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Radiolabeled 2D graphitic nanomaterials and their possibility
for molecular imaging applications
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ABSTRACT In recent years, many researchers have attempted to make use of 2D nanoparticles as molecular imaging
probes since extensive investigations proved that 2D nanoparticles in the body tends to accumulate certain
lesions by enhanced permeability and retention (EPR) effect. For example, graphene and carbon nitride which
have high surface area and modifiable properties showed good biocompatibility and targetability when it used
as imaging probes. However, poor dispersibility in physiological mediums and its uncontrolled size limited its
usage in bio-application. Therefore, oxidation process and mechanical exfoliation have been developed for
overcoming these problems. In this paper, we highlight the several major methods to synthesize biocompatible
2D nanomaterials like graphene and carbon nitride especially for molecular imaging study including positron
emission tomography (PET).
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Introduction o] AGE I Qlek, e ZAto|=o) i HEEHA B
& A= YA AR YAFR o] FolX] Tt 28715
29 (graphene) BH49] sp? AFORE o]Fojzl 7HAAL Qle] 71 aguaks tE A74, E94, 181
¥ 25 7L Q)AL O Sl 9 & Y] 2718 A7138H BAS AU YL Bofl #AMY F2 A4
A3 Qlck(Figure 1A, B), o= 2 2444, 4714 44& (hydrophilic) 422 7FA]3L glo] 7141 FA ol =
7HA AL Qlof WheA] A uRE AE wE; FofollA B 2J3k o] Qirt,
2 IS wolith(1,2). 2 20040 A Hily] 7HE o] Egto|E(Carbon nitride)= sp?etAet Aagk
9™ micromechanical cleavagegl= 7|48 3] 59 0F o]Fo]z WHE oS AR Fl= EAE oy &
(graphite) S27E FZEQIT}, o] HE o =2 2 2A7F A 21 5 e 9] & (graphitic) ?F 2D 25 AW
85 7H aejslo] A AAtEIglen ofof tigk theF tri—s—triazine 727} @YsHH o0& 714 SPgsital U
ok 2 2 S-gAkloll digh Atk ey let, el A Qek(5). LEfuE 7t o] Erte] E(Figure 1C, D)=
WS Ao g, o] Alske FEjQl 2 SAfol= S5 A7) At Py S48 Ad BERE S,
(graphene oxide)&= AEA FAEATHS,4), L <A} oxygen reduction reaction &1 S0 & ZE 1 9lo
o|EE B9 ARG oR T 4 glon o]F T (6), o= olget A ol gsto] Ao At Ui
A7 TS T 4 glo] 2] AR W URrEA 9] S-go] BuEal glrt, TefulE 7HE ol Ext
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Figure 1. Proposed structures of various 2D materials. (A) Graphene, (B)
Graphene oxide, (C) Carbon nitride (g-CsNs), (D) Oxidized carbon nitride (OCN).

S
[
rlr
ot

Py

7ol wet 11 gH4o] AeE &
= olejgt 1] 7h volErtol= L QA7)

b0 ARl AR e QAR B8 E 4

]_

&
n
>

A

LN 01
&

pul

Alofl 2

2
&

oL

ol

ALY

o] 2RStaLA} R,

A2} W T2 (positron emission tomography,
PET), ©¥dA ©=&% (single photon emission
computed tomography, SPECT)S ¥3}= 2 H (probe)
of A EHHEE ﬁ7\15}°4 2ot Sl AA| WollA 'Hoj
Al wAE] Mot SdAL 22 ARehael =
S FEAHOR B 2 9l B A molecular imaging)
7IRolek(7), olefgt #AgA 7S =2 WHEE 7HA

= Qlth= AollAf o} Eofol
Al & HFEIL Qlef, PETO|U SPECT 7]
= V\WEH%Jiﬂ 2] 8 “J*Vé—‘zr *Z} (radiotracer)&
Aoz Aol =Qjstoiof star 1 WAMIFAALY] F
of wheh Ak & gl AU ‘I‘T]ﬂ' Gepx]A "ok, A&
Z}2]9F2Z (small molecule drug), IEAH(polymer), Ui A
ZHnanoparticles) 5o] WAHIFAAR AMGEE EHFO
] fluorine—18 (F—18, t; = 109.8 min), copper—64 (Cu—
64, t2 = 12.7 hours), carbon—11 (C—11, tys = 20 min)2}
T WA EERE EATE] ARG 22 = W
A&7t FA | oy kd ol Egfo| = e
ojakd = EAFY E8 7HsAdel thsh alskaar gt

