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One-Pot Synthesis and Bioimaging Application of
Ethanolamine-Grafted Graphene Quantum Dots
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Abstract: Ethanolamine-grafted graphene quantum dots ( ETAM-GQDs) as a novel type of carbon-based quantum dots
have been successfully synthesized via a facile one-pot hydrothermal approach, and show potential application in bioimag-
ing. The hydrothermal synthesis of ETAM-GQDs was accomplished by introducing ethanolamine ( ETAM) as the co-sol-
vent blending deionized water while citric acid and glycine are used as the main carbon source and bridge for condensation
respectively. The size distribution of ETAM-GQDs was determined by AFM and TEM. The photoluminescent ( PL) quan-
tum yield of ETAM-GQDs was measured to be 38. 2% under 365 nm light excitation by using quinine sulphate as a stand-
ard. The biocompatibility of ETAM-GQDs evaluated by MTT assay indicated the low toxicity of ETAM-GQDs at concentra-
tions below 1 mg/mL. Fluorescent imaging of living HL7702 cells incubated with ETAM-GQDs demonstrated that ETAM-
GQDs can be applied as an effective bioimaging agent.
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Fig. 1  Schematic illustration of a synthetic route of ETAM-GQDs involving condensation to carbonization
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Fig.2 AFM height image of ETAM-GQDs together with the diameter
(a) , height (b) and distributions ( ¢), Raman spectrum of

ETAM-GQDs(d), Survey XPS spectrum of ETAM-GQDs(e)
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Fig. 3 UV-vis absorption and PL spectra of ETAM-GQDs
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Fig. 4  Fluorescent images of HL7702 cells incubated without/with

ETAM-GQDs at different concentrations
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Fig. 5 Fluorescent images of cells incubated with ETAM-GQDs or
CAG-GQDs (both at 2 mg/mL) for 24 h
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Fig. 6  Fluorescent images of HL7702 cells incubated with ETAM-
GOQDs (2 mg/mL) taken with different filters. Including WU
(transmission range: 330 ~385nm), WIBA (460 ~495nm)
and CY5(650 ~725nm).

XA ANGENE KSR oy — . RAERAOLER LT
PRI HLBRAS AN TG A, ER 35 20 M 1 9 ' A E PEATS
IR ETAM-GQDs H AT PR b A= 1y 3 71 B 27 i A5 1 ¥
FE R o

4 & it

=A

(1) AL T 3 2 B e A5 1 ) A SR | 10k, e
AFM RAE, & BT il %5 ETAM-GQDs 1) 5 12 43 1ii 78
20 ~40 nm B, FAPFHEAER ~30 nm, FHEER
~1.6 nm, [AAFET XPS IER] T £ B2 s HE i e 1
BT E b

(2) X ETAM-GQDs #1751 48 4h 0] W e 3% 45l 2 3%
fiE, 7£365 nm FOGEA T, Y Rs M6, T
PR GG — 2 BoR T Y RO, 5 AhE
HERS ARG R TS, KT CEEERERTFre
RPLET 24 40% , K5 T 38.2% (LIRIRZ T L) o

(3) Mg = 5 HLT702 40 i 3L K5 3%, F9E T
ETAM-GQDs FI%J it CAG-GQDs 7 1 {4 41 il 1) A= ¥y i 1%,
I H 4} ETAM-GQDs 1321y HL7702 4 dE47 1 £ o )if%
W9, ] LM Wi 5 1) ETAM-GQDs HAg 45 4
(A DA PE NG P o X e 45 S A ) F A He ik 5
S IS A F

SEH References

[1] XuX, RayR, GuY, e al. Electrophoretic Analysis and Purifi-
cation of Fluorescent Single-Walled Carbon Nanotube Fragments
[J]. Journal of the American Chemical Society, 2004, 126(40) :
12 736 — 12 737.

[2] Sun Y P, Zhou B, Lin Y, et al. Quantum — Sized Carbon Dots
for Bright and Colorful Photoluminescence[ J]. Journal of the A-
merican Chemical Society, 2006, 128(24):.7 756 -7 757.

[3] Wang Y,Hu A. Carbon Quantum Dots: Synthesis, Properties and
Applications[ J 1. Journal of Materials Chemisiry C, 2014, 2
(34): 6921 =6 939.

[4] LinL, Rong M, Luo F, et al. Luminescent Graphene Quantum
Dots as New Fluorescent Materials for Environmental and Biological
Applications[ J]. TrAC Trends in Analytical Chemistry, 2014,
54. 83 -102.

[5] Bacon M, Bradley S J, Nann T. Graphene Quantum Dots[ J].
Particle & Particle Systems Characterization, 2014, 31(4) . 415
—428.

