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» A novel graphene oxide-para amino benzoic acid nanosheet as
effective drug delivery system to treat drug resistant bacteria #

- Graphene oxide-para amino benzoic acid nanosheet(GO-PABA)Sl H+# A 7| =
100nmO| 1 zeta potentialZ 349 (£7.03) mVYUZS EASF.
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fgim of

ol
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- B ™ O Z tetracycline 2F=°| EFAE S &9

2| oOfF = &0l aMVUASZS
AREAL .

- Go-PABAS| EFXi & tetracycline (GO-PABA —tet)2 &+ & = (antimicrobial activity)©l
tetracycline®l| 2|t LH/4d HtE| 2|0t Escherichia coli XL-1°]l CHoF =& AH 5=
(minimal inhibitory concentration )2t putative mode & 2 & = A2 B8,

- O] GO-PABA-tete] XA AKX FE= 110 xg/mlel R} 12 drug resistant bacteriaS
Xl =Zs5t7] It 25T k=3 FE A|AHICIS Ho{=

—

- L 51 GO-PABA= biocompatibility, = 2t &Ml =M 2k = EF A, drug resistant bacteria
£ Xz sty fItt &fE MY MLAEFZ2 E80 S8 752 752 7HX2
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a—
2
I ]

((-PABA-tet Concentration (ng/ml)

Uninoculated

N Tnoculated (- GO-PABA)

Bl
" 3 " Tnoculated (+ GO-PABA)

" MIC

et

30 40 50 60 70 80 90 100110 120130
VIO -0 1] R3]

Figure 1. Evaluation of MIC of GO-PABA-tet nanosheet on
tetracycline resistant bacteria Escherichia coli XL-1. "Uninoculated”
represents the only autoclaved nutrient broth (negative control);

“Inoculated (-GO-PABA)" represents the autoclaved nutrient with
tetracycline resistant bacteria Escherichia coli XL-1 without GO-PABA
nanosheet; "Inoculated +GO-PABA" designates inoculated medium
with GO-PABA nanosheet but without tetracycline loading (positive
control).

Figure 2. Evaluation of a putative mode of action of GO-PABA-tet

nanosheet on tetracycline resistant bacteria Escherichia coli XL-1.

(A) Untreated E. coli XL-1; (B) treated E. coli XL-1; (C) treated after 12 hrs;

(D) treated after 24 hours under 20,000 X magnification. In (C) scar was
appeared in middle region of bacteria; in (D) the scar become bigger and
spreading toward the Polar Regions (Considering the same dilution in each
FE-SEM analysis of GO-PABA-tet treated bacterial sample preparations before
gold coating).



> Engineered redox-responsive PEG retachment mechanism in PEGylated nano-
graphene oxide for Intracellular drug delivery >

- o] A1 = redox-responsive PEG detachment mechanism & ©|£35t°0] 20t MEU 25 ME
2 M E ot 435t XtGt,

- Disulfide linkage £ 07§ 2 & ¢St PEGylated nano-graphene oxide (NGO-SS-mPEG)= M| & WY
oFrE MMESHZ| @5t JHetstF oo kS5 ME Al MEUSM diffusion barrierzt= 2 A 7t Q1 A
tumor-relevant glutathione (GSH) levels®ll Al HIZE A S 2 S QS JHEUSIUS.

- NGO-SS-mPEG= A 2| st & 2t H o M = & solubility, stability, circulation 2 & &£ 7t
Mol o A2 MIELW GSH At=of Tet MEfM o= NGOZREH A4=z2 22 =

- Redox-sensitive NGO-SS-mPEG nanocarriers= M Z W GHSS =& =S E JtX X
doxorubicin hydrochloride (DXR) & &0l 215t ME FZ A AKX 7t ME W GSH 5 =2
HHOl Aol YUS2 TH5HYPU I NGO-SS-mPEG=  Hela cell 2toll & 45 o cytoplasm
229922 UTY.

-O| nanocarriers = stability, circulation time, & QoA k3 FE, k5 B S X o B F 2
AFHUA EHEEZ THE 1 Q19 photodynamic therapy 2t gene therapy?t Z2 biomedical
applications@ 22 M AlTt.
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redoxsensitive DXR-loaded NGO-SS-mPEG: (a) PEG- shielded

NGO with disulfi de linkage for prolonged blood circulation;

