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| 2. Graphene—quantum dots composites= ©|-& Gt |
L electrogenerated chemiluminescence immunosensing

> Fabrication of graphene—quantum dots composites for sensitive
electrogenerated chemiluminescence immunosensing 3

-Poly(diallyldimethylammonium chloride) (PDDA)-protected graphene—CdSe (P-GR-CdSe)
EotHE2 2 o[£35t human IgG (HIgG)E A Z5H7| 2l Stelectrogenerated
chemiluminescence (ECL) immunosensor ¢1+9f tist & 1 Ql,

P-GR-CdSe ETILE 2 &2 ECLinfensity, 280t M7| M MEE, B2 S C, 225
g, 2 ULAEE SHT2Z M ECL biosensorsZ22] EfF /2 T

-P-GR-CdSe £ &} ZIE 2|9 PDDA 2t gold nanoparticles (GNPs)2| & =& Tt ECL
intensityS ¥4 AIHAF=U LD, antibody (Ab), goat anti-human IgG2 P-
GRCdSe/PDDA/GNP T E $I of 2123t & bovine serum albumin (BSA)S blocking &t
ZM human IgGE A £35t7] €8t ECL immunosensor?] 7HEH S Al &G

-ECL immunosensor= 0.005 pg mL -2l A Z=3HAl, 0.02-2000 pg mL &

linear rangeg 7tX|l= HIgGY 1! Bl EE E%. ZM O *ﬂA‘It = = specificity,
SE5H ASA, Q2 AlZEO OFRHAHS EE o0 CHEMXl MAIL Q5 7|tHEl =

ﬂ*1%! 2 8 35H
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Figure 1. (A) Schematic representation of preparation procedure of
P-GR-CdSe composites, including the oxidation of graphite (gray
blocks) to graphite oxide (GO) with abundant oxygen functionalities,
the in situ reduction of GO in the presence of PDDA to obtain
positively charged PDDA protected graphene (P-GR) colloids, and
the preparation of P-GRCdSe composites via electrostatic
interactions under sonication. (B) Schematic illustration of the
stepwise immunosensor fabrication process, including the
formation of P-GR-CdSe composite film on the Au electrode, the
linkage of PDDA to the fi Im, the conjugation of GNPs to PDDA, the
immobilization of antibody (Ab) on the electrode via GNPs, and the
specific immunoreaction.
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Figure 2. (A) ECL — potential curves of the immunosensor in the absence (a)
and presence (b—g) of different concentrations of HIgG (pg mL ~ 1):

a) 0, b) 0.02, ¢) 0.2, d) 2, e) 20, f) 200, g) 2 000, scanning from 0V to —1.5V
with a scan rate of 200 mV s ~ 1. The voltage of the PMT was set at 600 V.
(B) Calibration curve for HIgG determination. Error bars were calculated from
triple parallel experiments.

Serum samples 1 2 3 4

Immunosensor [pg mL ¥ 0.96 203 28.1 3144
ELISA [pg L] 090 1.94 267 3000
Relative deviation [%] 6.7 4.6 5.2 48

3 Average value from three successive determinations.

Table 1. Comparison of serum HIgG levels determined using two methods.



3. Peptide-functionalized colloidal graphene&]
enzyme 8N HE

> Peptide-functionalized colloidal graphene via interdigited bilayer coating and
fluorescence turn-on detection of enzyme#
e T 7lgt ot dAo 2ot HEYH-EAM T2 F2 stlh= =2 solubility
2} colloidal 2t =2 7tXI= 715 2= d2HTIC =H[2F fluorophore?t 2 Tliol F ™
Atol2l 2|7t 5nmo|stZ X X 3tsliofstE 2 2 A= o|2{tt 2HME &l 25t
#1599 interdigited bilayer type coating= &3t 3nm°Iste] F7H, =2 colloidal 2F78 4,
graphene-fluorophore substrate®| #tE ¢ stM JFEFo AAE B35

-peptide-functionalized colloidal grapheneE =H| CHAl:

(1) deiT AMstE A/ 2 OES 7] flotd BH7[H Zotol|l 2 ot didodecyldimethyl
ammonium bromide (DDAB)2. 2 3 & (2) =2 E2|0(YZE XIojd E2|04:
poly(maleic anhydride-1-octadecene)= interdigited bilayer structure2 £ == .
(3)°rBl =7 & 7tX[12 = diamines = 2188 anhydride groupsell Bt-8 Al7{ amine
718 & =8, 1 Ct3 Hydrazine X 2|°f 2/5r 2Tl Aot dIlesE MIHA[Z]LD
ototd 3ol 25t peptide 282 AlA =BIT.