[6] TLuoPG, YangF, YangST, et al. Carbon-based Quantum Dots
for Fluorescence Imaging of Cells and Tissues[ J1. RSC Advances,
2014, 4(21): 10 791 — 10 807.

[7] LiH, KangZ, LiuY, et al. Carbon Nanodots: Synthesis, Prop-
erties and Applications[ J]. Journal of Materials Chemistry, 2012,
22(46) . 24 230 —24 253.



511 1

WRONAE . CEEREB A A1 8806 1 R B R AR R

845

(8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[18]

[19]

[20]

[21]

[22]

Shen J, Zhu Y, Yang X, et al. Graphene Quantum Dots: Emer-
gent Nanolights for Bioimaging, Sensors, Catalysis and Photovoltaic
Devices[ J|. Chemical Communications, 2012, 48(31): 3 686
-3699.

Baker S N, Baker G A. Luminescent Carbon Nanodots: Emergent
Nanolights[ J]. Angewandte Chemie International Edition, 2010,
49(38): 6 726 -6 744.

Cao L, Wang X, Meziani M J, et al. Carbon Dots for Multipho-
ton Bioimaging [ J]. Journal of the American Chemical Society ,
2007, 129(37) . 11 318 =11 319.

Chen B, Li F, Li S, et al. Large Scale Synthesis of Photolumi-
nescent Carbon Nanodots and Their Application for Bioimaging
[J]. Nanoscale, 2013, 5(5): 1967 -1 971.

Gokhale R, Singh P. Blue Luminescent Graphene Quantum Dots
by Photochemical Stitching of Small Aromatic Molecules: Fluores-
cent Nanoprobes in Cellular Imaging[ J].
tems Characterization, 2014, 31(4) . 433 —438.

Zhu L, YinY, Wang C F, et al. Plant Leaf-Derived Fluorescent

Particle & Particle Sys-

Carbon Dots for Sensing, Patterning and Coding[ J]. Journal of
Materials Chemistry C, 2013, 1(32). 4 925 -4 932.

Zhang M, Yao Q, Guan W, et al. Layered Double Hydroxide-
Supported Carbon Dots as an Efficient Heterogeneous Fenton-like
Catalyst for Generation of Hydroxyl Radicals[ J]. The Journal of
Physical Chemistry C, 2014, 118(19) . 10 441 —10 447.

Li H, Liu R, Kong W, et al. Carbon Quantum Dots with Photo-
Generated Proton Property as Efficient Visible Light Controlled acid
Catalyst[ J]. Nanoscale, 2014, 6(2): 867 —873.

Chung W, Jung H, Lee C H, et al. Extremely High Color Ren-
dering White Light from Surface Passivated Carbon Dots and Zn-
doped AgInS 2 Nanocrystals[ J]. Journal of Materials Chemistry C,
2014, 2(21): 4227 -4 232.

ZhuZ, Ma], WangZ, et al. Efficiency Enhancement of Perovs-
kite Solar Cells Through Fast Electron Extraction: The Role of Gra-
phene Quantum Dots[ J]. Journal of the American Chemical Socie-
ty, 2014, 136(10): 3 760 -3 763.

Kim J K, Park M J, Kim S J, et al. Balancing Light Absorptivity
and Carrier Conductivity of Graphene Quantum Dots for High-Effi-
ciency Bulk HeteroJunction Solar Cells[ J]. ACS nano, 2013, 7
(8):7207 -7 212.

Wang L, Wang Y, Xu T, et al. Gram-Scale Synthesis of Single-
Crystalline Graphene Quantum Dots with Superior Optical Proper-
ties[ J]. Nature communications, 2014, 5.

Ponomarenko L. A, Schedin F, Katsnelson M I, et al. Chaotic Di-
rac Billiard in Graphene Quantum Dots[ J]. Science, 2008, 320
(5874): 356 —358.

Zhu S, Tang S, Zhang J, et al. Control the Size and Surface
Chemistry of Graphene for the Rising Fluorescent Materials [ J].
Chemical Communications, 2012, 48(38): 4 527 -4 539.

Pan D, Zhang J, Li Z, et al. Hydrothermal Route for Cutting

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Graphene Sheets into Blue-Luminescent Graphene Quantum Dots
[J]. Advanced Materials, 2010, 22(6): 734 -738.

LiL, WuG, Yang G, et al. Focusing on Luminescent Graphene
Quantum Dots: Current Status and Future Perspectives [ ] ].
Nanoscale, 2013, 5(10); 4 015 —4 039.