(b) endocytosis of NGO-SS-mPEG in tumor cells via the EPR

effect; (c) GSH trigger (GSH > fourfold relative to normal cells)

resulting in PEG detachment; and d) rapid drug release on the

tumor site.
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Figure 5. (a) Cell proliferation of Hela cells incubated with
free DXR, NGO-SS-mPEG, and DXR loaded NGO-SS-mPEG
for 24 h. Data are presented as the mean + standard
deviation (SD; n = 5). (b) Cell proliferation of pretreated
Hela cells with either 0 or 10 m M GSH-OEt incubated with
DXR-loaded NGO-SS-mPEG (0.25, 0.125, 0.0625 mg mL — 1)

for the time periods indicated.
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Figure 4. Representative CLSM images of (a) 10 m M GSH-OEt and (b) 0 m M 128+ # “!‘
GSH-OEt pretreated Hela cells after 6 h of incubation with DXR-loaded ﬁ
NGO-SS-mPEG (0.25 mg mL ~— '). The red channel visualizes DXR fl i m
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Figure 6 Flow cytometric analyses of nontreated and 10 m M
GSH-Oet pretreated Hela cells incubated with DXR-loaded
NGO-SS-mPEG at the concentrations indicated for 2 h. The
equivalent DXR dose is 46.5, 23.3, and 11.6 mg L — 1,
respectively. Hela cells without any treatment are used as
control. Fluorescence intensity is denoted as FL3-H.



> Synthesis and drug-delivery behavior of chitosan-functionalized graphene oxide
hybrid nanosheets ¢

=l chitosan-functionalized graphene oxides (FGOCs)= £H/d =8 oA GO solubility2t

Of FHEUo 0 F 7IX| 2FZQl ibuprofen (IBU)2t 5-fluorouracil (5-FU)E EFAi st k=

4l &1 2t biocompatibility & 55t 2

9 '='Xf—_rl2£9| A 7|9 2t FGOCs 2 ATt 4l release behavior®] Xto|7F Qo X2 2 X}

£ 7tXl= & 7HX|] 22 F IBU= benzene ring (presumably higher z- stacking)l2 7HZI

/40| 7] W29 FGOCset 7ot AerS B, 5-FU= benzenoid (presumably less

n-stacking)2l resonance & Q12 & diamide groupdt =/ FEZ ZFX| LD Qo] 2k5F ATHHZ
tEHZ &2l

-IBU @} 5-FU 2k =2 2| 4 & &l controlled release behavior& E1st{ 0 AZ O Xt F2|& E

Mol A FYs
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Figure 7. SY”thQSiS of the FGO(;S on.d the d.ispersion of (a) GO and (b} Figyre 8. In vitro cell viability assay. a) Relative cell viability of CEM cancer
the FGOCs in an aqueous acetic acid solution (CH3COOH/H20 0.2/1). (gl line and b) MCF-7 cancer cell line incubated with GO, FGOCs, and

More details on the synthesis and characterization of FGOCs are drug loaded FGOCs graphene sheets at different concentrations for 5 d
given in the Supporting Information. (SD3%).
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> Functional graphene oxide as a nanocarrier for controlled loading and
targeted delivery of mixed anticancer drugs 7

-grok x| o EFAl X o1 (controlled loading)Lt E & H Ek(targeted delivery)st 7| &I 5t L=
= 8FMl 2 M nanoscale graphene oxide (NGO)Z sulfonic acid groupsS 2 7|5 25t} 10

folic acid (FA) 24Xt & =2 TEot T of| FA receptorsE 7HAI2 Q= human breast

OTrag

cancer cells (MCF-7 cells)& HE X Stst 0K} g2

- n—n stacking 2 hydrophobic interactions @l 2/ 5t FA-conjugated NGO (FA-NGO)4%! il
5 7tAl 2 A doxorubicin (DOX) 2F camptothecin (CPT)E £ g3t 5t EfA T 2 N
% 85| MCF-7 cells2 E X 38l 1 DOX ©|Lt CPT & ot 7HX| &M QF EFXY 571 of

D £ ME EHS HYLS

HollA of bR A Xz T MHECE S JHX|LE O o4 5o A <
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Figure 9. Schematic illustration of the preparation of FA-NGO
conjugates. EDC!41-ethyl-3-(3-dimethylaminopropyl)carbodiimide;
NHS !4 N-hydroxysuccinimide
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Figure 11. Relative cell viability of MCF-7 treated with FA—
NGO/CPT and FA-NGO/DOX/CPT. The asterisks indicate
P<0.05 versus normal cells. When the P value was less than
0.05, differences were considered statistically significant.
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Figure 10. a)UV/Visand b)fluorescence spectra of Rho B before and
after adsorptionon FA-NGO (suspended in water and 50% ethyl alcohol,
respectively). c) Bright-field (left), fluorescence (center),and merge (right)
imagesof MCF-7 cells incubated withFA-NGO/RhoBfor2 h; d) same as (c)
except A549 cells were used.



