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ABSTRACT

Carbon Dots (CDs) are anew kind of fluorescent nanomaterials developing
fast in recent years. There are many articles on preparing CDs by different
methods. However, summarizing and comparing these different synthesis
routes, further more studying on the reason why their applications are lim-
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ited in vitro was seldom reported. Herein, the property, synthesis, modifica-
tion and application of CDs are comprehensively reviewed. This review
focuses on CDs’ unique properties such as low toxicity, stable fluorescence
intensity and comparing the existing synthesis methods including the top-
down and the bottom-up, the applications in bicimaging and analysis are

aso stated. © 2014 Trade Sciencelnc. - INDIA

INTRODUCTION

Quantum dots (QDs) are composed of atomsfrom
groups I1-VI (such as CdTe, ZnS), III-V (such as
GaAs, InP) or VI- VI(such as PbS, PbSe) elements
which haveattracted great attention owingto their ma-
turesynthes sroutesand the strong, stable, narrow band
luminescence™. However, thepotentid toxicity andrda
tivelargesizeof QDsmay limit their gpplications. CDs
havealot of uniqueoptical propertiesand exhibit ad-
vantages over QDs such as low toxicity and good
biocompatibility, whichmakethem potentid inthefids
of bioimaging, anayss, tc.

CDsareanew type of fluorescent nanoparticles,
they possesssmall dimension4, stablefluorescent per-
formance®, tunabl e excitation and emission spec-
trum(®, low toxicity, eco-friendly characteristicg™l.
They have great superiority to take place of thetoxic

semiconductor QDS or other carbon nanomaterials
including fullereng’®*3, carbon nanotubes™ and car-
bon nanofiberg'4 to be applied in abroad range of
fields. CDshavethe potential inbioimaging, medicine
and andysisfidds, they might begppliedin biosensing
and biochemical analysis'® as well. However, re-
searcheson CDsaredtill intheinitial stage: synthesis
routes remained inadequate; the fluorescence quan-
tumyield had yet to beimproved; the application was
limitedin bioimaging and quantitativeanaysis. There-
fore high quantumyield sythesisroutesare in urgent
need to expand the applicationsof CDs.

Here we review the properties of these carbon
nanoparticles; the synthesisincluding thetop-down and
bottom-up methods and the modificationsinvolving
threedifferent aspectsto increasethefluorescence quan-
tumyied, the comparisonsamong themared so e abo-
rated.
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PROPERTIESOFCDS

Water-solubleand functionalized property

Thesurface of CDswas usudly modifiedwith alot
of carboxyl and hydroxyl groups due to the specia
preparation processwhich madethem water-sol ubl €51
and functiondized easily by different organic molecules
and polymers, etc. The functionalized groupsonthe
surface expanded the applications and improved the
fluorescenceintensity!®18, Zhou’s® group prepared
water-soluble CDsby watermel on pegls. The XPS (X-

25000

ray Photoel ectron Spectroscopy) and FTIR (Fourier
Transform Infrared spectroscopy) spectrums were
shownin Figure 1. The X PS spectrum showed thetwo
main peaksof carbon atom: 284.5eV (C-C, sp?) and
287.8eV (C =0, sp?), indicating the exist of hydro-
philic groups on surface of CDs. In the FTIR spec-
trum, 1580 and 1633 cm peakswere bel onged to the
C=Ostretching vibration absorption, while 3413 cm*
peak was attributed to OH- stretching vibration absorp-
tion, al those peaks demonstrated the presence of car-
boxyl and hydroxyl groupson thesurface of CDs.
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Figurel: (a) The XPS(C-C, sp* 284.5€eV; C=0, % 287.8eV) and (b) FTIR (C =0: 1580and 1633cm?; OH": 3413cm?;

b) spectrum of CDs
Small molecular weight and particlesize

Comparing with thetraditiona organic fluorescent
dyes, the particlesizesof CDsarelarge®?, but they
were samller than semiconductor QDs. Figure2isthe
HRTEM (High Resol ution Transmission Electron Mi-
croscopy) image of CDs. The molecular weight of
them ranged from thousand to tens of thousandg?%!,
Therelativesmall particle size of thesenanomaterials
make them easy to enter into cellsthrough endocyto-
s, thisproperty makestheappplicationin cell marking
andbiologica imaging possible.

Sablefluorescenceintensity

After along periodirradiating of excitinglight, the
fluorescenceintensty of conventiona organicfluores-
cent dyeswould decay rapidly, which may limit their
goplicationinbiology labding. However, CDscan over-
comethese shortcomingsdueto their stablelumines-
cenceintensity at alarge pH range (pH 2.0~11.0) and
ahigh sdinity concentration (0.02mol/L,NaCl)®. Mao
et all® showed the fluorescence of CDs produced by

industrial lampblack and passivated with PEG1500N
werestableinwater solution for morethan haf ayear.
Thelaser scanning confoca microscope experiment!?
a soindicated that the fluorescence of CDswas con-
stant after hoursof excited light irradiating.

