT=U e AREH )
ARl Thdstarl dolE 2dsky] ek wgh 3 Wk Z-8(pho-
tothermal conversion efficiency)?] . 5/do] A2l ¢lo] A=E8HH
oju]dE e 2YA, oFa A /A FoE ATHI UATH8 9]
Fd xgeoE BHEAOF 700~1000 nm 382 T2 2] (near-infra-
red) 9] FLE ARESITE 3] wet 9l BT vE2Y] e
o ARg EA o] A3t glo]AE AduekE Zlo] mlg- T3tk o=
F AR A2 9 08-S HH 07 she BF, FE 400~600 nm ]
Gk o] AR X9)F-& A=skARE &/ H(infiltrative growth)
shz tiF29] Al J9FEY o 28 25 24004 F=2 A
ol EE 52 FIme] Fubd Hlo]A7E e tETi{10].

2004'A0 A5 ¥ 12 (graphene) 33 T3] SA(gra-
phite flake)olld 2|8t 2219 3wl 87+ 18] 139 g F4A0]
o} TS AR 7)A1A st 2008 ek, A7) dAres A
ZlZunt 1008 o ow, el 13u) P d AEEE 7L

N =

Aoz e, Fu, taEgel, Feu 5o vhekst aglelA &
8] A ik sEA|NE e e] A A5 7ol JHEA
REgsto] b wAF el A w#] gkof A = A B}t o8, 4H
T8 #A ATAENA B BAE A Btk 2HelE 13
TS vpolAakgel sk B AlEo] Jglom Ft 5o, A
Ul bdE dsshe of#l AT Arkse] HEEIT Qrh13-15].
Tk 22k {21 12 AL e+ H (carbon nanotube),
2] (fullerene) 57 22 T ©A FAAERC H2 8] 3UAS
7WA7] wiEe] B2 ko] oFES loading® 4+ QAL TRFE w57
(functional group)E &8t 71& &-&-0] 75l Hio] QA1 eIA 2] 7H4]
7F A o Eolxa glrHie)

X

Hummers’methodi= 7H8 thE2Q1 “12)382-A}0] =(graphene oxide)
Ao RE SAS WEIMPEE, A 3 93 AsAA D
JHALA|EE G AR AR A% B AFFIEY] Y
o= &8k 800 nm PN R FHEE UERASITE Wi,
3kl T F A0 S(reduced graphene oxide, RGO)= 800 nm ¥
o4 GORT ¥ & FFE7F e R B gik= HoluA e
Z0]E oxygen functional group .2 A3 Hxo] wWAIste] 2|&H2] O
2 IS U] ol AF ATk o]# 3t o]f+E modification] 4]
948 RGOE 1 £l 50171 vlEER] Sot A7]el] F24 = jlo
W AT A 9 W 2A IAE T 5 dTHI7-19]

a2 Aelafis V]Ee AR EO0 R F2 AMSI 808 nm
o|A BT} A 48] T3} EAJo] Hrt 9573 880 nm o] A E At
g3to] Fd A57t 7hsstES sb] fldl, AgNOse RS 24
3l seeded growth methodE AME-3F0] Fd QIA}FZA] 880 nmollA =
& FFEE 2 ANRE F/3sIsit) B3k RGOS A& 3
AIZ17] el e gk 9 vk s Bl vl k=80
A CRGOS P8It F 714 3 AA! CRGOSF AuNRE
A7 e Aee B9 AN CRGO-AUNR S 3lE A
tol Bl Fh X85 9% okm AGAEAY $8& 7

515 ChFigure 1).
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2.1. Al

Graphite flake (~325 mesh, 99.8%)+= Alfa Aeaser (Ward Hill, MA,
USA)lA 7913130 hydrogen peroxide (H,O,), potassium per-
manganate (KMnQOy), sulfuric acid (H,SO,), hydrochloric acid (HCI),
sodium hydroxide (NaOH)+= Samchun Pure Chemical (Gyeonggi-do,
Korea)ollAl 74331t} Chloroacetic acid (CAA), gold(Ill) chloride
hydrate (HAuCly), hexadecyltrimethylammonium bromide (CTAB),
L-ascorbic acid (AAc), silver nitrate (AgNO;), sodium borohydride
(NaBH,), hydrazine monohydrate (N,Hs)< Sigma-Aldrich (St. Louis,
Missouri, USA)°lIX +I3}3It}. Fetal bovine serum (FBS), phosphate
buffered saline (PBS), RPMI 1640 medium, penicillin-streptomycin,
025% trypsin-EDTA+= HyClone Laboratories (Logan, UT, USA)°llA4]
TU3F 2.1 cell viability assay kiti= DoGenBio (Seoul, Korea)olA]
TAEATE BE Aok Mo A AXA i IR AL