-Peptide-functionalized colloidal graphene& enzymell ¥ stX A=Z2 2|5t & 7L
o0f WEIH MAS QIS MW AML peptidec] FTLATON A AAL. B ML

o
O oo 25t quenching®l Lt nanomolar @ &2l A chymotrypsin® = =of 2t
enzyme A& UIZEE2 EQ o] 2 A= in vitro enzyme assay®l 7t5 42 59
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Figure 3. Coating and Functionalization Strategy of Colloidal
Graphene Oxide (GO) and Graphene (G)
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Figure 4. Enzyme assay using functional graphene. Different amounts

of R-chymotrypsin are mixed with colloidal solution of peptide-functionalized
graphene and fluorescence spectra were measured after 5 h.

Inset shows the visible change after 5 h as observed under UV light for 8
nano mole enzyme.
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Figure 5. Cellular enzyme assay using functional graphene. H9C2 cells
along with culture media were mixed with peptide-functionalized
graphene solution, incubated for different time and then fluorescence
was recorded. Increased fluorescence is due to the enzyme action.



4. Intracellular protease sensor2 M graphene oxide—peptide
L conjugate

»Graphene oxide—peptide conjugate as an intracellular protease
sensor for caspase-3 activation imaging in live cells?

z

ot 9|
Ml A

- = Ml ZE (live-cell )oll M M| I ALY (apoptosis |2F & &A= caspase-3 activation
Ml 3t7] 13t fluorophoreE 2H! 35t graphene oxide (GO)—peptide conjugate

7
|8t 2 2 intracellular protease sensorg & st 1 &elS FFor At

Ui i

-Caspase-3 activation®l i 3t intracellular protease sensor 72t dysregulated
apoptosisol Tigt 2FS ZHAto|| T st 2ot otL|2t AH2|st™, B 2|5t ™ © 2 protease

—
of A5tg olsfst=iol B FQ 57| R T,

-GO—peptide conjugate?t Ct&F 2| caspase-3E& AZE5H7| @Gt ZtChstt A 1 01zZby,
MEHYG Qe MAQUES FHoIFO0] EESF M E Qto 2 & Q= & O caspase-3
activation?l high contrast imagingst”Z| £l 3t intracellular protease sensordd 2 & & .

-Ct= Ht Al in vitro assaystt multicolor fluorophore tagsE ¢l CHE F
AT 2| 5t multiple proteases?| live-cell imagings 2 &2 OClZ& AL UMLZCE S

= o oF A o O O
Lot 382 = S 240 =58,
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Figure 6. (a) Caspase-3 detection using GO—peptide conjugate.
(b) Construction of GO—peptide conjugate. EDC=N-ethyl-N" -
[3-(dimethylamino) propylicarbodiimide hydrochloride, Sulfo-
NHS=N-hydroxysulfosuccinimide.

non-covalent conjugate of  conjugate of GO,
peptide complex of GO and peptide TAT and peptide
GO mixture GO-peptide substrate substrate

dl) el)
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Figure 7. Confocal fluorescence microscopy images of Hela cells treated
with 4 mm STS for 4 h after incubating with (a) GO, (b) 1.5 mm mixture of
fluorescein-labeled caspase-3-specific substrate peptide and cell penetration
peptide TAT,( c) noncovalent complex of GO—peptide, (d) conjugate of GO
and substrate peptide, and e) conjugate of GO, TAT, and substrate

peptide, for 8 h at 37°C in cell growth medium. Concentration of GO,
complex, and conjugates: 70 mgmL-. (1) Fluorescence images; (2) overlap of
fluorescence and bright-field

images. 4pM STS 4
no STS 2uM STS 4uM STS Z-DEVD-FMK 4uMSTS+DEVG
treatment treatment treatment treatment treatment

al) bl)

a2) b2) c2) d2) e2)