Wideand continuousexcitation spectrum

Generadly, theorganic fluorescent dyes had anar-
row excitation spectrum and different dyeswere ex-
cited by different excitation wavelength. The obtained
fluorescence peakswerebroad, asymmetric and over-
lapped, which could not be analyzed s multaneoudly.
However the excitation spectraof CDswaswide and
continuous, which ranged from theultraviol et spectrum
to the visible spectrum and the emi ssion spectrawas
narrow, symmetrica and lightly overlgpoped? %, There-
forethesinglefluorescence excitation canlead towide
band emission spectra. That isto say, when they are
excited by akind of short wavelength light, CDscan
emit different wavelengthsfluorescencelight, which
makesthesimultaneousanalysispossble.
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Photoluminescenceproperty

Photol uminescence meanstheemiss onwavelength
andintensity depend on thewave ength and intensity of
exciting lights. Liu et al® synthetized CD-PEI
(polyethylenimine) by microwaveassssting method, the
fluorescence microscopy imagesat different exciting
wavelengthsareasfollows (Figure 3a). Blue, green,
red fluorescence were shown from left to right; Chang-
ing exciting wave ength (from 340 to 500nm), the peak

@)
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positions of emission spectrum were a so changed, and
therange of modulation wasquitewidefromvisible
regionto thenear infrared region (Figure 3b) whilethe
organic fluorescent dyes could not be excited in the
near infrared region. Photoluminescence of CDswas
an absoluteadvantagein cdll labeling because CDscan
emit different fluorescent colors by changing exciting
wavelenghth and that isconvenient for observation and

recognition.
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Figure2: HRTEM (a) and particlesizedistributions(b) of CDs

v

—_— 340 nm
360 Nnm
— 380 nm
400 nm
420 Nnm
| —— 440 nm
460 nm
480 Nm
S00 Nnm

Normalized PL

PL intensity (Arb. unit)

intensity

s00 600 700

wWavwvelength (nm)

400

T T
300 400 Soo0

T BT
€00 700 800

Wavelength (nm)

Figure3: (a) CD-PEI aqueoussolution at different emission lights(from left toright isviolet, blueand green) (b) photolumi-
nescence spectrum and luminousintensity spectrum of CD-PEI

Photoinduced dectron transfer property

CDsaregood € ectron donors and recipients due
to their e ectron withdrawing and donating groupson
their surface, which will lead to electron transfer and
guenchingin polar solvent when combining with other
electron donorsor recipients.

Asliterature® stated, thefluorescence of CDsob-

tained from laser ablation method was quenched at
425nmin methyl benzene solvent whileadding e ectron
reci pient 4-nitrotolueneand 2,4-dinitrotol uene; mean-
while, the fluorescence of electron donor N,N-
dieththyaniline could be quenched by thiskind of CDs.

Thedectrochemical luminescence property
Semiconductor QDsexhibit ECL (exciting € ectro-

c—  Poderialy Science
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chemical luminescence) property and arewidely used
inoptoe ectronic deviceand biological marking. CDs
showed excd lent e ectrol uminescent property Smilar to
the semiconductor oneswhilethey are nontoxic. The
ECL of CDs produced from the e ectrochemical oxi-
dation of graphitewasobserved obvioudy onthegraph-
iteelectrode. The ECL intensity was higher than the
reference substancewithout CD*.

L ow toxicity and good biocompatibility

Semiconductor QDshavedready beenusedin cell
and vivoimaging, but evenlow concentration of them
may causethe cellsto diedueto thetoxic metalssuch
asCd, Dy*¥, Thereweredtill alot of cellsdying al-
though researchers tried to reduce their toxicity by
modifying organic polymer on the semiconductor QDs.
CDsareexpectedto beanided materid for biological
fluorescent | abeling with the properties of perfect op-
tics, small particle diameters, nontoxicity, good
biocompatibility and littledamageto cells, etd”8.

SYNTHESISAND MODIFICATION OF CDS

CDsareakind of spherical nanoparticleswith di-
ameters|ower than 10nm. They could not begppliedin
fluorescencel abeling and bioimaging without modifica:
tion dueto thewesk fluorescence. Thesynthesisof CDs
areusually classified into two parts: thetop-downand
bottom-up methods. Thetop-down method meansCDs
aregeneraly formed through post-treating the carbon
particlesbrokenfrom alarge carbon structure, cons &t-
ing of arc discharge, laser bl ation, e ectrochemicd oxi-
dation; The bottom-up approach comprises combus-
tion, thermal carboni zation, acid dehydration and ultra-
soni ¢ treatment by which CDsaretransformed from
suitablemol ecular precursors, and then purifying them
by centrifugation, dialysis, electrophoresis or other
Seperation methods.

Top-down synthessmethod
Extrating from Arc-dischar ged soot

Xu et dZ found the fluorescent nanoparticles
(CDs) by extractingthesingle-walled carbon nanotubes
(SWCNTSs) from arc-discharge soot with preparative
electrophoresisin agarose gel and glassbead matrixes
and oxidizingthemwith HNO, to ensurethe carboxy-

Waterviols Secience omm—

late group modifying onthesurfaceof CDs. Then sepa
ratingthe SWCNTsand theshort tubularmaterid (CDs)
by preparative el ectrophoretic method from the ob-
tained suspension, three kinds of CDswith different
sizesand luminescent propertieswould be separated
during further treatment.

L aser ablation method

Sun et a3 got many nonluminous CDswith dif-
ferent sizesby laser ablation of acarbontarget inthe
presenceof water vapor with argon ascarrier gas, then
refluxed themwith nitric acid agueoussol ution and re-
acted with surface passivation to get strong fluorescence.
Controlling thereaction condition rigidly CDswith di-
ametersof 4~5nm could be obtained.