gskaltt

2.2. AuNR &M

2 AT seeded growth method@ AuNRE FHAJ8FSITH20].
WA seed FNE AZ23F7] 3] 10 mM2] HAuCl, 250 pL2} 100 mM
©] CTAB 10 mLE 300 rpm &2 4o1F ¥, SHEE 10 mM 2] 27
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NaBH, 600 pLE 21 5 min 5 WA O™ A ZH seed -4
pale brown 2go]Qlt} 50 Z 100 mMS] CTAB 100 mL$} 10
mM2] HAuCl, 5 mLE wHFPEA 10 mM2] AgNO; 1 mLE 37}s)
At 1 min F<9F wRHEE Hell 1IME] HCl 2 mLe} 100 mMe] AAc
800 uLE 7‘47]-:6]-011:]: E‘_% o] FMo 7 W seed 2N 240 L&

13 h EQF o]F Ao 8 S5 7 ghlkslgth 3 h ] A
=2 g l‘?_‘j)r”‘ug 45’1 w Refo] Tﬁ gt Fuyedil=s 4
7] 213l 3500 rpmellA] 15 min 7F 23] A4 2] 3k Thshape sep-
aration). /3 &0l 323t =] CTABE 14000 rpmellA] 20 min 3t
33] A4 skl AAFATH

2.3. CRGO-AuNR LI:==58H|e] HIZ=

23.1. Go2| &

GO+ Hummers” methodE AHg-3t0] 2335t 21]. 4 51 250
mg@ HoS04 7.5 mLE 500 ipm S 15 min ¥+ HH3] wylslich
TR0 2 AFglAIQl KMnO, 750 mge ¥l 50 CollA] 3 h 59 49
Fr Fddo] TS| Ak £ =S vk o] Il Hrkd
KMnO, %22 GO2 oxidation degree ZAsE 4= Qi) oJojA] F
4 17.5 mLE 3] ¥l 15 min & ﬂb&'&}"ﬂﬁ} -r7} >
75 mLE 9ol Aol Nfﬁ?ﬂ% 5 min F<t ey
Zo] F4-8] 2o% H,0, 10 mLE 73] x;j
Hketo] k-5 FAAIZT ol HHg-ES of
Aoz Wtk Nkg=e] dof Sl A% ﬂ]bt%%% ﬂ]ﬂ‘c‘f}ﬂ
<13l 10% HCI 125 mLE W3l 10 min 5<%t Z338] wisigiek vp]
2O.R 5000 rpmel A 7 min &<}t 23] €14 %ﬂékﬂ el Ak

= AR} v e R FHFE 4131 5000 rpmolA] 7 min S2F
A Belatol A=l ol 9 4% HOIE 98] A7Iic) ¢
’d¥ GO 24 h &3t ovenollA] 71x38l0] e GOE A3tk

23.2. RGOS| &4

RGO+ hydrazine-reduction method S A&-51o] 33313 th22]. -
A SFHFE 4% 3 mgmL 552 GO 30 mLE reflux condenser”}
A% three-neck flaskel o] FH|}ILE F1]¥ GO 242 g
A1 NHy 30 uLs ‘;;‘-‘zit}. 12 h %<k 80 C oil batholl4] 500 rpm
o7 wisislch GO7t 3 E = oA HE powder FENC] RGO
7} A E e A ES /‘Lioﬂ’ﬂ Z5] A%l F, 3000 rppmellA] 10
min < A EEsHaTh