Figure 8. Confocal fluorescence microscopy images of Hela cells treated with
(a) no STS, (b) 2 mm STS, 9¢) 4 mm STS, (d) 4 mm STS and 100 mm inhibitor
Z-DEVD-FMK for 4 h after incubating with conjugate of GO and caspase-3-
specific peptide, and (e) treated with 4 mm STS for 4 h after incubating with
conjugate of GO and nonspecific peptide substrate DEVG. (1) Fluorescence
images; (2) overlap of fluorescence and bright-field images.



" 5. Thrombin2 2151 7] %I 5t fluorescence resonance energy
L transfer (FRET) aptasensor

> Graphene fluorescence resonance energy transfer aptasensor for the
thrombin detection®

-Thrombin& ZA&Eo5t7|9It 0 0I1Zte=, D MEHG S 7HXI fluorescence resonance
energy transfer (FRET) aptasensor 7l &f 2 dyeZt 2t8l = QtEFO{E assembleTt 112 I
J|Hto 2 Z=H|5tU S

-FRETE] & 2]l 2| 5to] dye 7t 2t = QPEFD{ 2| fluorescence/t 2 Tl ato| H| & 7
A etoll ol sto] fluorescence quenching™ .

-Thrombin2l & &t quadruplex-thrombin complexesl| FEfZ QUEID 2 ATt A
AHIe EHC Z2HEE dye/l AKX = &2l 25 quenching = U H
fluorescence 7F T 2= S HQl |

-2 ool =& fluorescence quenchingZ b, EF2Q| + X, M7|& AW
e o FRET op’rosensorh buffer@t blood serumAtO|o|A] 1 O|Zt&E, 11 MEH M
200, 313 pMe L2 ZHE StAHZ 2ol

-_12f &l FRET aptasensor= cancer cell recognition, & A ot 2fEf0{Z ©]| & T cocaine
sensors52 S84 8 7IHE = Q= MAQl,
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Figure 9. Schematic Demonstration of Graphene FRET Aptasensor and =9 2.0
the Detection Mechanism for Thrombin @ @ 4.5 . O
a Fluorescence of dye labeled aptamer is quenched when aptamer B ] 4 Edd-aniamer
binds to graphene due to FRET between dyes and graphene. The L o ) e -

fluorescence recovers while thrombin combines with aptamers to o ) 100 200 ) 30
form quadruplex-thrombin complexes which have much less C (pM)

affinity to graphene, causing FAM far away from the graphene
surface. Figure 10. (A) Fluorescence spectra of the graphene aptasensor via different

concentrations of thrombin (0, 31.3, 62.5, 93.8, 125, 156.3, 187.5, 218.8, and
250 pM) in 20 mM PBS buffer (pH 7.0). (B) Relative fluorescence changes of
FAM-aptamer and the graphene aptasensor via thrombin concentrations.

5 Relative fluorescence changes are calculated by F/FO, where FO and F are
the fluorescence intensity without and with thrombin, respectively.
FAM-aptamer concentration: 20 nM. Excitation wavelength: 470 nm.

Figure 11. Relative fluorescence intensity of the graphene aptasensor
incubated in blank PBS buffer; 1 M BSA in PBS; 1 « M IgG in PBS;
250 pM thrombin in PBS, goat serum, and bovine serum, respectively.
Relative fluorescence intensity (F/F,) is calculated by F/F, where F,
and F are the fluorescence intensity without and with the presence

0 - of BSA, IgG, and thrombin, respectively. FAM-aptamer concentration:

Trmechi SAEbAEE  Fheamii 20 nM. Excitation wavelength: 470 nm. Emission wavelength monitored:
Blank BSa 9G in in in 517
FPES buffer goat serum bovine serum nm.