Hu et al® irradiated the suspension liquid of car-
bon powdersin organic solvent by laser. The surface
modification wasfinished s multaneoudy with thefor-
meation of CDsand tunableemissionlight could begen-
erated inthe gppropriate solvents. CDs with about 3nm
diameter were obtained after irradiating by Nd: YAG
pulselaser and centrifugation, researchersadsogot Smi-
lar sizesof CDsby laser irradiation, oxidization, pass-
vationinonestage. Theoriginof theluminescencewas
attributed to carboxylate ligands on the surface of CDs.

Electr ochemical oxidation method

CDswereperformed by Zhou et d®¥ in adegassed
acetonitrile solution with 0.1M TBAP
(tetrabutylammonium perchlorate) asthe supporting
electrolyte, MWCNTs asworking electrode, anAg/
AgCIO, asreferenceeectrodeand aPt wire as counter
electrode (Figure4). Theobtained CDshave uniform
spherica shapesand narrow sizedistributionswith di-
ameter of 2.8+ 0.5nm. These CDs possess relative
high efficient luminescence, but the complex synthesis
routesand theheavy metd inthedectrolytelimit their
mass preparation and makesthefurther applicationin
biology difficult. Chi et d* used thesmilar route pre-
paring CDswith diametersof 2 and 20nm by electro-
chemica oxidatingthegraphiterod.

Two types of fluorescent CDs were obtained
through ssimilar el ectrochemical oxidation methods by
Zhao et a?. They were blue fluorescent dots with
molecular weight <5KDa and yellow ones with
5~10K Da. Theadvantage of thismethod wasthat the
reaction took placein water solution and it was easier
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Figure4: CDsprepared by eectr ochemical way fromagraphiterod

than theformer one.

Lu et a® found afacileway to generate fluores-
cent nanoparticlesbyionicliquid-assisted  ectrochemi-
ca exfoliation. Thisapproach generated theexfoliated
graphene sheetsdirectly from graphiteand ILs have
been proposed as““green” alternatives to conventional
solvents. Strategieswere devel oped to control thedis-
tribution of theexfoliated productsand thefluorescence
of these carbon nanomateria s could betuned fromthe
visibletoultraviolet region by controlling thewater con-
tentintheionicliquid eectrolyte.

Bottom-up syntehsismethod
Chemical oxidation method

Mao et al® collected the candl e soot by putting a
glassplateontop of the smol dering candlesand reflux-
ing the candle soot with HNO,, then purifying them
through centrifugation, didysisand ultrafilter to obtain
small (<2nm) and water soluble CDs.

The same carbon source-carbon soot was used to

» - Step 1
\ [
‘ arb zat
' ?C"Il onization
. /

Carrier method

Liuet d™ report anove and straightforward route
to prepare CDs(1.5~2nm) with amorphous structure
through employing surfactant-modified silicaspheresas

prepare CDsby Ray et d*?, but the purification method
wasimproved by centrifugingthemto get rid of unreacted
carbon soot and mixing with acetone (water/acetone
volumeratiowas 1:3), then centrifuging again to collect
theblack precipitate. Finaly CDswith diametersof 2~6
nm wereobta ned. Thismethod smplified thepurified
stagesand reduced thereaction timesimultaneoudly.

Tian et al®*" used naturd gassoot asstarting mate-
rid, then refluxed themwith HNO, for 12h and dia-
lyzed by nanopure water to get the purified carbon
nanoparticles. The average diameter of the carbon
nanoparticleswasfoundto be4.8+0.6 nm.

CDswith diameter of 2.0+ 0.5 nm have been syn-
thesized by Zhou et a!® through low-temperature car-
bonization, then treating them with simpl efiltration
(0.2um millipore filter), centrifugation (18000 r/min020
min) and diaysis(48h) using watermelon peelswhich
werewaste, reproducible and novel carbon resource
(Figure5). Thiseasy approach alowed large-scalepro-
duction of CDsaqueous.

A
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Figure5: The synthesis of water-soluble fluorescent CDs from watermelon peel

cariers. Firgly, satellite-like polymer/F127/sllicacom-
posites were prepared by an aqueous method using
resols (phenol/formal dehyde resins, Mw<500) as car-
bon precursors and silica colloid spheres with

e, Pty Science
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functionalized amphiphilic copolymer F127 ascarriers.
F127 played an important rolein the preparation pro-
cessof hydrogen bonding with resols. Then CDs/silica
compositeswere obtained by heating treatment under
N,, furthermoreremovingthesilicatemplateto get the
released CDs.

Bourlinoset d@ prepared CDsusing NaY zeolite
asthecarrier. First exchanging NaY zeolitewith 2,4-
diaminophenol dihydrochloridefollowed by thermal
oxidationintheair, theexchangetook placemostly near
theexterna surface of thezeolitic crystalitesand pro-
ceeded littlewithin the host structure. Oxidation would
make nanoparticlesresiding mostly on the surface of
the zeolitematrix. Carbon nanoparticleswith sizes of
4~6nm would be obtained by etching C-ZEO (carbon
zeolitematrix) with hydrofluoric acid and the surface-
treated C-ZEO exhibited similar luminescent behavior
to the dispersed nanoparticles.

Carbohydratecar bonization method

Peng and Travas¥ used carbohydrates as starting
materialsand dehydrated them by concentrated sulfu-
ric acid to produce carbonaceous materials. The ob-
tained carbonaceous materia swerethen broken down
intoindividud carbogenic nanoparticlesby tresting them
with nitric acid. Finaly, the carbogenic nanoparticles
were passivated by amine-terminated compounds, then
yielding luminescent carbogenic dotswerereceived.