2.3.3. CRGO ¥ CRGO-AuNR Lt:-=8H79 &

CRGOE $MJ317] $13ll 3 h &<t probe ultrasonicator (VC-505,
Sonics and Materials. USA)Z 22|38l GOE FH|SFATH23]. ©]oA]
2] E 2.5 mg/mLe] GO 60 mLE NaOH 1.4 g, CAA 1 g¥} 7 ¥
3 2 h &<t 80 CollA probe ultrasonicator (20 kHz)Z 812|513t}
o7 HeS FAA77] Yl 20% HCl 50 mL=
QF wHkEk o1 AAE-2 4000 rppmollA] 20 min 53+ A4 EEl5HS]
TTE ARl vl sk 94 EElstel CRGOE ATk
CRGO-AuUNR W=E3H= 0.5 mg/mL AuNRS} 1 mg/mL CRGO
27} 1 1 29 volume ratio= 500 rpm O = 24 h 32t wHkste] A%
ATt ] el CRGOZ} BA= A& WAeh] 213 AuNR &
HE 3] AstshHA] wrkskgich

Y3 5 min &

&

ot o

2
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2.4. Characterization

a =% v‘i*@.(thennogravimetﬁc analysis, TGA) (TGA N-1000,
Shinco Com., Korea)2 E3 =, GO, RGO, CRGO ol F£A5k=
Z}2}9] oxygen functional group= /4202 B w3t} GO, RGO,
CRGOY] reduction degreet™= 3§F <4]7|(spectro fluorophotometer)
(RF-6000, Shimadzu, Columbia, United States)E Z3|4 H]w3}3Ic)
2 FARPE Al (dynamic light scattering, DLS) (ELS-Z, Otsuka,
Japan)®] JIEA71E F3 CRGOS 2715 w38l H A9
(zeta potential) (ELS-Z, Otsuka, Japan) %212 &3] AuNR®} CRGO
o] A3 AgE gRIsisith A2 -7 3 B3R EA(UV-visible
spectrophotometer UV vis) (UVmini-1240, Shimadzu, Japan)=* AuNR
¢} CRGOS] &% gelaoith. AuNR, GO, CRGO-AuNR it
A <] morphologyc 3} A} dv|7(transmission electron micro-
scopy, TEM) (TecnaiG2F30, FEI, Netherlands)2 53 #2513t A

o] #d F3= vlwaly] Sl 880 nm 2 £]4 @] A(MDL-N-

880 nm, CNI, Changchun, China)E A&} o™ Aspit 7hvet
(Flirone Pro, FLIR Systems Inc., USA)Z A7t 2% WH3lE #E3]
ark.

2.5. % k=]

Fd mvs Fds] S8 SRt w49 229 GO, CRGO,
AuNR, CRGO-AuNR =53] A& 750 uLE 717} micro-tube®ll
91 Wem® A1712] 880 nm 1 AZ 10 min F<F FAFSI3ITE A8
£9] 25 ¥zkE o 3 7HlekE Bl AAzie R dEsiglon 2
min HACE 55 I35} Flir Tools software (Flir Tools, FLIR
Systems Inc., USA)= F43}3it}.

2.6. MIE =4 A¥

96 well plateol] A549 AEE 3t welld 1 x 10748 E55 }o% 37
C 9] incubatorol| 4] 24 h E<F vjeksloith 24 h H ol thekst =
(0, 12.5, 25, 50 pg/mL)2] CRGO, AuNR, CRGO-AuNR L} 3 ]7}
X8kE HiR| S @o|Fal 4 h Bk vjkslit) 10% PBSE A& % &

of Aldst vix|2 wASte] 37 T incubatorol|A F7F= vkttt
24 h ¥, CCK-8 assay= &3l AEY dark toxicitys SISt &
gl #lo] A ZAe] 28t AE2] phototoxicity S EFR1F7] $13l Lt
F%2] CRGO, AuNR, CRGO-AuNR WeEEA 2 % 2|3k A549 A3
£ 4 h B3 wFSISiTE PBSE A& sh ol Al vix 2 wAlek3)
o [Wem? A1712] 880 nm #|0]AE 5 min §<F ZAFSE H, 37 C
incubatoro| 4] viFSISITE 24 h § CCK-8 assayZS 53l 72 A=2] A
3x 54E SHsIelth

3. 711'. =1 o

1]

