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Amino acid functionalized carbon dots (CDs) were synthesized in a simple and cost effective bottom up

approach. Citric acid was used as the source of the carbon core and three amino acids L-isoleucine, L-

valine and glycine were used for the surface fabrication of CDs to produce CDiso, CDval and CDgly,

respectively. Interestingly these CDs were found to fluoresce with a blue emission. Doping of

phosphorus to these CDs (PCDs) tuned the photoemission properties and produced green emitting

PCDs. The doping of phosphorous (P) to these CDs improved their fluorescence intensity as well as

quantum yields. Both doped and non-doped CDs were characterized by spectroscopic and microscopic

techniques. These highly stable CDs were biocompatible in nature and did not exhibit any

photobleaching property over a long span of time even under UV exposure. Subsequently, these CDs

were exploited as an excellent bioimaging probe. Importantly CDs and PCDs illuminated cells in two

completely different spectral regions blue and green, respectively in accordance with their fluorescence

spectral behaviour. Hence, amino acid functionalized carbon dots based bioimaging probes with

different fluorescence characteristics were developed that are widely applicable for cellular imaging in

both blue and green spectral regions.
1. Introduction

Fluorescent carbon dots (CDs) represent a fascinating class of
‘zero-dimensional’ carbon nanomaterials that comprise of
discrete, spherical nanoparticles with size less than 10 nm.1–4

These CDs have high potential to be used in energy storage,
bioimaging, drug delivery, sensors, and diagnostics.4–11 CDs
have attracted extensive attention due to their outstanding
advantages such as stable photoluminescence properties,
high aqueous solubility, versatile surface chemistry and low
toxicity compared to environmentally hazardous and toxic
nanomaterials including lead, cadmium etc.5,12 The other
frequently used semiconductor based quantum dots like CdS,
CdSe, PbSe are composed of toxic heavy metals and suffer
from cytotoxicity, low aqueous solubility that restrict their
application in bioimaging.13 Fluorescent CDs, tiny light
emitting particles on nanometer scale, are gaining importance
in cellular imaging over conventional organic dyes and uo-
rescent proteins because of improved signal brightness,
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resistance against photobleaching, size dependent uores-
cence emission, and simultaneous excitation of multiple
uorescence colours.14,15

To date, two distinct methods have been explored for carbon
dot synthesis namely the top down and bottom up approach.5 In
the top-down approach, graphite and its derivatives are used to
synthesize CDs through laser ablation, arc discharge and elec-
trochemical oxidation.3,5,16–20 Alternatively, in bottom-up
approach, solvothermal methods, pyrolysis, microwave treat-
ment, ultrasonic-assisted synthetic procedures are exploited to
synthesize CDs from carbonaceous organic molecules.21–26 In
general, due to their simple and cost effective approach,
bottom-up is more favourable than that of top-down tech-
niques. Candle soot, carbohydrate, polyhydric alcohol, poly-
hydric acid, orange juice, strawberry juice, cucumber juice are
some of the well known carbon precursors to synthesize
CDs.2,14,27–30 To this end, amino acid (primarily histidine) also
has been used for preparing uorescent CDs.5 Jiang, et al. has
reported the photoluminescence of CDs derived from hydro-
philic amino acids while hydrophobic amino acids showed
weak uorescence.1 Also synthetic method and chemical
composition has a signicant effect on emission property of
CDs. The emission of CDs has been modied by varying the
reaction temperature, nature of solvent, capping ligands, and
surface functionalizing agents.31–33 Doping is another important
tool for varying spectral behaviour of CDs. Phosphorous,
nitrogen, sulphur, boron have been doped to tune the quantum
RSC Adv., 2015, 5, 65913–65921 | 65913
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yield of CDs and change its emission properties.16,32,34 Hydro-
philic and hydrophobic surface functionalization have also
been employed to tune the emission behaviour of CDs.33