Zhu et d® reported microwave assi stant method
by dissolving PEG200 and carbohydratesin water so-
[ution, then microwave-hesting them. Inthismethod syn-
thesisand passivation werefinishedin onestage.

In the experiment of Bourlinoset d¥, thecitrate
served as the carbon source and the organic
ammoniumion asthesurfacemodifier. Thesolubility of
CDschanged with the surface modification group. The
fluorescence emisson peak of hydrophilic CDswasnot
affected by the excitation wavelength in therange of
400~500nm. Thedifferent synthesis methods above
weresummarized here. (TABLE 1)

M odificationsof CDs

The performanceof CDsissuperior to many semi-
conductor QDs, but thelower quantumyield restricts
their gpplications. CDsmodification meansmixing CDs
with modifier andintegrating themodifier tothesurface
of them. Theoptic property and thefluorescence quan-

Waterviols Secience omm—

tumyield of CDswill increase after surface modifica-
tion. Generally, the modification methodsinclude pas-
sivation, doping and clad metdl.

Surfacepassivation method

Inthelaser ablation method, thefluorescence quan-
tum yield was lower when using PPEI-EI
(propionylethylene- imine-co-ethyleneimine) as a
passivator compared with PEG15001%3.

Dong et a*® synthesized CDsby carbonizingcitric
acidwith BPEI (branched polyethylenimine) at the low
temperature (<200 °C) in one simple step. It was the
first report that CDswere both amino-functionalized
and highly fluorescent, which suggested their promising
goplicationinchemicd senangfield. (Figure6)

Mechanidicaly, thepassvator may minimizetheim-
pact of surface-defect states; Another way of sayingit
was, the photol uminescencefrom CDsmay attributeto
the presence of surface energy trapsafter surface pas-
gvation. Thecommon passivatorsinclude organic mol-
eculeswithhydroxy, carboxyl or amidogengroupssuch
asTTDDA, PEG1500, N-acetyl-L-cysteineand poly-
ethylene glycol such as PEG6000PEG2000.

Doping method

Onetypica exampleof thispassivating effect was
proposed by Sun et a*¥, the quantum yieldsof CDs
would increase to 50%, 45% when doping with ZnO
or ZnS. Thedopant would providesecondary yet more
effective surface passivation in combination with the
organic passvation agents, ZnO-CDsand ZnS-CDsin
agueous solutions arecompetitiveto thecommercidly
available organic-based CdSe/ZnS QDsin lumines-
cence brightnessand they have been applied in optical
imaging successtully.

Clad metal method

In the experiment of Tian et d®, meta salts
(AgNO,, Cu(NO,),, PdCl.) were added into
nanostructured materials, then adding ascorbic acid
dropwise. Themeta ionsmost likely boundto the pe-
ripheral carboxylic moietiesby ion exchangeor coor-
dination reactions. Upon the addition of areducing re-
agent, the metal ions were reduced to metal atoms,
which served asthe nucl eation seedsfor the growth of
metal nanostructures. On the basis of these measure-
ments, the CDs obtained above most probably

Au Tudian Yourual



MSAIJ, 11(4) 2014

functionaized with carboxylic/carbonyl moietiesonthe
particle surface. Interestingly, these nanoparticles ex-
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meta were much larger than the normal ones and that

wasabarrier inbio-labdling and intravital imaging ap-

plication.

The comparation of thethree modification meth-

TABLE 1: Comparison of different synthesismethods

) The quantum
. ) reaction )
Synthesis methods Carbon sour ces equipments . yieldsand references
condition ) )
particle sizes
Agarose 1.6% at
extrating from single-walled carbon  preparative gel and 366nm (23]
Arc-discharged scot  nanotubes eletrophoresis  glassbead excitation
matrixes diameter:1nm
the
4~10% at
presence
Top- ) 400nm
Laser ablation of water L
down carbon target Laser ) excitation [33,34]
method vapor with
diameter: 4
argon as
] ~5n$m
carrier gas
) ) 2.8-52%
Electrochemical ) electrolytic electrolyte )
o graphite diameter: 2~  [27,30,35,36]
oxidation method cdl electrodes
4nm
3% at 450nm
excitation
diameter: 2
. I ) ~6nm,; the
Chemical oxidation candle soot, natural ) Heating, o
reflux device o lifetime of [6,10,26, 37]
method gas soot stirring ,
passivated
CDsislonger
than the bare
one
silicacolloid
Bottm ) 11~15%at
spheres with
-up o ) 458,488,
) resols functionalized  hesting
Carrier method o 514nm
(phenol/formaldehyde  amphiphilic treatment . [2,38]
_ excitation;
resins, Mw<500) copolymer under N, _
dimeter:
F127 as
] 1.5~2.5nm
carriers
3.1-6.3% at
. 340nm
Carbohydrate ) ) Heating o
oo carbohydrates Heating device excitation [3,4,39]
carbonization method i
diameter:
<10nm
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Figure6: Thesynthesisof BPEI-CDs
TABLE 2: Comparison of different modification methods
M odification L i
Surface passivation Doping method Clad metal method
M ethods
Reati The passivators acted with the CDs were doped with Metal salts and ascorbic acid
ion
surface groups of CDs ZnO or ZnS were added into CDs
Thequantumyields 42% 45~50% 33~60%

odsweresummarized asbelow (TABLE 2).
General review

Sofar, the synthesismethods of CDsvaried with
both advantages and disadvantages. Specia devices
and instruments were needed in electrochemistry
method which made the reaction complex and made
synthesisinlargescdedifficult, thereforethesynthesis
routes havetransfered to the easy chemical oxidation
method, but thelow fluorescence quantumyieldslim-
ited their applicationin many fie ds. Improving thesyn-
thes smethodsto make aeasy, effective, high fluores-
cencequantumyieldway will bevita meaningful inthe
future.