Zhou X, Zhang Y, Wang C, et al. Photo-Fenton Reaction of
Graphene Oxide; a New Strategy to Prepare Graphene Quantum
Dots for DNA Cleavage[ J]. ACS Nano, 2012, 6(8): 6 592 -
6 599.

Yan X, Cui X, Li B, et al. Large, Solution-Processable Gra-
phene Quantum Dots as Light Absorbers for Photovoltaics [ J ].
Nano letters, 2010, 10(5) . 1 869 —1 873.

Lin L, Zhang S. Creating High Yield Water Soluble Luminescent
Graphene Quantum Dots Via Exfoliating and Disintegrating Carbon
Nanotubes and Graphite Flakes [ J]. Chemical Communications,
2012, 48(82): 10 177 10 179.

LuJ, Yeo PSE, Gan C K, et al. Transforming C60 Molecules
into Graphene Quantum Dots[ J]. Nature Nanotechnology, 2011,
6(4). 247 -252.

LiY, ZhaoY, Cheng H, et al. Nitrogen-Doped Graphene Quan-
tum Dots with Oxygen-Rich Functional Groups[ J]. Journal of the
American Chemical Society, 2011, 134(1). 15 —18.

Shen J, Zhu Y, Chen C, et al. Facile Preparation and Upconve-
rsion Luminescence of Graphene Quantum Dots [ J]. Chemical
Communications, 2011, 47(9): 2 580 —2 582.

Li Q, Zhang S, Dai L, et al. Nitrogen-Doped Colloidal Gra-
phene Quantum Dots and Their Size-Dependent Electrocatalytic
Activity for the Oxygen Reduction Reaction[ J]. Journal of the A-
merican Chemical Society, 2012, 134(46) . 18 932 — 18 935.
Liu R, Wu D, Feng X, et al. Bottom-up Fabrication of Photolu-
minescent Graphene Quantum Dots with Uniform Morphology[ J].
Journal of the American Chemical Society, 2011, 133 (39); 15
221 - 15 223.

Zhu S, Meng Q, Wang L, et al. Highly Photoluminescent Car-
bon Dots for Multicolor Patterning, Sensors and Bioimaging[ J7.
Angewandte Chemie, 2013, 125(14) ; 4 045 —4 049.

Wang J, Wang C F, Chen S. Amphiphilic Egg-Derived Carbon
Dots: Rapid Plasma Fabrication, Pyrolysis Process and Multicolor
Printing Patterns[ J ]. Angewandte Chemie, 2012, 124 (37): 9
431 -9 435.

Wu X, Tian F, Wang W, et al. Fabrication of Highly Fluores-
cent Graphene Quantum Dots Using L-glutamic Acid for in Vitro/in
Vivo Imaging and Sensing[ J]. Journal of Materials Chemistry C,
2013, 1(31): 4 676 —4 684.

Huang J J, Zhong Z ¥, Rong M Z, et al. An Easy Approach of
Preparing Strongly Luminescent Carbon Dots and Their Polymer
Based Composites for Enhancing Solar Cell Efficiency[J]. Car-
bon, 2014, 70 190 — 198.

QuS, Wang X, Lu Q, e al. A Biocompatible Fluorescent Ink



846

Hh B A

$34 %

[37]

[38]

[39]

[40]

[41

[

[42]

[43]

[44]

[45]

[46]

[47]

Based on Water-Soluble Luminescent Carbon Nanodots[ J]. Ange-
wandte Chemie, 2012, 124(49) . 12 381 — 12 384.

Li H, He X, Kang Z, et al. Water-Soluble Fluorescent Carbon
Quantum Dots and Photocatalyst Design[ J]. Angewandte Chemie
International Edition, 2010, 49(26) : 4 430 —4 434.

Yang S T, Wang X, Wang H, et al. Carbon Dots as Nontoxic
and High-Performance Fluorescence Imaging agents[ J]. The Jour-
nal of Physical Chemistry C, 2009, 113(42). 18 110 - 18 114.
Sun Y, Wang S, Li C, et al. Large Scale Preparation of Gra-
phene Quantum Dots from Graphite with Tunable Fluorescence
Properties[ J]. Physical Chemistry Chemical Physics, 2013, 15
(24):9907 -9 913.

Zardini H Z, Davarpanah M, Shanbedi M, et al. Microbial Tox-
icity of Ethanolamines-Multiwalled Carbon Nanotubes[ J]. Journal
of Biomedical Materials Research Part A, 2014, 102(6). 1 774
-1781.

Gupta V, Chaudhary N, Srivastava R, et al. Luminscent Gra-
phene Quantum Dots for Organic Photovoltaic Devices[ J]. Journal
of the American Chemical Society, 2011, 133 (26): 9 960 —
9 963.