3.1. AuNR?| H|Z=

20053, Guyot-Sionnset I35 = °]%(Ag+)ﬂ]- CTABZ FHH seed
£9& AHE-sle] AuNR7E /378 W, AuNR SHo] Au(110)%, =]
o] o Eo] Au(100)8 L °]FE 2L wEHom & ofge] vl o
Trth o) o] WEA F2E7] wiEe YrlEs & olo] Wol
A= AUNRE| ol7h Hojxivhal Haslgivh24]. & Aol
880 nm ZA9A N b 94E B ang el sl
AgNO; 9| 7V 2dsto] 243 dojo] AuNRE Al&tstaat &t
2tk 10 mM 559 AgNOsZ 72} 300, 500, 1000 pL* @o thek

w
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Table 1. The LSPR Peaks and Aspect Ratio of AuNRs according to the Amount of AgNO;
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Sample AgNO; (ul) Peak 1 (nm) Peak 2 (nm) Length (nm) Aspect ratio
(a) AuNR(670) 300 513 672 326 £ 2.1 23
(b) AuNR(780) 500 514 784 399 £ 0.9 2.8
(c) AuNR(880) 1000 516 885 502 + 2.4 35
—— (a) AUNR(670) IS -— . TR
— o R & QI=S
_ peak 2 ,\/ ~ \ '\«\
: Yo NILUNSTHZ
g peakt &t‘ , -~ S ‘\\\ - ,, ‘— /
§ ‘- I \: L e -

100 nm

400 500 600 700 800 900 1000 1100
Wavelength (nm)

(A)

(B)

Figure 2. (A) UV absorption spectra of AuNRs according to the AgNO;; (B) TEM image of (a) AuNR(670), (b) AuNR(780), and (c) AuNR(880).

gk Zo]o] AuNRE T/JaF 1 Z12ke] UV-visible spectrum®] &%
EAS vlwastdtFigure 2(A)]. 7F8 22 k] AgNOy7t H7HE
AUNR(670)2 672 nmollA] 533 =27} LERG 2™ AuNR(780)> 784
nmelA] FEEGITE TP B k2] AgNO;7F H7HE AuNR(880)>
885 nmollA 4 3 =7} YERST) =, localized surface plasmon res-
onance®l 2|3l YER= peakl> ©F 510 nm F-FollA #EE G oL}
71 AgNO; o] WOl = peak 27} red-shift¥]= Z1& W2 5
Stk Figure 2(B)olli= TEM 415 &3l morphologyE 435t 2
T2 eI AgNOs7H 7HE A7 5011t AuNR(670)2] Bt Zo]
T °F 32 nm®E P #oked °F 39 nmel Fit Holg: 7R
AuNR(780)< AuNR(670)RT} ZJefjd oz ZAojFAnt o}x 2hd3s]
378k Fal BeFo] wMEo X ALY Aol7}t 2 AuNR7E TR #HE
otk HEH o AEE AuNR(880)S A 02 oF 50 nm<] H]
5% dolE 7Y 73 252 HITE AuNRS UH]E 9F 15 nm
2 YA FA =] AgNOs ] H7hgo] F7hstell met aspect ra-
tio= 217} 2.3, 2.8, 3.5% HAH R FUkehs S 1T o itk
o] Aol A= 880 nm o)A 9} T F =7} 71 AX|SEaL aspect ratio
=39 10]w, B Zdole} vn] Z+zt ok 559 14 nmQ) AuNR(880)=
AHE-3 Tt

3.2. CRGO?Q| HI=

Figure 3(A)°ll= GO, RGO, CRGOY] TS &1sly] 93t FT-IR
4 AyE YeERYSIEE 3430 cm!ollA] carboxyl groupell EA|sH=
-O-H stretching vibration®] ¥HZ% 31 1740 cm™ o4 C=0 stretching
vibration®] ¥HZE STl GO+ carboxyl group®RF oFu2} hydroxyl
group®] 17] WliEol| -O-H stretching vibration intensity”} 718 74310
w] o] oxidation degree”} 7F Ath= A2 Qv dttHFigure 3(A)(a)].
HHE Figure 3(A)(b)S] RGO A L2 3430 cm™ oA ] oFst
-O-H stretching vibration®] ¥-2%| 2131 1740 cm™ ol 2] C=0 stretch-
ing vibration 73] AR A& ER1SI3IYE CRGOS] -O-H stret-
ching vibrationt= GO2} RGO2] 7+ A =9 intensityS 2.8 2™ RGO
ol BFE A 2FE 1740 em! o4 2] C=0 stretching vibration®] A}
FA B2E o] -9 o] %o carboxyl group®] AAFE HS ERISISICh