The groupson the surface of the synthesis naked
CDsmadeit easy to combinewith somemodifiers. If
the combination between them was stabl e, thefluores-
cence quantum yield would be high after modification
and the application woul d be expanded.

APPLICATIONSOFCDS

Semiconductor QDshavebeen appliedin cel 4142
andintravital imaging®, but theexisting of heavy met-
als such as Cd, Dy made it great toxic even at low
concentration, it may causethedeath of cellg%1*2, CDs
could beused asabiomarker to detect in vivofor long
timedueto thelong lifetimefluorescence and steady
property after hoursof high density excitinglight; Fur-
thermore, CDswith different sizesexhibited different

colorsandtherangeof excitationwave engthwaswide
which madeit easy to detect samples simultaneoudly.
Moreover, they owned better bio-safety and lessinter-
ference to biomolecule compared with the
existing fluorescent materials.

However the undeveloped synthesis routes led to
thelow fluorescence quantumyield and limited the gp-
plicationsof CDs. It could only begpplied in bioimaging,
quantitative anaysisby now. However, it hashuge po-
tentia invivo biosensing and biochemicd andysis.

Applicationin bioimaging

Asato-be contrast medium used in bioimaging,
the cytotoxicity of CDs appear crucial. Ray et all*”l
trypsinizing and resuspending HepG2 cellsin culture
medium. Different amount of CDs solutions were
loaded to each well. After incubation for 24h, cell vi-
ability wasca cul ated by assuming 100%vighility inthe
control set without any CDsthrough MTT (methyl
thiazolyl tetrazoliym assay) and Trypan blueassays. The
cdl surviva ratein<0.5 mg/mL wasbetween 90% and
100%, suggestingaminimum cell death. However, at
higher concentration, some percentageof cell deathis
observed. Yang et d'® studied the cytotoxicity of CDs
inmice, achievingthesimilar result.

Flurescent CDswere synthesi zed by Huang et dl”
through asolvotherma method with glucoseasthecar-
bon source. They investigated the dependence of yeast’s
growth on the concentration of fluorescent CDsat vari-
ousgrowth periods (adjustment, initid and middleloga
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rithmic phases) by using saccharomyce cerevisaeyeast
asamodleorganism. Theresult showed that therewas
no influenceon yeast’s growth curve even the concen-
tration of fluorescent CDsashighas27.75mmol L.
They aso compared the yeast cytotoxicity of fluores-
cent CDswith CdTe QDs under the samefluorescent
intengity, indicatingamuch lower cytotoxicity fluores-
cent of CDsthanthat of CdTe QDs.

Thisresult concludesthat CDscanbeusedinhigh
concentration for imaging or other biomedica applica
tions.

Bioimagingin vitro

Anexploratory experiment of Cao et d* demon-
strated CDs could beimaged in both cell membrane
and cytoplasm, but not cell nucleus. Fist, they passi-
vated CDswith PPEI-EIl and marked human breast

—— Review

cancer MCF-7 cdllsby them, thenincubating them for
2hat 37°C.The figure below was obtained throughthe
two-photon luminescence microscopy, they alsofound
that CDs could be phagocytized only over 4°C, other-
wise, they could not enter cells.

Ray et d " led aconventiona bioimaging research
to EACs (ehrlich ascites carcinomacell) using CDs
(2~6nm) prepared by carbon soot.

Liu et d¥ gpplied CDs(1.5~2nm) prepared by car-
rier method to bioimagingin E. coli (escherichiacoli).
Figure 8 shows confoca microscopy imagesof E.coli
cellslabeled with CDs after aco-incubation of 24h,
wheretheE.coli cellsappeared to becompletely cov-
ered by CDs. The photol uminescence can be collected
with abroad range of excitation wavelengths(e.g.458,
488, 514nm), CDswerea so found to beeasily inter-
nalizedin murine P19 progenitor cells.

Figure7: Human breast cancer M CF-7 cdllswith internalized CDs
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Bioimagingin vivo

Thefluorescence mediumin vivo should ownthe
property of high fluorescent intensity and stability,
nontoxicity, biocompatibility.

Yang et a“ reported the first study of CDs for
optica imaginginvivo: injecting PEGyl ated (polyethyl-
eneglycol) CDsand ZnSCDsin BA/1 miceby three
different ways(subcutaneoudy injection, intravenoudy
injection, intradermd injection), thenthey foundthesub-
cutaneoudly injected miceexhibited thebrightest emis-
sonsfrom CDsand ZnS CDs, therel ative strong fluo-
rescencefromthelatter was consistent with the previ-
oudy reported sol ution-phaseresults. CDsin micedif-
fusedrelatively dowly and thefluorescencewasfaded
after 24h podtinjection. Unlikesemiconductor QDssuch

as CdSe/ZnS, which could migrate to axillary
lymphnodesin minutes, the observed migration of the
CDswas slower. Thiscould be dueto small sizes of
CDs and/or the surface functionalization by PEGS,
whose protein resi stance characteri sticsmight reduce
theinteractionsof CDswithlymph cdls Theresult sug-
gested that theintravenously injected CDswere pri-
marily excreted through urine, an excretion pathway that
had been widdy reported intheliteraturefor PEGylated
nanoparticles*d. Therewasno toxic reaction during
thewhol e experiment,whichindicated CDswerefine
fluorescencelabe ling andimaging materids. (Figure9)

Therefore CDsaregood fluorescencelabeling and
imaging reagent which could be used in biomedicine
and optica imaging.