Interestingly, though amino acids have been used as precursor
for the synthesis of CDs, but they have been very little explored
for surface functionalization of CDs. In this regard, recently we
reported the synthesis of cationic and anionic surface func-
tionalized uorescent CDs from very simple precursor glycine,
Tris, and citric acid and subsequently they have been used for
histone sensing and enzyme probing.9,35 Thus, the need of
simple methods for developing CDs and their surface func-
tionalization is highly demanding considering its potential
applications in biomedicine. However, less attention has been
given to tune the emission properties of CDs by varying surface
functionalization. To this end, use of amino acid for surface
functionalization of CDs as well as doping of phosphorous to
tune the spectral behaviour of these amino acid functionalized
CDs and subsequently their application in bioimaging has not
yet been investigated.

Previously reported CDs derived from hydrophobic amino
acids including L-isoleucine, L-valine showed poor water
solubility and weak uorescence.1 Herein we report the
synthesis of highly uorescent CDs using citric acid as the
carbon core36 and surface functionalization with naturally
occurring hydrophobic amino acids. Highly water soluble
uorescent CDs were functionalized with three different
aliphatic amino acids glycine, L-valine and L-isoleucine.
Interestingly these CDs were found to be blue emitting. Their
photoemission properties as well as the quantum yields were
subsequently tuned by doping phosphorous (P), which
increased their uorescence intensity as well as quantum
yields. More importantly P-doping changed the photoemis-
sion properties of all three CDs exhibiting green emission.
These P-doped and non-doped CDs were characterized by
spectroscopic and microscopic techniques. The aqueous
suspension of both P-doped and non-doped CDs were highly
stable for long time and resistant towards photo bleaching
effect even under UV exposure. The aqueous suspension of
these P-doped and non-doped uorescent CDs were biocom-
patible up to 800 mg mL�1. The photoemission behaviour of
these non-doped and P-doped CDs in two completely different
spectral regions (blue and green) was utilized as bioimaging
probe.

2. Materials and methods
2.1. Materials

Glycine, L-valine, L-isolucine were purchased from SRL (India)
and citric acid was procured from Spectrochem (India). Milli-Q
water was used throughout the study. The UV-vis absorption
spectra were recorded on a PerkinElmer Lambda 25 spectro-
photometer. Fluorescence spectra were recorded in Varian Cary
Eclipse luminescence spectrometer. Lyophilization was done in
a Virtis 4KBTXL-75 freeze-drier. Thermo Scientic Espresso
centrifuge was used for centrifugation, and zeta potential was
measured in a zetasizer Nano-ZS of Malvern Instruments
Limited. 1H NMR spectra were recorded on a Bruker Avance
65914 | RSC Adv., 2015, 5, 65913–65921
DPX-300 spectrophotometer. FTIR spectra were recorded in a
Perkin Elmer Spectrum 100 spectrometer.

2.2. Synthesis of carbon dots

Isoleucine surface functionalized carbon dot (CDiso) was
synthesized using reported protocol.9,37 Briey, 1.1 g of L-
isoleucine (14 mmol) was converted to its carboxylate salt by the
addition of an equivalent amount of NaOH solution (2 mL). To
this, 2 mL of citric acid solution (3 g, 14 mmol) was added by
maintaining a 1 : 1 molar ratio. This water-soluble mixture was
evaporated to dryness at 100 �C. The sticky mass was collected
and dried in hot oven at 80 �C for 3 days. The solid was crushed
into a ne powder and was heated in a furnace in air at 200 �C
for 2 h in a porcelain crucible and then cooled to room
temperature. The brownish-black product was extracted with 25
mL of water. The solution was centrifuged at 12 000 rpm for 30
min to discard the insoluble pellet. The supernatant was
collected and dialyzed against water using a dialysis bag for
further purication. The resultant solution was lyophilized to
get the carbon dots. L-Valine and glycine surface functionalized
carbon dots (CDval and CDgly) were synthesized using the
similar protocol. The yield of the carbon dots was found to be
around 60% in all cases.