£ AFeflA = S, GO, RGO, CRGOY] oxygen functional group=
H|w3k7] 918 TGA analysis& AAIEIl oM 54 25 7oA

c=0
(carboxylic acid)

Transmittance (%)
Transmittance (%)

c=0 !
(carboxylicarbonyl)

O-Hin COOH O-H in COOH

3500 3000 2500 2000 1500 1000 500

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™) Wi

avenumber (cm™)

(A)
100 —Go
98.2% ——RGO
0 85.0% ——CReo
I ‘ full reduction
§80 79.7% E : selectively réduction
§7o z
s 5
2 IS
=60 o
a
50 | —— (a) graphite fia
— () RGO
40| — () CRGO
—— @GO , . . . . :
0 100 200 300 400 500 600 700 400 700

?/?/gve!englh (nm)am
(B) ©
Figure 3. (A) FT-IR spectra of (a) GO, (b) RGO and CRGO; (B) TGA
analysis curves of (a) graphite flake, (b) RGO, (¢) CRGO, (d) GO;
(C) photoluminescence of GO, RGO, and CRGO excited at 325 nm.

Temperature (°C)

o] TweAY sle Age] EelEe] Folv FAE AESIGIH
[Figure 3(B)]. =<1 2%=7F Hd] 700 CT7HA] &p7k= HAdelA <k
1.8%2] 7 £48 Ho 717 $3F thermal stabilityS HSth
[Figure 2(B)(a)]. GO °F 59.5%2] 7 &A1& Kol SART A2
©F B3t thermal stabilityS H.3ATE 148 T o4 GO+ sheet$} sheet
Atolel] A8t g=io] Frtkate] oF 19.2%°] FAIZE &A= UTH25].
TSk 210 CollA oF 14.6%2] F-A] 4o #&A= =] o] 77 &
o 9J&l w8l ® 2] hydroxyl group, epoxy groupd} 7 oxygen
functional group®] AIA%HA LRt A¥lo]tHFigure 3(B)(d)][26,27].
RGO+ 4% oxygen functional group®] & #3F o] 210 CollA F
A7y ekt EAFIA G 2 2% ) rell HE Wik 9l
SItHFigure 3(B)(b)]. CRGOXE "EI/IAZ 210 TollA 2kre] FA
EAlo] Yekstom] 53] 550 CollA] carboxyl group?] & Esli7} X138
wo] ok 7.1% FEL] FAZF F7FE FFA8HitHFigure 3(B)(c)].
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(a) CRGO before exfoliation (b) [ CRGO after exfoliation (<) I CRGO-AUNR nanocomposite

Diameter : 1848.6 (nm) Diameter : 585.1 (nm) Diameter : 317 (nm)

Polydispersity Index : 0.578 Polydispersity Index : 0,689 Polydispersity Index : 0.252
2 2 2
i ] ]
£ 5 H
E £ =
= 5 z
5 H §
8 3 2
£ i £
& 8 & |i

100 1000 10000 100 1000 10000 100 1000 10000
Diameter (nm) Diameter (nm) Diameter (nm)
(A)
0 hr 24 hrs
P e | — B

e - ==
@ lib) L@ @ ‘] (e

‘ (af\,(b) 0 @ @ o

Figure 4. (A) Hydrodynamic size distribution of (a) CRGO before exfoliation, (b) CRGO after exfoliation, and (c) CRGO-AuNR nanocomposite;
(B) dispersion stability of (a) AuNR, (b) GO, (¢) RGO, (d) CRGO, (¢) GO-AuNR composite, and (f) CRGO-AuNR nanocomposite.

