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A B S T R A C T

Water-soluble chiral graphene quantum dots (GQDs) with a strong blue emission were synthesized by covalently
immobilizing L-cysteine or D-cysteine onto the GQDs. Either the amine or the thiol group of cysteine was used to
make the bond through amide coupling or thiol-ene click chemistry respectively. The functionalized chiral GQDs
were the characterized by FT-IR and UV–vis. The enantiomeric pairs exhibit equal but opposite bands in circular
dichroism spectra suggesting that there is no difference in the efficacy of conjugation. The fluorescent response
of these chiral GQDs when exposed to L-tryptophan was then studied. The fluorescence of the amide-conjugated
GQDs was quenched with the addition of L-Trp regardless of which enantiomer of cysteine was present on the
surface. The thiol-linked D- Cys GQDs fluorescence was also quenched on exposure to L-Trp, but the fluorescence
of the thiol-linked L-Cys GQDs was unaffected under the same conditions.

1. Introduction

Graphene quantum dots (GQDs), with intriguing optical behaviour
due to quantum confinement effects [1–3], have potential applications
as light emitting devices, bioassay tools, bioimaging probes, drug de-
livery vehicles, and fluorescent sensors. Their good biocompatibility,
high stability [4], and most importantly, high quantum yields (which
allows for very low loading, provide them with an advantage over other
fluorescent dye systems [5]. However, in almost any biological appli-
cation, chirality must be considered, and the development of chiral
quantum dots remains a challenge. There are still only limited studies
focusing on the chiral properties of GQDs [6–10], and to the best of our
knowledge no reports using chiral GQDs as fluorescent sensors have
been reported, although there are a number of reports of conductance
sensors based on GQDs [11–13]. Instead, much of the focus relating to
chiral quantum dots has focused on their semiconducting properties
and looking to use changes in conductance as a measurement of analyte
[14–17]. However, toxicity, loading, and poor solubility of these dots
has limited their application. Simpler systems that use fluorescence as
the read-out may provide a fruitful avenue of research [13].

Although enantiomeric GQDs have identical fluorescent behaviour,
diastereomeric complexes formed with analytes in their environment
can differentially affect fluorescence due to differences in the energy

transfer occurring at the surface [18]. This means that a chiral GQD
surface can potentially act as a fluorescent sensor to detect one en-
antiomer of a given molecule such as a small molecule drug, nucleic
acid, or amino acid. This principle has been exploited in many other
systems and is appropriate for GQDs [19–21].

Due to its fluorescence, tryptophan is an ideal model analyte. The
presence of tryptophan in food samples can be used to help identify
origin of the food and to detect tampering [22]. The importance of Trp
in serotonin and niacin biosynthesis makes the detection of Trp an
important consideration [23]. Consequently, there has been some effort
into quantifying the amount of tryptophan present in a given sample
[24–26]. Additional detection techniques would be useful, and em-
ploying GQDs as colored fluorescent sensors would require less mate-
rial, use only simple instrumentation, and would not require access to
additional special reagents. This has been noted by others, and there are
several reports employing functionalized GQDs for the detection of
tryptophan; however, the approaches are electrochemical in nature
[11,12,27–30], or have employed host-guest chemistry with the in-
herent complexities involved in the conjugation [31]. A simple chiral
molecule covalently immobilized on the GQD surface with a fluorescent
read-out would be of interest.

We wish to disclose our investigations into using cysteine-functio-
nalized GQDs to provide a fluorescent probe for Trp. N-acetyl cysteine
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has been used with traditional CdSe/CdS quantum dots to differentiate
between different enantiomers of tyrosine [32]. In that case the N-
acetylcysteine was absorbed onto the surface of the dots under alkaline
conditions forcing the carboxyl group and thiol to be affixed to the
surface. However, with tryptophan, we believe the key interaction may
involve the carboxylate as a hydrogen-bond acceptor, and either the
thiol or amino-hydrogens as hydrogen-bond donors. Either system-free
amine or free thiol- can be accessed by using the other functionality to
conjugate the amino acid to the GQD. An argument can be made for
both ligation techniques and for why the chiral discrimination of either
option might be preferred. Consequently, we wished to investigate both
a thiol-bound and an amino-bound version of our chiral GQD and de-
termine their potential as chiral fluorescent probes for L-tryptophan.

