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Labeling of proteins with carbon quantum dots (CQDs) has always been limited by their complex and cum-
bersome madifications, which leads to the poor reproducibility of results. In this paper, a one-step solvo-
thermal synthesis approach was developed to prepare nitrogen and sulfur-codoped CQDs using citric acid
and thiourea as precursors. Three components emitting blue, yellow and red fluorescence were isolated,
and the isothiocyanate functional group was demonstrated to be attached to red emissive CQDs (R-CQDs)
by Fourier transform infrared spectroscopy and X-ray photoelectron spectroscopy. Bovine serum albumin
(BSA) was successfully labeled with R-CQDs at a mass ratio of 1:1 via a reaction of the isothiocyanate func-
tional group and the lysine residue of BSA. The labeling of R-CQDs with BSA follows a pseudo-second
order kinetic model with a rate constant of 0.0796 h™* and a maximum labeling efficiency of 31.22%. A
Forster resonance energy transfer effect was found between BSA and R-CQDs during labeling. The appar-
ent dissociation constant of the R-CQD-labeled BSA and the Hill coefficient are 1.35 x 1072 mg mL™* and

Received 25th March 2025, 1.05, respectively, while the binding constant and the number of binding sites are 3.98 x 102 and 1.35,
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respectively. This labeling method can also be used for quantification of proteins with a detection limit of
7.0 ug mL~* and is promising to be applied in the integration of optical diagnosis and photothermal therapy

Published on 04 2025. Downloaded on 04-12-2025 03:40:57.

rsc.li/nanoscale

1. Introduction

Proteins are commonly labeled before analysis in order to
obtain high sensitivity and selectivity. Fluorescent molecules
are the most often used reagents for labeling due to their
wide variety and availability. Generally, the probe molecule is
conjugated to a protein via a nucleophilic substitution reac-
tion, in which the specific functional group of the protein
with a lone pair of electrons acts as a nucleophile."™ In the
case of protein molecules, labeling has to be carried out
under mild conditions to prevent protein denaturation, e.g.,
in water solution at around the physiological temperature
and pH. The most commonly labeled functional groups are
the sulfhydryl group of cysteine and the e-amino group of
lysine, while maleimide, N-hydroxysuccinimidyl esters (NHS)
or isothiocyanate (ITC)-modified probes are often adopted
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due to the outstanding photothermal conversion efficiency (60.6%) of R-CQDs.

because these functional groups have electrophilic centers
with high reactivity.

Since lysine residues are abundant in many proteins, ITC-
modified fluorescein and rhodamine are among the most used
fluorescent labeling reagents. Although such small molecule
probes have the advantages of high fluorescence brightness,
good specificity and easy operation, they are poor in water solubi-
lity and easy to photobleach, and most of them are toxic.
Quantum dots (QDs) are a kind of inorganic semiconductor
nanomaterial with tunable fluorescence, high quantum yield
and excellent photostability. However, they are still poor in water
solubility and are toxic due to the use of heavy metal cadmium.’
Carbon quantum dots (CQDs) are a new type of carbon-based
nanomaterial and have received significant attention owing to
the wide availability of raw materials, ease of synthesis, outstand-
ing optical properties and good biocompatibility.® Currently,
CQDs have been utilized in various fields including detection,”°
anti-counterfeiting,"*  sensing,’*™> catalysis,'® fluorescence
imaging,"”'® photothermal therapy,"®*° and photoelectric
devices.>"** In particular, CQDs are well suited for biomedical
applications due to their small particle size, rich surface func-
tional groups, excellent photostability, and low cytotoxicity.>*>°

When being used for the analysis of proteins, CQDs have to
be linked via a covalent binding or non-covalent adsorption
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strategy while the fluorescence cannot be quenched. The non-
covalent adsorption strategy is governed by hydrogen bonding,
electrostatic attraction or hydrophobic interaction.?” This strat-
egy is simple and easy to operate, but such linkage is not
secure because desorption might also occur over time, which
leads to poor labeling efficiency and reproducibility.>®**° On
the other hand, the covalent binding strategy is similar to that
of small fluorescent molecule labeling, which requires func-
tional groups with strong electrophilic active centers on the
surface of CQDs to react with proteins. Unfortunately, most of
the water soluble CQDs have amino, hydroxyl and carboxyl
groups on the surface, which are nucleophilic but have no elec-
trophilic center. Therefore, they cannot react nucleophilically
with amino acid residues on proteins. In order to achieve
covalent attachment to protein molecules, researchers tried to
functionalize the surface of CQDs with electrophilic active
centers, among which NHS**?°3? and ITC*?* are the two
most often used compounds because their unparalleled label-
ing capabilities have been demonstrated by small molecule
fluorescent probes. Despite achieving functionalized CQDs
with the desired electrophilic groups, the entire procedure is
multistep and cumbersome, and the modification yield varies
depending on experimental conditions and CQD types, result-
ing in poor reproducibility of labeling.