4m
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17 ZoF 98 4= 9l 0]= EPR (enhanced permeability
and retention) effect 2}al 3t}
T SAfol|Erp WAV AR R BEE 7] QIR Thefgt
WAV E 1 2] HHo] ZPE|SITHS,9). A HAlEE,
e SAapo| =0 4kshE FEQL o EAto| E(epoxide) 7t H
AAA = 2Hg-ske] F-18 Jolo] g Aehh-g-5 F3
FA 8= Holth(10), F-180.2 EAE 3}7] Hofl AA|
AT EAFEES SXIA7I7] ffel L SAbol =
Uoho] Q)= 72 E A7)0 amine—terminated PEG (poly
ethylene glycol, 10kDa)2} N—(3—dimethylaminopropyl)—
N—ethylcarbodiimide (EDC)& o|-&3f 32302 A4
¥ PEG & =%15H| €}, o] 2o A At 2295 7ft
A = PEG7} &2t Al L2 SAfo| =7 ABA| 29t
3k Uhie Alo|2& Fol5A HrkFigure 2). 71EY 24%
efj o] WA -9 Y 4E chelation H= WA ol A= AR
7} BRI AU F40] decomplexation E|0] BojA Urh=
AEC] A 7sAdo] YAlRE o] Ak} Zro] F-182 783t
2l SRR AdsHA = A 2ol A= oA
O 7 FASHFE7E A=A Ht,

TFA, ™0(p, n)"*F
80°C, 1 hour

‘ = PEG (10kDa)

Figure 2. lllustration of "®F-labelled graphene oxide by nucleophilic fluorination.
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o @mine terminated six-arm branched
PEG (10kDa)
. El

e
Q.;e’ H30, 12 hours HOOC:

PSCN-B0-HOTA, pH 9.0
pH 9.0, H;0, 2 haurs

o
o
LT 55
a‘ JSL . ’ > L = six-am branched PEG (10kDa)
Q =8Cy

c = p-SCN-Bn-NOTA
((S)-2-(4-isothi -1,4,7 14,7-

triacetic acid)

Figure 3. lllustration of %Cu-chelated nanographene conjugates.

W) HORE, PET ofn Ko AR HAMIES
& % 54 chelatorel] 3} ¥4 B & 9k 34 THE Uo|Egpo|E Uhle YR} A

- = =
HARE A3t} Figure 39 oAoflA AHEE S9lH4e
Cu—640]1L 0|5 A&Z 22 chelation A]Z 4= 3= NOTA
(1,4, 7—triazacyclononane—1,4, 7—triacetic acid)7} 12}
Aol =of AZE I, o] B A Al or Wit
717} 71 Cu—64 (ty2 = 12.7 hours)= FA] ok 4= Qo] &
AZE S oA S AT 4= Q1AL YshE 542 chelation
g 4> Q= ligand S =T 4= 9lrt,

nRAERE, © AR gl 7HAAL Sl e SAbol =9
E4< olgeh ot g SAbo| B w0 sp? At
o2 o]fojA Qa1 He wHAS 7P AL Qlo] Yoke =4
= SAAIA Tt S-8tofell 282 4= QlTh(3). Figure
39| W nR7 A 2 HAMS 5 919 4xE chelation A2 4 = We A=A Z857] $l8iA= Top—down A2
U= BARE L FAbo|=of At A7) BpHolaL o] W] 2715 293 Al A 25 HEAIA Eofl o
Beolls 1 - o dEAEo] ol gHr (Figure 4). & A+ gk A= (dispersibility )& o1oF shz Zlo] S8 Aol
oA AHSE WA BFS In-l10]3 o= SPRCT 94F o}, o ofefeh Tesel Ak ol atol=e] A
of AMGE 4 Sl= WAMIE Aok, i SAlolE= = =ol7] ARt Azt Bawan Qi o] &5 IE e

o .

7] ol EEH 1 - 1 ATAES T 9 og| 2 stof TjuE 7E Yol Eto| = 34 7 ARlE

H 2D Whetx 2 o] Foi7l I u)E 7 Lol ol = L
e F27F A AR 2 Al glo

A EAFGA Eofell A-gstel= A7t o] Fo] A|aL QITh).
o[2|3k g 7HE o] Egfo] Bz AW O 7 1204
melamine, urea, dicyandiamide S} Z-& AGLA=
2|5lo] Yoz 2D materialEA] ZZ LS FATlc)
2D material?} Zo] 25 25 95k 22 B¢
o|A] aggregation= o] Ule YJAIRA 7155 & = §l= 4
S7FEaL, dA sl @AskE A 1 YA 2717 U
AR ELE GX 2 APO]ZE R biomaterial 2 2 gF
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o} E AL o A= 95% o)A radiolabeling efficiencies g AT ¢ ol HAEGItk(14), B Al