Wang H, Wang H Y, Gao B R, et al. Exciton Diffusion and
Charge Transfer Dynamics in Nano Phase-Separated P3HT/PCBM
Blend Films[ J]. Nanoscale, 2011, 3(5): 2 280 -2 285.

Xue L, Li Y, Dong F, et al. Donor-Acceptor Alternating Copol-
ymers as Donor Materials for Bulk-Heterojunction Solar Cells:
Effects of Molecular Structure on Film Morphology and Device Per-
formance[ J ]. Nanotechnology, 2010, 21(15) . 155 201.

Liu A, Dirsch O, Fang H, et al. HMGBI Translocation and Ex-
pression is Caused by Warm Ischemia Reperfusion Injury, but not
by Partial Hepatectomy in Rats[J]. Experimental and Molecular
Pathology, 2011, 91(2) . 502 —508.

Dong Y, Shao J, Chen C, et al. Blue Luminescent Graphene
Quantum Dots and Graphene Oxide Prepared by Tuning the Car-
bonization Degree of Citric Acid[J]. Carbon, 2012, 50(12): 4
738 —4 743.

Zhu S, Zhang J, Tang S, et al. Surface Chemistry Routes to
Modulate the Photoluminescence of Graphene Quantum Dots: From
Fluorescence Mechanism to Up-Conversion Bioimaging Applica-
tions[ J]. Advanced Functional Materials, 2012, 22(22): 4 732
-4 740.

Yeh TF, Teng CY, Chen S ], et al. Nitrogen-Doped Graphene
Oxide Quantum Dots as Photocatalysts for Overall Water-Splitting
under Visible Light Illumination[ J]. Advanced Materials, 2014,

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

26(20): 3297 -3 303.

Dong Y, Pang H, Yang H B, et al. Carbon-Based Dots Co-
doped with Nitrogen and Sulfur for High Quantum Yield and Exci-
tation-Independent Emission[ J]. Angewandte Chemie Internation-
al Edition, 2013, 52(30): 7 800 —7 804.

Anilkumar P, Wang X, Cao L, et al. Toward Quantitatively Flu-
orescent Carbon-Based “Quantum” Dots[ J]. Nanoscale, 2011, 3
(5):2023-2027.

Sun Y P, Wang X, Lu F, et al. Doped Carbon Nanoparticles as
a New Platform for Highly Photoluminescent Dots[ J]. The Journal
of Physical Chemistry C, 2008, 112(47): 18 295 - 18 298.
Sevilla M, Fuertes A B. The Production of Carbon Materials by
Hydrothermal Carbonization of Cellulose[ J]. Carbon, 2009, 47
(9):2281-2289.

Sevilla M, Fuertes A B. Chemical and Structural Properties of
Carbonaceous Products Obtained by Hydrothermal Carbonization of
Saccharides [ J ]. Chemistry-A European Journal, 2009, 15
(16) : 4 195 -4 203.

Kang H, Kulkarni A, Stankovich S, et al. Restoring Electrical
Conductivity of Dielectrophoretically Assembled Graphite Oxide
Sheets by Thermal and Chemical Reduction Techniques[J]. Car-
bon, 2009, 47(6): 1520 -1 525.

Liang J, Jiao Y, Jaroniec M, et al. Sulfur and Nitrogen Dual-
Doped Mesoporous Graphene Electrocatalyst for Oxygen Reduction
with Synergistically Enhanced Performance [ J].
mie International Edition, 2012, 51(46): 11 496 —11 500.
Choi C H, Chung M W, Park S H, et al. Additional Doping of

Angewandte Che-

Phosphorus and/or Sulfur into Nitrogen-Doped Carbon for Efficient
Oxygen Reduction Reaction in Acidic Media[ J]. Physical Chemis-
try Chemical Physics, 2013, 15(6): 1802 -1 805.
Wohlgemuth S A, White R J, Willinger M G, et al. A One-Pot
Hydrothermal Synthesis of Sulfur and Nitrogen Doped Carbon Aero-
gels with Enhanced Electrocatalytic Activity in the Oxygen Reduc-
tion Reaction [ J]. Green Chemistry, 2012, 14(5): 1 515 -
1 523.
Wu W, Zhang Z, Liebeskind L S. In Situ Carboxyl Activation U-
sing a Silatropic Switch: a New Approach to Amide and Peptide
Constructions [ J ]. Journal of the American Chemical Society,
2011, 133(36): 14 256 - 14 259.
Somers R C, Bawendi M G, Nocera D G. CdSe Nanocrystal
Based Chem-/Bio-Sensors[ J]. Chemical Society Reviews, 2007,
36(4): 579 -591.

(%% £ 7)