Intensity/10°

[ )
Intensity/10’

o

Figure9: Intravenousinjection of CDs: bright field (A), as-detected flurescence (B1, bladder; Ur, urine) (B), color-coded
images (C). Thesameorder isused for theimages of thedissected kidneys(A’-C”) and liver (A”-C”)

Application in analysis
lonsdetection

Helena et al* prepared carbon nanoparticles
functiondized with NH_—PEG 200 (polyethylene-gly-
col) and NAC (N-acetyl-I-cysteine), they found the
fluorescenceintendty of thenanoparticleswasquenched
by the presence of Hg(11) and Cu(ll) ionswith aStern—
Volmer constant (pH = 6.8) of 1.3 x 10° and
5.6 x 10*°M1, respectively. Therefore they referred

Waterviols Secience omm—

functionalized CDs could be used as a novel
bi ocompatible nanosensor for measuring Hg(l1).

Wang et al? mentioned that photol uminescence
from CDswas quenched efficiently by either electron
acceptor (2-nitrotolueneand dinitrotol uene) or electron
donor (diethylamine) molecules. That means
photoexcited CDs are both excellent electron donors
and acceptors, which predictstheir gpplicationinlight
energy conversion.

CDs obtained by Jorge et a® in laser ablation

Au Tudian Yourual
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method werefluorescent with excitation and emission
wavel engths at 340 and 450nm, respectively, and the
fluorescence intensity was quenched by Hg(ll) and
Cu(ll) ions. Themetal ionsand functional groupson
the surface of CDswould comprisethecomplexes. CDs
wereimmobilizedin athin (about 750nm), homogenous
and smooth film (roughness of 2.7+0.7A). The
nanosensor showed afast (lessthan 10s), reversible
and stableresponse. Also, the nanosensor alowed the
detection of sub-pumol concentrations of Hg(II) in ague-
oussolution.

Organicsdetection

Wang et al? referred that the PEG1500N modi-
fied CDsobtained by laser ablation method could be
guenched by 2-nitrotoluene, 2,4-dinitrotoluene, N,N-
dieththyanilineand DEA (diethylamine). 2-nitrotoluene
and 2,4-dinitrotol uenewere el ectron recipientswhile
N,N-dieththyanilineand DEA were electron donors.
Stern—Volmer constant explaned the existence of dy-
namic quenching system.

DNA probe

A CD-based strategy for DNA sensing was pro-
posed by Zhang et al“. CDsfrom candle soot were
used asan immobilization support for alabeed sngle-
stranded DNA (ssDNA) probe, resulting in quenching.
Double-strande DNA (dsDNA) wasformed through
hybridization reacting with thetarget DNA, the probe
fluorescence recoveried after desorption of CDsand
this could be measured quantitatively. Herethe CDs
wereused asquenchersof theluminescent DNA probe.

Zhao et al™ mentioned that a fluorescent phos-
phate off-on probe was devel oped based on the eu-
ropium-adj usted CDswhich synthesi zed by conden-
sation reaction between citric acid and 11-
aminoundecanoic acid. Thecomplexationof Eu(l1l) ions
by the carboxylic groups provoked the quenching of
CD fluorescencethat quantitatively recovered when
Eu(l1l) dissociated to the complex phosphateions.

General review

The nontoxic property of CDs makethem agood
replacement of thetoxic semiconductor QDsin many
fields. No doubt that the application prospect isbright,
but theimmature synthesisroutesand low fluorescence
quantumyieldlimit their gpplicationsonly inbioimaging

s Review

and quantitativeanaysis. With the devel opment of the
synthesisand modification technics, the application of
CDswill embrace broad prospectsinthe near future.

FUTURE PERSPECTIVES

The synthesis per spectives

The synthesismethod of CDstendto smple, con-
venient and high quantum yield. Wang et al*!
synthetized CDsby microwave method in 1min, they
pyrolysed theanhydrouscitricacidinAEAPM S (N-
(B-aminoethyl)-y-aminopropyl methyldimethoxy Slane)
at 240°C, 1 minand it wasreported that the fluores-
cence quantum yield of the obtained CDsreached to
47%.

Until now, the bottleneck of synthesisisquantita-
tiveanadysisof CDs, theconcentration of CDsisdiffi-
cult to determinethrough gravimetric methodsdueto
thefact that the number of the surfacegroupsisdifficult
toidentify and may varied grestly under different reac-
tion conditions. Yu et a3 reported the absorption spec-
trum method to determinethe concentrationsof QDs
(CdSe, CdTe, CdS). They may provide reference to
CDsquantitetiveanayss.

Themodification per spectives

Thesurfaceof synthesized naked CDswreriched
incarboxyl group, then modifierswith amidogen were
added toincreasethefluorescencequantumyied. How-
ever, thiswould reduce the stability of CDs, the un-
stable CDs could not be used in vivo. Therefore
trying to find a stable modifying way is vital important
inthefuture.