TESE GO9 reduction degreei= photoluminescences E3l|A4 444
v w33tk GO+ thAl 2814 9 23(600~1100 nm)ellA] w2 ol
A o] A wgo] FzkHET) Whdo RGOSF 18 FAF(graphene
quantum dot, GQD)> A2 A8 ZAHH HAx7F A H a1 Aghd
07 FH2 Wele] A whgo] ¥EETH28). Figure 3(C)ollA GO oF
623 nmE main peak = 3t°] FH ]St spectrum distributions 1.91.0.
] RGO2} CRGO2] main peak Z}Z} 418, 449 nm=E blue-shift= 3]
t}. Photoluminescence] main peaki= GO2| reduction degree”} S
= blue-shift® = FTFS BT} Y o]Fof spectrum®] blue-shift®
22 3 Yol A sheetol] EABIL defect site”} 723kl sp” Tha
Q@Yo] Frkete] HA dg nlFo] FolA|7] wlEolth2g]. webA g
4 g elA hydroxyl group©] carboxyl groupSE *]¥El CRGOTE
A4 02 RGOKET} sp” B4 H-gEo] oF5l7] wlEo)| sheet® defect
site7} ol AhA o2 d blue-shiftd 218 1e 5= A3iTh

3.3. CRGOS| M =X

717} 2L single-layer= ©]F-01%1 GO= -8 ol 4] dispersion
stability7} -9-73F7] whitoll 7ol F2 =] Fal i A2 #Ee
o}, webA] A AZEA GOE AR $13lIA1E micro-size2] mul-
tilayer GOZ- nano-size2] single-layer GO= Brg]djjo} 3t} 1 Q1o
e GOE Adlell Fshe FYE ASAZ AH-3H] $130 probe ul-
trasonicator 2. ¥}2]3}] CRGO2| B3¢ Z71E <F 300 nm7HA] a2l
71312} 3F3ATE Figure 4(A)(a)olA Bzo], vhg] =HA| ¢ CRGO=
Ht oF 1848 nme| F7]E RS S™ Figure 4(A)(b)2] probe ultra-
sonicator® 2 h <t 9] 3 CRGO: <F 585 nmE Yo} vle] 1
wrh ok 30% 7H7to] Fol= 21 #ESISItE CRGO-AUNR Uit
A= 7P A2 317 nmE HEEQL O o]= AuNRE 714 A%
zhgol 23] sk BgollA CRGOS sheet?} shrink= 9171 Wit
of AAARI VB e] A7V} Fols AoE AztETh

A59] FAk S 53] 8l 7 AES] zeta potential S =
7d319] Table 20| LFERHSITE AuNRE F +27 mV, CRGOE ©F -35
mV9| zeta potentialo] THAH AL 7} MES YU charges H
UARE w0 g 7|7k P A o2 #akE] 9lrh CRGO-AuNR Ut
EokAll= A% 3ol A zeta potential©] A= HA] oF .14 mVE L}
Eltom o] Eal + X7} electrostatic attraction©. 2 ASHE| S

3sst H 32 H A 3 = 2021

< 1T F A

Figure 4B)T A3l AMH-E 3IEEE2 4897 dispersion sta-
bilityS B3] 93l FL3 TEE FH)E At IgEES 47t
3 mL™ cuvette®]] Wil 24 h F3F ¥ Alzloful. AUNRE] WS-
AHEIA] CTABE coating®¢] &Lt charges 7H 4A= A}
olo] w07 L ¢yl F5S K ATHFigure 4(B)(a)]. GO
24 h &, ogke] Hd S HIANE Y<=2] oxygen functional
groupC Z ¢lal tiAldor 12 Fak AeE X831 HFigure
4(B)(b)]. AT RGOE 2 271 aggregation® UA7} well B
AER o] &M% Eo] HEE GO 24 h Fof ¢hx3] 7hehek
St} ol RGOZE #s]= T llA] oxygen functional group®]
At 54 YAE dlF20] neutral charge® ¥ A ¥31, %
Q13l| YA} Aol €] wbieo] okeliR7] WlE o= HItHFigure 4(B)(c)].
CRGO+= E9°1 carboxyl group®ll 2J3l] sheet”} negative chargeE 7}
A|EZE sheet 7toll 7gt whdEo] 2-g-ato] QPP A1 EAte] TRtk
[Figure 4(B)(d)]. TH3 2.2 AuNR-CRGO a4 B4k P&
AuNR-GO &9} Hl3k5ith GO sheet’} WA O 2 wll-g- =17
wFo] AuUNRE EAFA} aggregation=| 1.0 24 h o] F ¢Hd3] 7}
ikl tFigure 4(B)(e)]. CRGO-AuNR -%-3H4]= probe ultrasoni-
cator= 8] st FHof] Asie] LS F3l 3 ¥ O nano-size®] sheet
T3] whitoll AuUNRE ¥ S0 aggregation=| 7| ¢l 2%
QF oA Ql B45-S B ItHFigure 4(B)()]. %3 CRGO-AuNR e
SHl = ool A o] Fol = oA o7 Ak AdElE A8t