2.3. Synthesis of phosphorous doped carbon dots

In case of the synthesis of P-doped isoleucine surface func-
tionalized carbon dot (PCDiso), 1.1 g of L-isoleucine (14 mmol)
was converted to its carboxylate salt by the addition of an
equivalent amount of NaOH solution (2 mL). To this, 2 mL of
citric acid solution (3 g, 14 mmol) and 2 mL of NaH2PO4 solu-
tion (1.68 g, 14 mmol) were added by maintaining a 1 : 1 : 1
molar ratio. Then similar protocol was followed as for the
synthesis of non-doped CDs. P-doped L-valine (PCDval) and
glycine (PCDgly) functionalized CDs were synthesized by
following the same process. A control experiment was done to
carbonize citric acid in presence of NaH2PO4. The brown mass
was insoluble in water. The yield of the phosphorous doped
quantum dot was found to be around 65% in all cases.

2.4. Quantum yield measurement

Quantum yield of CDs and PCDs were measured using the
reported protocols.29 The absorbance of CDs and PCDs was
measured using Perkin Elmer Lambda 25 spectrophotometer
and the absorbance was restricted to less than 0.01. Integrated
emission intensity at excitation maxima (340 nm for CDs and
370 nm for PCDs) of those solutions was measured using Varian
Cary Eclipse luminescence spectrometer. To this end the
quantum yield (QY) of the carbon dots was measured by the
following equation:

Q ¼ Qst(Ism/Ist)(ODst/ODsm)(hsm
2/hst

2)

where Q is the QY, I represents the measured integrated emis-
sion intensity at excitationmaxima (340 nm for CDs and 370 nm
for PCDs), h is the refractive index, and OD is the optical density
measured on a UV-vis spectrophotometer, which was restricted
This journal is © The Royal Society of Chemistry 2015
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to less than 0.01. The subscript ‘sm’ indicates sample and the
subscript ‘st’ stands for standard uorophore of known uo-
rescence. Herein, we chose quinine sulfate dissolved in 0.1 M
H2SO4 as a standard, whose QY is 0.54.
2.5. Characterization

Samples for transmission electron microscopy (TEM) were
prepared by putting a drop of the prepared CD solutions on 300-
mesh Cu-coated TEM grid and dried under vacuum for 4 h
before taking the image. TEM images were taken on a JEOL JEM
2100F UHR microscope. For X-ray photoelectron spectroscopy
(XPS) two drops of prepared CD solution was cast on a rectan-
gular Cu plate and it was dried under vacuum for 8 h before the
experiment which was performed using an Omicron (series
0571) X-ray photoelectron spectrometer. Energy dispersive X-ray
(EDX) was performed on a Oxford make EXTREME INCA
microscope and sample preparation was done like that of TEM.
X-ray diffraction (XRD) spectra of powdered CDs were obtained
on a Bruker D8 Advance diffractometer and the source was CuKa

radiation (a ¼ 0.15406 nm) with a voltage 40 kV and current
30 mA.
2.6. Cell culture

HeLa cells were procured from NCCS, Pune and cultured in 10%
FBS DMEM medium in presence of 100 mg L�1 streptomycin
and 100 IU mL�1 penicillin. The cells were cultured in a 25 mL
cell culture ask and kept at 37 �C in a humidied atmosphere
of 5% CO2 to about 70–80% conuence. Subculture was per-
formed in every 2–3 days. The media was changed aer 48–72 h.
The adherent cells were detached from the surface of the culture
ask by trypsinization. These cells were then used for cytotox-
icity and bioimaging study.
Fig. 1 Structure of the synthesized carbon dots (CDs) and phospho-
rous doped carbon dots (PCDs).
2.7. MTT assay