Theapplication per spectives

Eventhough CDsarenontoxic, their goplicationwas
limited in vitro for years. There may
be two main reasons for that, on one hand people can
not explanthe photophys csof their fluorescenceclearly
till now, onthe other hand carbon elements also exsit in
our body, so when CDsenter into human body, it may
not be recogoni sed.

CONCLUSION

In recent years, more and more people havepaid

——,  Paloricly Science
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closeattention to the environment-friendly carbon ma-
terials. Asanew member of carbonfamily, CDsare
popular duetoitslow biotoxicity and stableoptica prop-
erty. Thefutureresearch areaof themliesat exploring
an easy, effectiveand high fluorescencequantumyield
synthesis and optimization method to makethe appli-
cationinvivo possible. we havegreat confidenceand
await that one day we will benefit from these
nanomaerias.

ACKNOWLEDGMENTS

Thiswork was supported by Nationa Special Pur-
pose on Public Welfare of Environmenta Protection
Foundation (200809016), Jiangsu Key Lab of Envi-
ronmental Engineering Open Foundation
(KF2012008), Students Research Fund
(N0.201210316099) and the Fundamental Research
Fundsfor the Central Universities(JKY 2011083).

REFERENCES

[1] S.J.Rosenthal, J.McBride, S.J.Pennycook,
L.C.Feldman; Surf.Sci.Reports., 62, 111-157

(2007).
[2] A.B.Bourlinos, A.Stassinopoulos, D.Anglos,
R.Zboril, V.Georgakilas, E.P.Giannelis;

Chem.Mater., 20, 4539-4541 (2008).

[3] A.B.Bourlinos, A.Stassinopoulos, D.Anglos,
R.Zboril, M.Karakassides, E.PGianndlis; Small, 4,
455-458 (2008).

[4] H.Peng, J.Travas-Sejdic; Chem.Mater., 21, 5563-
5565 (2009).

[5] J.J.Zhou, Z.H.Sheng, H.Y.Han, M.Q.Zou, C.X.Li;
Mater.Lett., 66, 222-224 (2012).

[6] C.J.Liu, P.Zhang, X.Y.Zhai, F.Tian, W.C.Li,
JH.Yang, Y.Liu, H.B.Wang, W.Wang, W.GLiu;
Biomaterials, 33, 3604-3613 (2012).

[7] H.Q.Huang, P.Zeng, B.F.Han, S.K.Xu; Chinese
J.Inorg.Chem., 1, 13-19 (2012).

[8] S.T.Yang, X.Wang, H.F.Wang, F.S.Lu, PGLuo,
L.Cao, M.J.Meziani, J.H.Liu, Y.F.Liu, M.Chen,
Y.PHuang, Y.P.Sun; J.Phys.Chem.C., 113, 18110-
18114 (2009).

[9] N.Lewinski, V.Colvin, R.Drezek; Small, 4, 26-49
(2008).

[10] N.V.Kamanina, S.V.Serov, V.P.Savinov; Tecbnical
Phys.Lett., 36, 40-42 (2010).

[11] M.Hasheminezhad, H.Fleisehner, B.D.McKay;
Chem.Phys.Lett., 464, 118-121 (2008).

[12] S.M.Cook, W.GAker, B.F.Rasulev, H.M.Hwang,
J.Leszczynski, J.J.Jenkins, V.Shockley;
Hazard.Mater., 176, 367-373 (2010).

[13] M.H.Yas, M.Heshmati; Appl.Math.Model., 36,
1371-1394 (2012).

[14] J.L.Kang, P.Nash, J.J.Li, C.S.Shi, N.Q.Zhao;
Nanotechnol, 20(23), 235607-235613 (2009).

[15] F.Picoa, J.Ibafiezb, M.A Lillo-Rodenas, A.Linares-
Solanoc, R.M.Rojasa, J.M.Amarillaa; J.Power
Sources, 176, 417-425 (2008).

[16] K.Dhermendra, J. Takashi, Tiwari; Sensors, 9, 9332
(2009).

[17] S.C.Ray, A.Saha, N.R.Jana, R.Sarkar;
J.Phys.Chem.C., 113, 18546-18551 (2009).

[18] Y.Q.Dong, R.X.Wang, H.Li, JW.Shao, Y.W.Chi,
X.M.Lin, G.N.Chen; Carbon, 50, 2810 -2815
(2012).

[19] H.T.Uyeda, |.L.Medintz, J.K.Jaiswal, S.M.Simon,
H.Mattoussi; JAm.Chem.Soc., 127, 3870-3878
(2005).

[20] H.Mattoussi, J.M.Mauro, E.R.Goldman,
G.P.Anderson, V.C.Sundar, F.V.Mikulec,
M.GBawendi; JAmM.Chem.Soc., 122, 1214-12150
(2002).

[21] J.Aldana, Y.A.Wang, X.G.Peng; JAm.Chem.Soc.,
123, 8844-8850 (2001).

[22] S.Pathak, S.K.Choi, N.Amhaeim, M.E.Thompson;
JAm.Chem.Soc., 23, 4103-4104 (2001).

[23] X.Y.Xu, R.Ray, Y.L.Gu, H.J.Ploehn, L.Gearheart,
K.Raker, W.A.Scrivens; J Am.Chem.Soc., 126,
12736-12737 (2004).

[24] Q.L.Wang, H.Z.Zheng, Y.J.Long, L.Y.Zhang,
M.Gao, W.J.Bai; Carbon, 49, 3134-3140 (2011).