I AuNR(880)= 516 nmollA 2] oFst T34 M7|E RSl 885
nmelA Zgk 333 Al71E WeERSITE 885 nmellA 2] wEE 73et Al

=

J

719] FB == AHE-¥ 880 nm HOAFE gt FE GHE HolF
71e) FE-3ltHFigure 5(A)(a)]. GO+ C-C A¥e] -7 * transition®l]

2J3 main peak”} 230 nmoIA] UEREOH, SAsE Ag] n- 7 * tran-
sition®]] 2]} shoulder peak”} 300 nmol| A FHE=| S THFigure S(A)(b)]
[4]. 38, CRGOS] main peaki= 230 nmollA] 250 nm=E red-shift¥] )
o7 880 nm F-ellA GORT T & Al7]¢] F3rh AEE G
[Figure S(A)(c)]. CRGO-AUNR LFr-E-3Ea] o]l A= 250, 516, 885 nm %
Al Y FFErF 25 B2E )t Figure 5(A)(d)]. TEM images %
3] GO, CRGO, CRGO-AUNR U} 8412] morphologyE 7231
o} GOSF CRGOE= YRR =531 2] 1338 2] morphology”t
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Table 2. Zeta Potential Measurement of Different Samples in Aqueous
Solution

Sample Zeta potential (mV)

AuNR +27 £ 1.6

CRGO -35+£23
CRGO-AuNR -14+£03

— (@) AuNR

— (OGO

—(¢)CRGO

—— (d) CRGO-AUNR nanocomposite

Absorbance (a.u.)

Wavelength (nm)
(A)

200 nm

Figure 5. (A) UV absorption spectra of (a) AuNR, (b) GO, (¢) CRGO
and, (d) CRGO-AuNR nanocomposite; (B) TEM image of (a) GO, (b)
CRGO, and (¢) CRGO-AuNR nanocomposite.

2HE] 1t Figure 5(B)(a), (b)]. Figure 5(B)(c)2] CRGO-AuNR L}
SHA= 2F 300 nm 2] sizeE 23127 AuNR7} 12 sheetol]l B}l
FEE EASHE B oFE Bzl

off Jr

3.4. CRGO-AuNR LI'-55Ho| 2 1} £M

=54, GO, CRGO, AuNR CRGO-AuNR U234 MEZ2E59] 2
7] L5223 TE 9 5 747ke] AlZof 1 W/em?® A1719] 880 nm
2014 S 10 min F9F ZARIY 2% W3lE 3 s Sl
AAN7Fo 7 A=E HFigure 6(A)]. A3 A3}, FH4E 10 min %
Qb 27t A2 WskA] a1 47 Flow Az o® oF 2 Tylof 4
34 kktHFigure 6(A)@)]. GO= 30 CT7HA] S A a0 A&
AfeHE Bt %] HHEo] wEEGoH ofet ofE 100%
Fd G5 B3] ofgHS o2 Az EthFigure 6(A)(b)]. GO
9 25 A5 Fo] A I ThE o]f-EE 800 nm FYolA 9 FHE
7} ohE Al vlEl] dA8] 7] Wi o R Helrh & AFelA $4
3k CRGO+ 880 nmo|A] GOX.t} oF 104 2 53355 YERIS
o] #o1AS ZAFSE A & 6 min Wl 40 T7HA A5 21 10 min
o] Ak FHell ek 45 Coll ste] Hold B G795 R tHFigure
6(A)(c)]. AuNRE 2 AI719] #HolAE ZAKEE Al 6 min el
CRGOS] HF 2511 45 T7HA] dz3dtslorn] HEHor k48 C
o =EElith ©d] & ASETE 18fshd AuNRYF FE AR
A} CRGOR.t} 2Jv] alt éﬂ% HSItHFigure 6(A)(d)]. PFA2Fo=
£ 10 min ¥ell 59 CT7HA] “dzste] 714 uilk
23 & F2 %E ’:}’53 HHFigure 6(A)e)]. 53] FE X A=
AREE7] 8f el WA 25291 45 Cofl ©Eel=t Y 4 min ¥}