Cell viability of the non-doped and P-doped CDs were
assessed by the microculture MTT reduction assay by
following the previously reported protocol.38 In this assay, a
soluble tetrazolium salt was converted to an insoluble colored
product, formazan by mitochondrial dehydrogenase present
in live cells. The amount of produced formazan was calcu-
lated spectrophotometrically aer dissolution of the product
in DMSO. The amount of formazan produced is proportional
to the number of alive cells. The mammalian cells were
seeded at a density of 15 000 cells per well in a 96-well
microtiter plate 18–24 h before the assay. A stock solution of
the CDs (5 mg mL�1) was prepared in Milli-Q water. The
concentration of CDs in the microtiter plate was varied from
100 to 800 mg mL�1. The cells were incubated for 24 h at 37 �C
under 5% CO2. The cells were further incubated for another 4
h in 15 mL MTT stock solution (5 mg mL�1). The produced
formazan was dissolved in DMSO and absorbance at 570 nm
was measured using BioTek Elisa Reader. The number of
surviving cells were expressed as percent viability ¼
(A570(treated cells) � background)/(A570(untreated cells) �
background) � 100.
This journal is © The Royal Society of Chemistry 2015
2.8. Bioimaging

HeLa cells were seeded at a density of 10 000 cells per well in a
chamber slide 18–24 h before the assay. Cells were incubated
with 200 mg mL�1 of all the CD solutions for 6 h. Then the
incubated cells were washed with phosphate-buffered saline
(PBS), xed with 4% paraformaldehyde for 30 min, mounted
with 50% glycerol solution, and covered with cover slip to
prepare the slide and kept for 24 h. Imaging was done in
Olympus IX51 inverted microscope using an excitation lter BP
330–385 nm and a band absorbance lter covering wavelength
below 405 nm for blue images and green images were obtained
using the excitation lter BP 530–550 and a band absorbance
lter covering wavelength below 570 nm. CCD exposure time
during imaging was 400 ms and the microscopic object used
was 40� UPIanFLN.
3. Results and discussion
3.1. Synthesis and characterization of carbon dots

Amino acid functionalized CDs (CDiso, CDgly, CDval) were
synthesized by thermal coupling between citric acid and
different amino acids, L-isoleucine, L-valine and glycine,
respectively (Fig. 1). Citric acid acted as the source of carbon
core and Na-salts of amino acids were utilized for surface
functionalities.36,37,39 In case of P-doped CDs, equivalent amount
of NaH2PO4 was used along with the other precursor and the
corresponding nanomaterials are dened as PCDiso, PCDval,
and PCDgly, (Fig. 1). The formation of amide bonds during
thermal coupling between the citric acid derived CDs and
amino acids was investigated using FTIR spectroscopy. In the
RSC Adv., 2015, 5, 65913–65921 | 65915
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Fig. 2 TEM images of CDs and PCDs. (a) CDiso, (b) PCDiso, (c) CDgly, (d)
PCDgly, (e) CDval, (f) PCDval. High resolution images of CDs and PCDs
are given in inset.
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FTIR spectra of CDiso, CDgly and CDval presence of a peak at
1700 cm�1 conrmed the formation of amide bond (Fig. S1a,
S1c and S1e, (ESI†)). Interestingly, in P-doped CDs (PCDiso,
PCDgly and PCDval), no change in FTIR spectra was observed
which clearly indicates that even aer phosphorous doping, the
surface functionalization remains unaltered (Fig. S1b, S1d and
S1f, ESI†).

Proton nuclear magnetic resonance (1H NMR) analysis in
D2O was carried out for further establishment of surface func-
tionalization of carbon dots. CDiso showed peaks at d 0.96 ppm
and 1.0 ppm for two different –CH3 groups. Broad peaks around
1.3 ppm is for –CH2– and –CH– protons (Fig. S2a, ESI†). Simi-
larly CDval showed a broad peak around 1.0 ppm for six protons
of two –CH3 groups of valine, (Fig. S2c, ESI†).