[25] H.Liu, T.Ye, C.D.Mao; Angew.Chem.Int.Ed., 46,
6473-6475 (2007).

[26] X.J.Mao, H.Z.Zheng, Y.J.Long, J.Du, J.Y.Hao,
L.L.Wang, D.B.Zhou; Spectrochim Acta A: Mo-
lecular and Biomolecular Spetroscopy, 75, 553-557
(2010).

[27] Q.L.Zhao, Z.L.Zhang, B.H.Huang, J.Peng,
M.Zhang, D.W.Pang; Chem.Commun., 41, 5116-
5118 (2008).

[28] H.Liu, T.Ye, C.D.Mao; Angew.Chem.Int.Ed., 46,
6473-6475 (2007).

[29] X.Wang, L.Cao, FS.Lu, M.J.Meziani, H.T.Li, GQi,
B.Zhou, B.A.Harruff, F.Kermarrec, Y.P.Sun;
Chem.Commun., 20, 3774-3776 (2009).

[30] L.Zheng, Y.Chi, Y.Dong, J.Lin, B.Wang;

Wateriols Science  mmm—
ﬂuVWMW



MSAIJ, 11(4) 2014

Jiangiu Chen et al. 167

JAm.Chem.Soc., 131, 4564-4565 (2009).

[31] Y.P.Sun, B.Zhou, Y.Lin, W.Wang, K.A.Shiral
Fernando, PPankaj; JAm.Chem.Soc., 128, 7756-
7757 (2006).

[32] S.L.Hu, K.Y.Niu, J.Sun, J.Yang, N.Q.Zhao,
X.W.Du; JMaster.Chem., 19, 484-488 (2009).

[33] J.GZhou, C.Booker, R.Y.Li, X.T.Zhou, T.K.Sham,
X.L.Sun, Z.F.Ding; J.Am.Chem.Soc., 29, 744-745
(2007).

[34] J.Lu, J.X.Yang, J.Z.Wang, A.Lim, S.Wang,
K.PLoh; ACS Nano., 3, 2367-2375 (2009).

[35] L.Tian, D.Ghosh, W.Chen, S.Pradhan, X.Chang,
S.Chen; Chem.Mater., 21, 2803-2809 (2009).

[36] R.L.Liu, D.Q.Wu, S.H.Liu, K.Koynov, W.Knoll,
Q.Li; Angew.Chem.Int.Ed., 48, 4598-4601 (2009).

[37] H.Zhu, X.L.Wang, Y.L.Li, Z.GWang, F.Yang;
Chem.Commun., 34, 5118-5120 (2009).

[38] Y.PSun, X.Wang, F.S.Lu, L.Cao, M.J.Meziani,
PGLuo, L.R.Gu, L.MonicaVeca; Phys.Chem., 112,
18295-18298 (2008).

[39] M.Dahan, S.Levi, C.Luccardini, P.Rostaing,
B.Riveau, A.Triller; Science, 302, 442-445 (2003).

[40] JK.Jaiswd, H.Mattoussi, J.M.Mauro, S.M.Simon;
Nat.Biotechnal., 21, 47-51 (2003).

[41] M.K.So, C.J.Xu, A.M.Loening, S.S.Gambhir,
J.H.Rao; Nat.Biotechnol., 24, 339-343 (2006).

[42] J.Geys, A.Nemmar, E.Verbeken, E.Smolders,
M.Ratoi, M.F.Hoylaerts, B.Nemery, PH.M.Hoet;
Environ.Health Persp., 116, 1607-1613 (2008).

s Review

[43] R.Hardman; Environ.Health Persp., 114, 165-172
(2006).

[44] L.Cao, M.J.Meziani, F.S.Lu, H.FWang, PG.Luo,
Y.Lin, B.A.Harruff, L.Monica Veca, D.Murray,
S.Y.Xie, Y.RSun; JAm.Chem.Soc., 129, 11318-
11319 (2007).

[45] S.T.Yang, L.Can, PGLuo, F.Lu, X.Wang, H.Wang,
M.J.Meziani, Y.F.Liu, GQi, Y.P.Sun;
J.Am.Chem.Soc., 131, 11308-11309 (2009).

[46] H.S.Choi, W.Liu, PMisra, E.Tanaka, J.PZimmer,
I.B.ltty, M.G.Bawendi, J.V.Frangioni; Nat.
Biotechnoal, 25, 1165-1170 (2007).

[47] H.Gongalves, P.A.S.Jorge, J.R.A.Fernandes,
J.C.GEsteves da silva; Sensors Actuat B-Chem,
145, 702-707 (2010).

[48] H.M.Gongalves, A.J.Duarte, J.C.G.Esteves dasilva;
Biosens and Bioelectron, 145, 702-707 (2010).

[49] Y.W.Zhang, L.Wang, J.Q.Tian, H.L.Li, Y.L.Luo,
X.P.Sun; Chem.Commun., 27, 2170-2175 (2011).

[50] H.X.Zhao, L.Q.Liu, Z.D.Liu, Y.Wang, X.J.Zhao,
C.Z.Huang; Chem.Commun., 47, 2604-2606
(2011).

[51] FWang, X.Zheng, H.Zhang, C.Y.Liu, Y.G.Zhang;
Mater.Views., 21, 1027-1031 (2011).

[52] W.W.Yu, L.H.Qu, W.Z.Guo, X.G.Peng; Chem.
Mater., 15, 2854-2860 (2003).

——y, P plricly Seience
ﬂa?ﬁdcmﬁawuml