2. Experimental section

2.1. Reagents

Citric acid, sodium hydroxide, sodium dihydrogen phosphate, dis-
odium hydrogen phosphate, ammonium persulfate, sodium borohy-
dride, L-tryptophan, and L-cysteine HCl were purchased from Merck. N-
(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC)
was purchased from Bio Basic. Sulfo-N-hydroxysuccinimide (S-NHS)
was purchased from Sigma–Aldrich. D-cysteine was purchased from
EXIR. Doubly distilled water was used throughout the experiment.

2.2. Synthesis of graphene quantum dots (GQDs)

The GQDs were synthesized by pyrolyzing carbon precursors [33].
1 g of citric acid was put into a pyrex glass beaker and heated to 200 °C
using a hotplate (Corning). After 5min, the citric acid had melted, and
the liquid had turned yellow. After further heating for an additional
10min, the liquid turned orange, indicative of the formation of GQDs.
The beaker was immediately removed from the heat source and allowed
to cool. After reaching ambient temperature, the solution was adjusted
to pH 7 using 1M NaOH solution (12mL) providing a solution of GQDs
in water. The solution (approx. 12mL) was then dialyzed against 20mL
DI water using 3.5 kDa cut-off dialysis tubing (Spectrum Labs) for 24 h.
The dialysate in the beaker, containing the GQDs, was collected and put
aside. The reaction solution in the dialysis tube was then dialysed
against an additional fresh 20mL of DI water for 24 h. The dialysis
tubing and its contents was then discarded. The combined dialysates
were then dialysed against 100mL of DI water in a 1.0 kDa cut-off
dialysis tubing to remove any residual citric acid. The contents of the
tube, the GQDs, were then lyophilized and stored as a powder at
−20 °C until needed.

2.2.1. Amide coupling of L-cysteine or D-cysteine to the GQDs
0.1 g of dried GQDs powder as limiting reagent was first dissolved in

1mL of sodium phosphate buffer (Dissolve 1.09 g of Na2HPO4 and
0.31 g of NaH2PO4 in 100mL of H2O) at pH 7.4. A solution of EDC in
this buffer (0.116 g, 3mL) was added to the suspended GQDs with
magnetic stirring. After 15min of stirring, S-NHS (0.07 g, 3mL) was
added to the above solution and the reaction mixture was stirred for an
additional 30min. Finally, either L-cysteine•HCl (0.118 g, 3mL) or D-
cysteine (0.09 g, 3mL) was added to the reaction mixture and the so-
lution was allowed to stir, in the dark, for 24 h. The resulting mixtures
were then dialyzed using 1 kDa cut-off dialysis tubing (Spectrum Labs)
against either DI water (2× 12 h) to provide samples for analysis or
against PBS buffer for the binding assays (then diluted to 40mL). In the
former case, the samples were lyophilized, in the latter, they were left
in solution and stored at 4 °C until needed. This provided a 2.5mg/mL
solution of GQDs.

2.2.2. Thiol-ene conjugation of L-cysteine or D-cysteine to the GQDs
GQD powder was resuspended in ethanol (20mg in 10mL) and a

large excess of sodium borohydride (50mg) was added to reduce the
carbonyl groups on the surface [34]. The reaction was considered
complete when no additional hydrogen bubbles had been observed for
5min (20min total). The GQDs were then dialyzed twice against DI
water, 1 kDa cutoff (100mL. water) and lyophilized to provide 20mg of
material. This reduced GQD (50mg) was resuspended in DI water, and
ammonium persulfate (2.5 g, 0.01mmol) was added to the flask with
magnetic stirring [35]. The flask was wrapped in aluminium foil, and
heated at 90 °C for 1 h. Then either L-cysteine•HCl (86mg, 0.99mmol)
or D-cysteine (60mg, 0.99mmol) was added and the mixture, diluted to
a total volume of 20mL of water, was refluxed for an additional 24 h.
After cooling, the solution was dialyzed three times against 200mL of
DI water in 1 kDa cut-off dialysis tubing. This provided a 2.5mg/mL
solution of GQDs.

2.3. Fluorescent assay for the optical effects of L-tryptophan interaction with
amide-linked GQDs (LCys-GQDs; DCys-GQDs)

An aqueous solution of L-tryptophan (80mM) was prepared. 20 μL
of the LCys-GQDs or DCys-GQDs was added to 2mL of PBS, and the entire
solution was transferred to a quartz cuvette. Then aliquots of the L-
tryptophan solution were added to the cuvette with pipette mixing and
the fluorescence spectrum of the mixture was recorded after each ad-
dition using an excitation wavelength of 300 nm.