1H NMR spectra of
CDiso and CDval showed a signal at 4.1 ppm, which corresponds
to the asymmetric proton of isoleucine and valine, respectively.
This characteristic peak indicates the presence of amino acid
functionalization on the surface of CDs which resulted from the
thermal coupling between citric acid and amino acids. Here too
no change in the 1H NMR spectrum pattern was observed for P-
doped CDs (Fig. S2b, S2d and S2f, ESI†). This result further
corroborates the fact that doped and non-doped CDs have
similar surface functionalities.

The sizes of CDs and PCDs have been examined by taking
their TEM images. The TEM images revealed that average size of
doped and non-doped CDs are around 3–5 nm (Fig. 2). Zeta
potential experiment indicates that all the CDs have anionic
surface charge. The zeta potential (z) values of CDiso, CDval and
CDgly are �25.2, �18.9 and �22.0 mV, respectively. Similarly
PCDiso, PCDval, and PCDgly have z values of �14.7, �22.1 and
�17.0 mV, respectively (Fig. S3, ESI†). These high z values
support the aqueous solubility and stability of CDs and PCDs.

X-ray diffraction (XRD) experiment was carried out to inves-
tigate the structural changes of the CDs before and aer phos-
phorous doping. XRD pattern of CDiso showed a broad peak at
27� which indicates the presence of amorphous carbon (Fig. 3a).
This peak corresponds to the diffraction of the (002) lattice of
graphitic carbon.1 It clearly indicates the graphitic structure of
the carbon dot. Interestingly in case of PCDiso, XRD pattern
shows two distinct peaks at 18� and 30� which specied the
change in the lattice structure of the carbon dot due to phos-
phorous doping (Fig. 3b). Similarly, CDgly showed a single peak
in XRD analysis indicating amorphous graphitic structure
where as P-doped PCDgly showed multiple peaks implying
change in the lattice structure (Fig. 3c and d). PCDval showed
similar type of transformation in XRD pattern aer phospho-
rous doping in CDval like the previous two carbon dots (Fig. S4,
ESI†). This splitting pattern of PCDs signied that some
distortion took place in the doped carbon dot lattice. This
structural deformation is due to doping of phosphorous, as no
different synthetic phenomenon was applied except using the
doping agent. High resolution TEM images also reveal the same
observation. PCDs showed distinct lattice planes in its TEM
images which is distinctly different from the TEM images of
CDs (Fig. 2). This difference in TEM images indicate the change
in morphology of the carbon dots aer doping P which further
support the result found in XRD analysis.
65916 | RSC Adv., 2015, 5, 65913–65921
Elemental analysis of the P-doped and non-doped CDs were
investigated by XPS analysis. It showed the peaks at 285 eV, 418
eV and 532 eV that correspond to the C 1s, N 1s and O 1s,
respectively for all CDs as the main elements present in CDiso,
CDgly and CDval are carbon, nitrogen and oxygen (Fig. 4a and c,
S5a, ESI†).31 In case of PCDiso, PCDgly and PCDval, in addition to
the peaks for carbon, nitrogen and oxygen, two extra peaks were
found at 134 eV and 191 eV which indicates the peaks corre-
spond to 2p and 2s of phosphorous atom (P), respectively
(Fig. 4b and d, S5b, ESI†).31,40 This characterization further
established though little but successful doping of P in carbon
dots. We also quantied the amount of phosphorous doped in
the PCDs through EDX experiment. Around 16–18% phospho-
rous was found to be present in all the PCDs where as no
notable peak for phosphorous was found in case of CDs in EDX
analysis (Fig. S6, ESI†). This further proves the successful
doping of phosphorous in carbon dots.
3.2. Photoluminescence of CDs and PCDs

All the synthesized CDs (both P-doped and non-doped) were
found to be highly uorescent. More importantly they showed
excitation dependent emission property. Variation in the
This journal is © The Royal Society of Chemistry 2015
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Fig. 3 XRD pattern of (a) CDiso, (b) PCDiso, (c) CDgly, and (d) PCDgly.