> Multi-functionalized graphene oxide based anticancer drug-carrier with dual-
targeting function and pH-sensitivity3

Ol AR = SMEE AEX7| | 25k Xt7| H A (magnetic targeting)st 7| €| Bt
superparamagnetic iron oxide nanoparticles?t 2 At A 2| ZFE (molecular targeting
ligand)& 4 ¢t 8t multi-functionalized graphene oxide (GO)E 7|BtS 2 QM| I of| CH Gt
Ml 2] dual-targeting drug delivery 2t pH-sensitive controlled release system=Z & H|
St A= EaE B s

-Chemical precipitation method®ll 2| af GO-Fe304 nanohybrid=H| > amino groups
£ ¥ /gs5t7] #1591 3-aminopropyl triethoxysilane (APS)2] 723l ol 2| ot 3 0
M & > targeting agentQ! folic acid (FA)JE & gtst Xt7|™ &t tumor dual-
targeting propertiesS 7t%Xl multi-functionalized GOE &H|> g Z gl 2l sl
&k 2+ M| Doxorubicin hydrochloride (Dox)& EM St HLE 4 2 A2l fluorescein
isothiocyanate labeled 3t} 2 .

-Multi-functionalized GO = 4 A%

= ’d &l (superparamagnetic property)ll 2] 5t X} 7|
HAM3 SR k= I:IOI-§0| pH Zhol| o = =

a
I-% LRy

-Cell uptake 917 Zit= o2 O|0|X|E Sl UM EO A4S dual-targeted
delivery property?t Dox 2F20f 2|5t EAH T MU E QAUZ3O 2 N multi-functionalized GO
7t tumor combination therapyS 218t &AM EX & E 1t controlled releasell £ & Gt
s od= UTY.
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Figure 12. The preparation of the multi-functionalized GO
based anticancer drug-carrier with dual-targeting function
and pH-sensitivity.

Figure13. Confocal fluorescence images of GO-Fe304-FA-FITC (A)
and GO-Fe304-FITC (B) after incubation with SK3 at 37 C for 1 h.

Relative Cellular Viability
ooCOoOOoOOoCOoOOOo

CrpmwauOo0oH-
1

Figure 14. Relative cellular viability of Hela after treatment with GO,
GOFe304, Dox, GO-Fe304-Dox and GO-Fe304-FA-Dox.



> In vitro comparison of the photothermal anticancer activity of graphene
nanoparticles and carbon nanotubes’
Ot ZUXZ A QUA X207 HHE FL& o2 AX| =& (thermal ablation)S A EA
st=4dl of|of o|oftist A+ 2 carbon nanotubes (CNT), gold nanoparticle®l near-infrared (NIR)
radiation?] 1@ 2 U0 7= I OH 700-1100 nm range®ll =S A|AH L= UX =2 &l 5ol HX|
(vibrational energy)7t &4 &l 10 o] 215t A H X7t ZLHEE ArHAF|7]0f HFETH H=Z
of 4 X| ™M&&lo] X|=3t= photothermal therapy & & 1135t.

-Laser, ulirasound, microwave & = radio frequency®ll 2ot A X2 = 2/ F ol Tt 17
Sol4ol glof MR 400 U AZS AHME SHLS FOIT BLHL FIHAIAHY,

Ol Ao M= DT Lhe QA XFRF CNTQ Near-infrared (NIR)Cll & 3t photothermal anticancer
activity £ Bl 15| .

-5+ 2 NIR-absorbing capacity (808 nm, 2 W/cm2) Yol = &5t DNA E &= sodium
dodecylbenzene sulfonate-solubilized single-wall CNT (CNTy, £ = CNT () 2 EF polyvinyl
pyrrolidone-coated graphene sheets (Gpvp)ZF @©o| G Sfo| YhAlistR 1 AN O 2 in vitro©l A
U251 human glioma cells 2 photothermal AF& 0| 7}k,

-2 Tl 2F CNT= thermodynamic, optical, geometrical propertiesg = 7tXI 12 {2 L} 12l Il o|
CNTECH 24tgol £ o &2 A7|H &std aa/dol F7teh2 21510 US.

O Z4 J2fTl S o723 FF M E Q| photothermal killing 2 T YA X 2] oxidative stress2t
mitochondrial damageE U2 7ICt= A S A F 5o &QlTh,
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Figure 15. The type of graphene-induced photothermal cell death. (AeD)
U251 cells were exposed for 3 min to NIR laser (808 nm, 2 W/cm2) in the
absence or presence of GPVP (10 mg/ml). After 24 h, the cell morphology
was examined by inverted microscopy (A), while flow cytometry was used
to assess the cell size (FSC) and granularity (SSC) (B), DNA fragmentation
(C) or externalization of phosphatidylserine and membrane permeability
(Ann/Pl-staining) (D). The representative photomicrographs, histograms
and dot plots from one of three experiments are presented (no significant
changes were observed in cell cultures exposed to NIR or GPVP alone -

not shown).
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Figure 16. The intracellular mechanisms of graphene-induced photothermal
cell death. (AeD) U251 cells were exposed for 3 min to NIR laser (808 nm, 2
W/cm2) in the absence or presence of GPVP (10 mg/ml). After 24 h, flow
cytometry was used to assess caspase activation (ApoStat staining; A), while
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the mitochondrial membrane potential (DJ) (DePsipher
staining; B), production of ROS (DHR staining; C) and superoxide (DHE

staining; D) were measured after 4 h.
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