2.4. Fluorescent assay for the optical effects of L-tryptophan interaction with
thiol-linked GQDs (LCys- clicked GQDs; DCys- clicked GQDs)

An aqueous solution of L-tryptophan (80mM) was prepared. 5 μL of
the LCys-clicked GQDs or DCys-clicked GQDs was added to 2mL of PBS,
and the entire solution was transferred to a quartz cuvette. Then ali-
quots of the L-tryptophan solution were added to the cuvette with
pipette mixing and the fluorescence spectrum of the mixture was re-
corded after each addition using an excitation wavelength of 360 nm.

2.5. Characterization

Fourier transform infrared (FTIR) spectra were acquired by pre-
paring KBr discs with the analyte, and measuring the spectra using a
Perkin-Elmer Spectrum RXI FT-IR spectrophotometer. UV–Vis absorp-
tion spectra were recorded using a Perkin Elmer Lambda 25 UV/Vis
spectrophotometer. All fluorescent spectra were taken with a Jasco
FP8500 spectrophotometer. AFM images were obtained using the non-
contact mode using an ARA-AFM (ARA, Iran). Droplets of the GQD
solutions (40 μL) were deposited on the surface of freshly prepared
mica. After drying the AFM image was recorded. High-resolution
transmission electron microscopy (HR-TEM) images were recorded on a
Jeol, JEM-2100F operating at 200 kV. The circular dichroism spectra
measurement was recorded on a circular dichroism spectrometer
(model 215, Aviv, USA). Circular dichroism nerve network (CDNN)
software was utilized for data analysis. All optical measurements were
carried out in quartz cuvettes at ambient temperature.

3. Results and discussion

3.1. Synthesis

The carboxylic acid functionality of the cysteine is expected to be
important for diastereomeric complex formation as the hydrogen bond
acceptor. However, an argument can be made for using either the thiol
or the amino-group as the hydrogen bond donor. This means either
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functionality can be used to immobilize the amino acid on the surface of
the particle. This provides options for the synthesis. An amide bond can
be used to immobilize the cysteine on the surface as the GQD surface,
derived from citric acid, is rich in carboxylic acid functionalities
(Fig. 1a). However, direct coupling of cysteine would require the car-
boxylic acid on the amino acid to be protected to avoid homocoupling.
This would involve unnecessary chemical manipulation of functiona-
lized GQDs. Consequently, we used a two-step in situ protocol activating
the GQDs with S-NHS, with EDC as coupling agent to introduce an
activated handle, and then treating these electrophilic GQDs with either
enantiomer of cysteine to make either of the pseudo-enantiomeric
GQDs. These would be expected to interact with tryptophan primarily
through only the carboxylic acid moiety.

Alternatively, the cysteine could be immobilized through the thiol
functionality, allowing for both the amine and the carboxylic acid
moieties to be involved in the organization of the tryptophan (Fig. 1b).
This would be expected to provide a more organized diastereomeric
complex. We hypothesized that this would be more likely to induce
differential fluorescent behaviour in our GQDs than the amine-con-
jugated system. Cysteine has been immobilized onto quantum dots
through sulfur before [15,36], but normally by invoking strong cy-
steine-transition metal bonds. A carbon-rich surface does not allow for
this possibility. Instead, we identified that a thiol-ene “click” reaction
[37] would allow for the easy chemoselective immobilization of the
cysteine. The carbonyl functionalities on the surface of the GQDs were
converted to olefins using a two-step protocol: reduction with sodium
borohydride followed by elimination using ammonium persulfate. Cy-
steine (either enantiomer) was then added, and the thiol-ene click re-
action was carried out to provide the Lcys-clicked GQDs or Dcys-clicked
GQDs.

3.2. Characterization of the GQDs

The labelled GQDs were then characterized using high-resolution
transmission electron microscopy (HR-TEM) and atomic force micro-
scopy (AFM). Representative images are provided as Fig. 2. The dia-
meter of GQDs are less than 5 nm, and the average size of the GQDs was
calculated to be about 2.9 nm. Similar HR-TEM images of GQDs are well
precedented in the literature, and they are indicated by the clusters of
parallel lines [38–42]. The AFM results support the HR-TEM images as
they imply that the GQD size distribution is on the order of 0.2–2 nm.
The good agreement of these two independent measurements provides
confidence for demonstrating the successful synthesis of the GQDs.