Fig. 4 XPS spectra of (a) CDiso, (b) PCDiso, (c) CDgly, and (d) PCDgly showing the presence of carbon (C), nitrogen (N), oxygen (O), and phos-
phorous (P).
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excitation wavelength from 300 nm to 500 nm for CDiso resulted
in the red shiing of the emission peaks (Fig. 5a). PCDiso also
showed similar type of shi in its emission upon excitation at
This journal is © The Royal Society of Chemistry 2015
different wavelength (Fig. 5b). XRD analysis showed the
graphitic structure of the carbon dots which are due to the
presence of huge amount of C]C (Fig. 3 and S4, ESI†).29 This
RSC Adv., 2015, 5, 65913–65921 | 65917
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Fig. 5 Excitation wavelength dependent emission of (a) CDiso, (b) PCDiso, (c) CDval and (d) PCDval.

Table 1 Excitation and emission maxima of CDs and PCDs

Carbon dot
Excitation wavelength
(nm)

Emission wavelength
(nm)

CDiso 340 420
PCDiso 370 470
CDval 340 420
PCDval 370 470
CDgly 340 420
PCDgly 370 470

Table 2 Quantum yield of CDs and PCDs

Carbon dot Quantum yield (%)

CDiso 4.8
PCDiso 15.2
CDval 8.9
PCDval 11.0
CDgly 3.7
PCDgly 19.7
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indicates the presence of a series of emissive traps between p

and p* states of CDs.29,41 As a consequence when a certain
excitation wavelength illuminates the carbon dots, a surface
Fig. 6 Emission spectra of (a) CD and PCD from isoleucine, (b) CD and P
wavelength. Inset: emission of the solutions under UV irradiation.

65918 | RSC Adv., 2015, 5, 65913–65921
energy trap dominates the emission.3,29 With variation in the
excitation wavelength, different surface state emissive trap
become dominant. Presumably because of this phenomenon
CDiso and PCDiso showed excitation dependent emission
CD from glycine, (c) CD and PCD from valine at their highest excitation

This journal is © The Royal Society of Chemistry 2015
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properties.41–43 Similar type of uorescence behaviour was
observed for CDval and CDgly and their P-doped PCDval and
PCDgly (Fig. 5c and d, S7a and S7b, ESI†). Excitation maxima
and the corresponding emission maxima of CDs and PCDs are
provided in Table 1. It is evident that upon phosphorous
doping, the excitation maxima red shied from 340 nm to
370 nm as well as the emission maxima red shied from 420
nm to 470 nm. This red shiing of the emission spectrum of
carbon dots is probably because of the morphological changes
in the PCDs compared to that of CDs. PCDs showed distinct
lattice planes in its high resolution TEM images (inset, Fig. 2).
This morphological change was also reected in the XRD
spectrum of CDs and PCDs. This red shiing in emission also
got reected in the corresponding emission colour of CDs and
PCDs under UV light. CDiso, CDval and CDgly showed intense
blue colour upon UV light irradiation at 254 nm while the
P-doped CDs like PCDiso, PCDval and PCDgly exhibited intense
green colour under the same conditions (Fig. 1 and 6). Inter-
estingly, the uorescence intensity of PCDiso, PCDval, and
PCDgly are many fold higher than that of the non-doped CDiso,
CDval and CDgly at their excitation maxima (Fig. 6). This uo-
rescence behaviour has also been observed in the respective
quantum yield of CDs and PCDs. Quantum yield (QY) has been
measured following the reported protocols considering quinine
sulphate as the reference.29 CDiso, CDval and CDgly have QY of
4.8%, 8.9% and 3.7%, respectively while the PCDiso, PCDval, and
PCDgly have QY of 15.2%, 11.0% and 19.7%, respectively (Table
2). Increment in uorescence intensity as well as QY of PCDs is
due to the increase in sp2 isolated clusters.44 Presumably,
coexistence of defect sites and isolated sp2 carbon clusters
efficiently increase the band gap in UV-vis region and hence
given rise to stronger uorescence than single sp2

carbon.32,41,44,45 Thus blue to green spectral transition with high
QY was obtained by simple doping of phosphorus to the carbon
dots.
3.3. Cell viability