Fod v ke s 8 agusA s s e Gesdae) Az W 54 B 317

60

—=&— (e) CRGO-AuUNR nanocomposite
55 —v— (d) AUNR
—e— (c) CRGO
50 - —— (b) GO 48°C

—=s— (a) Water v
40 -

35

Temperature (°C)

Time (min)
(A)
2 min 4 min 6 min 8min  10min 65°C

o -.-.-
o ...-.
o -.-.-
(d) AuNR
N
(e) CRGO-AuNR
nanocomposite
20°C

Figure 6. (A) Photothermal heating curve of (a) water, (b) GO, (c)
CRGO, (d) AuNR, and (¢) CRGO-AuNR nanocomposite with an 880
nm laser imadiation (1.0 W/em’) for 10 min; (B) thermal image of (a)
water, (b) GO, (¢) CRGO, (d) AuNR, and (¢) CRGO-AuNR nano-
composite with an 880 nm laser irradiation (1.0 W/cm?) for 10 min.

of AejA] gkot 71 wE &k 52 BTk Figure 6(B)= 4
FhletE 22 WelE #E3 AR O F CRGO-AuNR HeH34]9 3
A 7} ohe ST Rl hE wEa A 250 A s
gl = ATk CRGO-AUNR HheB3HA7E 71 w2 a1 & Fo) 2
&S Bl ol 880 nm F-ZollA e A7) S 9AE zk

CRGOZ} AuNR®} &7 synergistic effects &3]3 7] wlFolch

o

3.5. CRGO-AuNR LI'=S5H|9| NE SH
49 7ol 98 CRGO, AuNR 2 CRGO-AuNR Uh-i3H)<] A
=4E& vwsh] f18l 24 MES E5 H(0, 125, 25, 50 pg/mL)E
FH|3lo] A549 A|lEo| A2t 7, 880 nm OIHES FAIsI] AE
AEES 24813tk CRGO, AuNR 2 CRGO-AUNR U813 9]
dark toxicity S #4138 A3, 7P & 50 pg/mLe] FEeIME 427
89.4, 87.5, 88.2%2] A|E AWZES BTHFigure 7A). =, HolAS
ZAFeA] o2 A3, Alazell gt S 548 UERA des &
= Sl oo g AMEE9] phototoxicityE =481 CRGOE
12.5 pg/mLellA 72.7%, 25 pg/mLolA 59.2%, 50 ug/mLolA 44.3%
o] Al AEFo] BAEh &, WES st ST el weh AlE
o] MEFo| Az} 7Hash= AL gold 2= 9)eth AuNRS At A
O % CRGOXRT} e B9 &35 7|REC=E 12.5 ug/mLellA] 61.3%,
25 pg/mLAlA 44.1%, 50 pg/mLolA 31.3%2] A AEES Ko
CRGOR.T} Hojd & Al AlA 58S B3tk CRGO-AuNR Ui
shA o] A, 12.5 ug/mL°ﬂ"1 52.9%, 25 pug/mLolA 28.7%, 50 p.g/mL
oAlA] 15.7%2] ME ALES Kol Al 712 AE FollA 7 -3
2 gl st Ax 54 EAo] #EHdk 5o, M w&

N m
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Figure 7. (A) In vitro cytotoxicity of CRGO, AuNR, and CRGO-AuNR nanocomposite with various concentrations in A549 cell; (B) in vitro
phototoxicity of CRGO, AuNR, and CRGO-AuNR nanocomposite with various concentrations in A549 cell (880 nm, 1 W/cm’, 5 min).

%2l 50 pg/mLelA1= CRGO, AuNRETE 217} 2.8, 1.9%] o4 <k A
28] AEEC] T AE RIS tKFigure 7B).
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