Circular Dichroism (CD) measurements were used to confirm that
pseudo-enantiomeric optically-active GQDs were generated by con-
jugation to either L-cysteine or D-cysteine (Fig. 3). Both the amine-
linked (Fig. 3a) and the thiol-linked systems (Fig. 3b) show pseudo-
symmetry as expected. We ensured that the degree of functionalization
was comparable by measuring the absorbance spectra of both systems
(insets in Fig. 3). Together these spectra indicate that pseudo-en-
antiomers were indeed prepared. The CD spectra for the two systems is
of course different as the mode of conjugation is different. Similarly, the
spectra are not reflections in the x-axis as the GQDs will of course in-
fluence the orientation of the cysteine ligands, this same phenomenon
has been previously observed by others [6].

The CD spectra support the presence of a chiral environment but do
not indicate the origins of the chirality, although it must be derived
from the presence of the chiral cysteine residues on the surface of the
nanoparticles. FT-IR analysis is a simple technique that allowed us to
confirm the presence of the expected functionalities (Fig. 4). The most
pronounced IR absorption bands in the native GQDs occur at

Fig. 1. a) Synthesis of amide-conjugated chiral cysteine-functionalized GQDs (Lcys-GQDs and Dcys-GQDs) and a schematic representation of the expected interactions
with L-tryptophan. b) Synthesis of thiol-conjugated chiral cysteine-functionalized GQDs (Lcys-clicked GQDs and Dcys-clicked GQDs) and a schematic representation of
the expected interactions with L-tryptophan.
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3427 cm−1 (νOH from the COOH groups), 1582 cm−1 (νC=O),
1390 cm−1 (νsCOO), and 1255 cm−1 (νC–O). (Fig4a, blue line). FT-IR
spectra of GQDs (Fig. 4a, blue line) show strong absorption peaks for
carboxyl groups. Coupling to the amines is expected to cap many of
these acids. The relative amplitude of the 3427 cm−1 peak decreases,
with a concomitant appearance of new vibrations in the range of
2670–2550 cm−1 indicative of SeH vibrations [43]. The new strong
carbonyl frequencies at 1699 cm−1 and 1580 cm−1 are a result of the
amide absorption modes and are typically used to identify the success of
amide-bond formation on the surface of nanoparticles [44,45]. The two
pseudo-enantiomers provide similar spectra as expected, offset only by
moderate changes in amplitude due to slightly different sample
amounts. We also used FT-IR to confirm the success of the thiol-ene
chemistry for the other series of GQDs. No thiol peaks are observable,
neither are there any new amide peaks. Instead there are new signals at
3539 cm−1 that are consistent with the presence of amine NeH stret-
ches [36].

3.3. Fluorescence studies

With the cysteine immobilization confirmed, we examined the
fluorescence behavior of the cysteine-modified GQDs in the presence of
tryptophan. Tryptophan is an excellent model compound for these
analyses as it is inherently fluorescent and its spectrum is highly de-
pendent on the solvation environment [46]. Interaction with the

surface cysteines can be expected to influence the fluorescence of the
GQDs [47,48]. We began by investigating the interaction with the
amine-conjugated Lcys-GQDs and Dcys-GQDs. In this system, the car-
boxylate and the thiol hydrogen could potentially form an eleven-

Fig. 2. A) HR-TEM image of the GQDs. The particles
have an average diameter of 2.9 nm and can be
identified by the parallel line structures. Some are
highlighted with the yellow circles. B) AFM image of
GQDs on mica substrates with the height profile
along the line in the image. The field of view of the
AFM image is 2.0 μm×2.0 μm. Both images are of
the unmodified GDQs. (For interpretation of the re-
ferences to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 3. CD spectra of cysteine-functionalized GQDs. Panel A shows the amide-linked systems, while panel B provides the spectra of the thiol-ene conjugated systems.
Green lines represent the L-cysteine samples and red lines the D-cysteine samples. Samples were measured at a concentration of 2.5mg/mL using a quartz cuvette with
a 1 cm path length. The same samples in the same cuvettes were analyzed using UV–Vis spectroscopy (insets). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 4. FT-IR spectra of unmodified GQDs (a); amine-linked LCys- GQDs (b),
DCys- GQDs (c); and thiol-linked LCys- clicked GQDs (d) and DCys- clicked GQDs
(e). Spectra are offset vertically to simplify the image, % transmittance is re-
lative within a spectrum.
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membered ring with the tryptophan or interact through an open-chain
form. An excitation wavelength of 300 nm, near the λmax was chosen
for the LCys-GQDs and DCys-GQDs. Tryptophan was then titrated into the
cuvette and the spectra acquired after each addition (Fig. 5).