The prospective application of these uorescent CDs and
PCDs in biology is dependent on its toxicity towards eukaryotic
Fig. 7 Percentage cell viability of HeLa cells incubated with varying con
imental errors were in the range of 3–5% in triplicate experiments.

This journal is © The Royal Society of Chemistry 2015
cells. To this end, initially we investigated the photostability of
the doped and non-doped CDs by exposing the aqueous
solution of carbon dots under UV irradiation (wavelength 365
nm, power 12 watt).46 Interestingly, the CDs and PCDs solu-
tions didn't show any photobleaching and uorescence
remained unchanged even aer 200 min of UV exposure
(Fig. S8, ESI†). To ensure their cytocompatibility, MTT assay
was performed rst with all the synthesized CDs with a
concentration range of 100–800 mg mL�1 and it was found that
80% cells were alive with CDgly whereas more than 90% cells
were alive with CDiso and CDval aer 24 h of incubation (Fig. 7).
Alternatively with all the P-doped CDs more than 90% cells
were alive with all the PCDs over the same concentration range
and over same time period. Thus it can be concluded that all
the CDs and PCDs were sufficiently biocompatible to be
utilized for biological purposes.
3.4. Bioimaging

High cell viability and unwavering uorescence are the primary
requisites for CDs to be used as bioimaging probe. HeLa cells
were incubated with 200 mg mL�1 of the CDs solutions for 6 h.
Depending on the emission properties of P-doped and non-
doped CDs, different excitations wavelength were applied to
take the image of the CD labeled cells. Cells labeled with non-
doped carbon dots CDiso, CDval and CDgly showed bright blue
emission (Fig. 8) which corroborates with the uorescence
emission maxima of CDs at 420 nm. On the other hand with
PCDs having emission maxima at 470 nm (PCDiso, PCDval and
PCDgly) cells illuminated with green uorescence (Fig. 8).
Excellent and divergent application of prepared CDs and PCDs
as cell labeling probe was noted. Small sized negatively charged
amino acid functionalized CDs exhibited bright blue and green
cellular images indicating their successful internalization
within the cells. Naturally occurring biofriendly precursor
amino acids functionalization and small size of the CDs prob-
ably resulted in high cytocompatibility and smooth uptake
across the membrane by the cells. Thus by simple doping
simultaneous blue and green biocompatible uorescent probes
centrations of (a) CDs and (b) PCDs after 24 h incubation. The exper-
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Fig. 8 Fluorescence microscopic images of HeLa cells upon incubation with CDiso, CDgly and CDval (a, c and e) and with PCDiso, PCDgly and
PCDval (b, d and f), respectively after 6 h of incubation.
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were developed which holds its promise to be used as potential
bioimaging probe.

4. Conclusion

In summary, L-isoleucine, L-valine and glycine functionalized
uorescent CDs were synthesized using citric acid as carbon
core. These CDs were found to be blue emitting. Interestingly P-
doping had a pronounced effect on photoluminescence prop-
erty of CDs. In case of PCDs, quantum yield had improved
compared to CDs due to phosphorous doping. The as-prepared
CDs and PCDs had denite surface chemistry, a high yield and
good water solubility. They were also found to be biocompatible
and were devoid of any photobleaching property. Thus these
65920 | RSC Adv., 2015, 5, 65913–65921
doped and non-doped CDs were used as both blue and green
uorescent optical imaging probe to label HeLa cells. Simple
doping resulted in diversely applicable, low toxic uorescent
probes for optical imaging both in vitro and in vivo studies.
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