Relative fluorescence (F/F )




6. In vitro and in vivo imaging probe2 ©| 257 |5t Multi-
L functional graphene
> Multi-functional graphene as an in vitro and in vivo imaging probe’

-O| A= in vitro?} in vivo imaging= ?I Bt biomedical g8 St At water-
dispersibility (~2.5 g/l), fluorescence property (emission maximum at 526 nm),
X718 g A2 7HX] = multi-functional graphene (MFG)E microwave2t sonication
Hredofl 2l5hof Jldtat,

-MGF= in vitro2} in vivo imaging®llAM 2 ME /g2 B0 o|= ALt
fluorescent markerdd 2 S at.

-Hela cells®l A1 MFG2| in vitro cellular imaginge= cytoplasmic region®l| & ¢l X|st1
AN O 0f |ysotracker staining2 lysosomal region®ll Al MFG degradation?| 75 /8
oS Hoj=

= =)

-Zebrafishell Al MFG2Q| in vivo whole-animal imaging2 M2l 2 & Z2|7tX| & 28X
Sl 9 LIEtHO O] SN ESH LIEFLEX]| OFQf2

-1t M O Z biocompatible MFG= in vitro, in vivo imaging probe®! 2 F @ st 1
biomedical diagnostics, magnetically guided drug/gene delivery,
photothermal/photodynamic therapiesd 2 CF Yt biomedical field2] 8 & /g °l
1t & .
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Figure 12. (A) Schematic representation for the synthesis of MFG
using microwave-heated sonication-assisted process and surface
functionalization with AA and FMA. (B) TEM analyses of MG (a)
low, and (b) high magnification TEM images of MG, (c) TEM
image of MG showing Fe filled NPs embedded within graphene
sheet surrounded with the graphene layers, and (C) AFM images
of (a) GO, and (b) MFG.
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Figure 13. Representative (a) FT-IR spectra, (b) TGA thermograms of GO, MG,
and MFG, (c) Magnetization curve of MG (top inset showing the photograph
of suspended MG in black agueous solution, bottom inset showing the close
view of the hysteresis loop), and (d) Fluorescence spectra (A ,,=475 nm) of
MFG (green line) and fluorescein o-methacrylate alone as a reference (red
line). Inset representing the green fluorescence image of MFG aqueous
solution upon exposure to UV light. (e) UV-Vis-NIR of GO and MFG. Inset
represents the extended NIR region. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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Figure 14. Apoptosis detection by Annexin-V assay of Hela cells
treated with PMG for 24 h, respectively. (A) Flow cytometry dot plot
(x-axis FITC and y-axis is PE). The number of dots in each quadrant
represents the number of the specific cells. The lower left-hand
quadrant indicates normal cells, the lower right-hand indicates early
apoptotic cells, the upper right hand indicates middle phase
apoptotic cells, and the upper left-hand indicates late phase
apoptotic cells or necrotic cells. (B) The bar graph representation of
the % apoptotic and necrotic cells from the dot plot at different
concentrations of PMG. The results were obtained from 4 separate
experiments and the bar represents mean S.E. *p < 0.05, **p < 0.01
and #**p < 0.001.

Figure 15. CLSM images of control (upper row) and treated (lower row,
incubated with 20 w2 g/ml of MFG for 24 h) Hela cells. In all images the
nuclei of Hela cells were stained with DAPI blue dye. (a) and (d) The nucleus
images were recorded with a DAPI filter. (b) and (e) The green fluorescence
from MFG was recorded with a FITC filter. (c) and (f) The image is an overlap
of respective stained nucleus and the fluorescence from MFG. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this arficle.)
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Figure 16. (A) In vivo cytotoxicity of zebrafish at different
concentrations of MFG from 0 to 72 hpf (hours-post fertilization). (a)
Normal development (control), (b and e) cardiac malfunction and
heart expansion, (¢, d and g) tail and spinal cord flexure, (f) yolk sac
edema, after injecting the GO and MFG (0.05 and 0.1 ng/nl). (B and
C) Effect of zebrafish survival rate monitored at an interval of 24 h,
without and with microinjection of DI water as a control and after
microinjection of GO and MFG (0.05 and 0.1 ng/nl) as experimental
set.

Figure 17. Distribution of MFG inside a fully developed (72 hpf) zebrafish
using CLSM (a) fluorescence image of MFG with a FITC filter, (b) DIC image,
and (c) Overlay image.
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