S Hojflal O SApe|=9) Wikl S dEsto

targeting ability = H-o]s}t},

© 2 ultrasonicationa AFE-SHH YAFQ] Alo]RE Zo] AL}
BILA o2 SARS ukE)E 4= Qlgo] B E|ITH(15, 16). 3F
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ol2|gh A AedE Ad ZLefjulg 7k vo|EgfolE 1}
= YRR} I R A 7E At o whet 3 e v
o|Egto|=0] E4F o] 83t B4} G ZRHEE A9 Zgo]
R 7Rsd A02 7o ek,
N |T 1 Scoon
™ — 1 stacking | | I
Ty 7k Lol Egfol =5
o]-g3%t g ou| A
Figure 4. lllustration of DTPA-graphene oxide complex by @ — @ stacking. Odug 7R UolEgfo|Er} =8 FF A|7|E Holn
Al At e dR=A A27t 7ol w1
A Ut o) B RO mRgE] ostol welE o ohole A4 UolEeol= e A o183 in vitro 4
AE0] Al7to] Ao whe} thA] aggregation H&E wA= Zo Ao HE 33 ou| o] 21 vk QL) (14,15). E3]
A1 oz Y] Age e AR GolEeol= e 1 ATRlo] ofaf AP A5t 71 ol Ejol= e
UAS sk ol )lotAl 2 241 oSk, whebA e ZHoxidized carbon nitride; OCN)= MTT assayE 5}
o= L ujE 7k o] Egfo] Zof] KMnO,oF 2= AHSHA| oJHeLa cello] ZLefju]g] 71 L}O]_E_E}OIE U= 2z} 600
£ ARg-sto] AbetEl TefjulE 71 vol Edfe| =5 ISk ug mL-1 9 FEAE &2 cell viabilityE 2ol 7
11 —~COOH, —NHx, —OH®} & who] 27150 o I oju] Ao A cell®] morphology¥a}t §lo] EE2M 0] &g
ZA51HA Fofl W} electro—stabilization®] ¢ aggregation 0] cell membrane W& atEo] B EQcK(17). 18t
o] He= AL WA & 4 lvhs Al o] HauEg] Tju]E 7L Yol Egto|= thie YAl Eofl gt A
th(16). 3 AlehE Tefju]E 7l yo|Egte|E WY = o] F=3ste] BAGA Zofell A-gst=t A7} QL o
<4 2-87]°| hexaethylene glycol& functionalizationd} o] we} Figure 5AQ)A€ Zo] OCNe|| PEGylationg 3}
of Zof tht FAM=E A U FAlO AAEAA U o] g7|Hog Fof gt FAMS =Y 4 dglen, E3F
= YRR QHHAE =Y 4 Slrhe Uigo] B HATH1T). Figure 5Boll4] PEGylation®l Abshel T1ejulg] 7hE 1fo]
CH4CN, "
Q- < i e
I ’ ’*&
oxidized g-C;N, (OCN) / PEG-OCN nanodots

HD%GT\’N

q‘luplamn 1.

nucleus

50 pg/mL 100 pg/mL

Figure 5. (A) lllustration of synthesis of PEG-OCN. (B) TEM image of water-dispersed PEG-OCN nono-material. (C) Confocal fluorescence microscopic image of RAW264.7
cells using PEG-OCN nanodots after incubation with different concentrations (50 and 100 pg/mL).
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EZo|=(PEG-OCN)7F A7 50nm 37|15 Adth= A&
gholslal o= o]-83F RAW 264.7 cellof] theh &3 A&
GA; qto] ALt Figure 5ColA & 4= 150]cell
9] cytoplasmol| ARt Aeiz] oz FEA9| 354*01 e of
cell study7} 7 oh-& HRTH18), Lejut ZefjufE 7k 1
o|EgtolE U QAR 1 FEA|7L in vivo 274 ©]
7ol B-g57|= ofAl7kA] Hojof & HAZE gk A W
A2 s FFY ool Aol Yehh= 3% 2
(auto—fluorescence) ¥} H|<=5lo] HE3t ojuj A o] B35}
= Aolt}, F WA 2 WEEE o] 7HEA d9el
}7] ool Al o] 2218 Fi AE7]0) sk 7

= Ao}, whebA] o]igh ghAof gk WA ¢b= PET

] ool thet e YAkE Bgo] Hrpd Z1eujE 7hE b
o|Egto] BT} AU = = A APAE o83 PET 94

ko] A2 S AA & == 0= Zlol=t 7|diEd

Conclusion

A 7F e JAZE A ol A Hol= SE3 As
o] FHEHA Uie YRS PET BAFGA T2 HE /\]—%8}7]
2 13| AR o] gt} £3] 2D materialsS L
Al T AR FA 0 S A
A EAo g olgk \l2 A, thofst functionalization
o] 7Fs3h | =EH A87], =& WA AP To=
el 7L 7FA7F A= AL Qlek, AA| Aol 943k 2D
= YA Alxs] ffel T 712 o] Edols BE
AR} G2} sonication} -2 o3&l WS Saf 1
URFE] 2715 Folal | =& HpA A87]50]
3k ol #AR] s =Rtk Aol Hark| gt
FAoME o] & F32D materialsE PET |1
of thet T2 HZ ARG A+ Al o] tsto] 7]=5kSict,
Ok WA HZEL 0]83}F 2D materialol] FA] & 4= Qltt

rE rir _YL oﬁ o oo

ATFEE Qo2 PET ofu] 42 B3] 2} 50) Ae)A
sfof i Alete] glo] 4742 ofekz Arejul 8 4= ik
L Rs e Helze
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