The fluorescence intensity of both LCys-GQDs and DCys-GQDs de-
creased upon increasing the L-Trp concentration from 0 to 2.8 mM. A
change in fluorescence is expected as the optical behaviour of quantum
dots is affected by their surface functionalization, and the formation of
cysteine-tryptophan complexes would be expected to shift the ampli-
tude, or even the wavelength, of the emission spectrum through
quenching: small changes in surface functionalization change ampli-
tude of emission [49]. Linear Stern–Volmer relationships were observed
for the interaction in the L-Trp mM range (F0/F versus L-trp). The life-
time of the emissive state of the pseudo-enantiomeric GQDs should be
identical so the difference in slope can be attributed to a difference in
the quencher rate co-efficient [50]. The quenching constants are
0.30mM−1 and 0.19mM−1 for the two systems respectively: there is
clearly some discrimination between pseudo-diastereomeric complexes,
but it is not sufficient to be useful. The diastereomeric complex, if it
does form an eleven membered ring or simply an open chain form, is

potentially too disorganized to induce a significant differentiation in
the fluorescence profile of the GQDs.

On the other hand, the thiol-ene functionalized GQDs will allow for
the formation of a smaller 10-membered ring and would use an amine
in place of a thiol as the solid-supported hydrogen-bond donor. We
examined the fluorescent response of these systems (Lcys-clicked GQDs
and Dcys-clicked GQDs) to tryptophan titration using an excitation
wavelength of 360 nm (Fig. 6).

These systems clearly behave differently. The DCys-clicked GQDs are
quenched in a dose-dependent manner by tryptophan; however, the
amplitude of the fluorescence of the LCys-clicked GQDs are completely
unaffected, although there is a slight red shift as the tryptophan con-
centration increases. A slope 0 line in the Stern-Volmer plot of the LCys-
clicked GQDs indicates that there is no quenching (the quencher rate
co-efficient is 0), while the DCys-clicked GQDs show a positive value
(although smaller than that observed for the amine-linked systems
above, 0.058mM−1). The data indicates that L-tryptophan does not
interact with L-cysteine on the surface of the GQDs, but does interact
with D-cysteine. The result is empirical, and more work needs to be
done to explain this selectivity.

Fig. 5. The fluorescence spectra of the tryptophan titration studies of a) LCys-GQDs and b) DCys-GQDs. Insets: (upper) Stern-Volmer plots of the quenching interactions
between the GQDs and L-Trp; (lower) Photographs of the final solutions acquired under either visible light (left) or under UV light (right) show that fluorescence is
maintained as blue emission. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. The fluorescence spectra of the tryptophan titration studies of a) LCys-clicked GQDs and b) DCys-clicked GQDs. Insets: (upper) Stern-Volmer plots of the
quenching interactions between the GQDs and L-Trp; (lower) Photographs of the final solutions acquired under either visible light (left) or under UV light (right)
show that fluorescence is maintained as blue emission. (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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4. Conclusion

Chiral GQDs were prepared by conjugating either enantiomer of
cysteine to GQDs using either amine coupling or thiol-ene click chem-
istry. The chiral GQDs were characterized by AFM, HR-TEM, CD-spec-
troscopy, UV–Vis absorbance and FT-IR. All four systems were eval-
uated as potential fluorescent sensors for L-tryptophan. Both amine-
conjugated systems showed a similar dose-responsive quenching to the
presence of L-tryptophan, as did the D-cysteine thiol-ene clicked GQDs.
The L-cysteine thiol-ene clicked GQDs, however, demonstrated no
change to the fluorescent signal with increasing tryptophan con-
centrations. Consequently, a twinned assay using the pseudoenatio-
meric thiol-ene clicked cysteine GQDs can act as chiral sensors to detect
L-tryptophan. These GQDs provide a proof-of-concept that chiral GQDs
can act as chiral fluorescent sensors and could form the basis for the
development of chiral quantum dots with potential applications in
biomedicine.
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