Citric acid (CA) and thiourea (TU) are the common carbon,
nitrogen (N) and sulfur (S) sources for the synthesis of N,S-
codoped CQDs (N,S-CQDs) due to their wide availability and
low cost. CA forms the core of CQDs through dehydration,
cyclization, aromatization and carbonization at high tempera-
ture, while TU tends to form thiocyanate/isothiocyanate (-S—
C=N/-N=C=S) functional groups by deamination. The
ammonia produced by decomposition can enter the interior
and surface of the core of CQDs to form N-doped CQDs, which
are further conjugated with -S-C=N/-N=C==S groups to gene-
rate N,S-CQDs. Based on this knowledge, we prepared N,
S-CQDs by a one-step solvothermal method and separated
blue, yellow, and red emissive CQDs (B-CQDs, Y-CQDs and
R-CQDs) by silica column chromatography, respectively. We
found that the surfaces of both B-CQDs and Y-CQDs were func-
tionalized with the -S-C=N group, while that of R-CQDs was
functionalized with the -N=—=C=S group. Furthermore, the as-
prepared R-CQDs were successfully labeled onto BSA without
any modification, demonstrating that it is an effective fluo-
rescent probe for protein labeling. Since the obtained R-CQDs
also have an excellent photothermal effect, such labeling is
promising to be applied in biomedical fields, including the
integration of diagnosis and photothermal therapy of major
diseases.

2. Materials and methods

2.1 Reagents and materials

CA, TU, N,N-dimethylformamide (DMF), acetone, dimethyl-
sulfoxide (DMSO), sodium carbonate (Na,COj3), sodium bicar-
bonate (NaHCO;), disodium hydrogen phosphate (Na,HPO,)
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and potassium dihydrogen phosphate (KH,PO,) were of
analytical grade and used without further purification. Silica
(100-120 mesh) was purchased from Qingdao Ocean Chemical
Company (China). Bovine serum albumin (BSA, purity
>98.0%) was purchased from Phygene Life Sciences Company
(China). Human serum albumin (HSA, purity >99.0%) was
purchased from Shanghai EKEAR Bio@Tech Company
(China).

2.2 Preparation of N,S-CQDs

N,S-CQDs were prepared by a solvothermal method. Briefly,
1.00 g of CA and 1.98 g of TU (molar ratio of 1/5) were first
ultrasonically dissolved in 15.0 mL DMF, and then transferred
to a 40 mL Teflon-lined autoclave and reacted at 180 °C for
12 h. After cooling to room temperature, the as-prepared solu-
tion was filtered using a 0.22 um-nylon filter membrane to
remove the possible large carbon impurities and then purified
by acetone precipitation with a yield of 15% for the crude
CQDs. The obtained crude CQD solution was further separated
using a home-made silica column. Three components display-
ing blue, yellow, and red emissions were collected and dried in
sequence. Detailed column chromatographic procedures and
the obtained chromatogram are given in Note S1 and Fig. S1 in
the ESL.}

2.3 Characterization

A Hitachi-7700 transmission electron microscope (TEM)
(Hitachi, Japan) with a 200 kV field emission source was used
to observe the morphology of CQDs. Fourier transform infra-
red (FTIR) spectra were recorded with a KBr disc using a Nexus
8700 FTIR spectrometer (Thermo Electron, Madison, WI, USA)
with a deuterated triglycine sulfate (DTGS) detector at a resolu-
tion of 4 cm™ and 32 co-added scans in the wavenumber
range of 4000-400 cm ™. X-ray diffraction (XRD) patterns were
obtained using an Ultima IV X-ray diffraction system (Rigaku,
Japan) with a Cu K, radiation source (4 = 0.15418 nm) by scan-
ning from 10° to 70° at an angle interval of 0.02°. X-ray photo-
electron spectroscopy (XPS) characterization was performed
using an ESCALAB 250 XPS instrument (Thermo Fisher
Scientific, USA) with a monochromatic Al K, radiation source
(150 W) and a spot size of 500 pm. Ultraviolet-visible (UV-vis)
absorption spectra were recorded using a UV-3600 spectro-
photometer (Shimadzu, Japan). Fluorescence spectra were
recorded using an F-7000 fluorescence spectrometer (Hitachi,
Japan) at a PMT voltage of 800 V with slit width of 5 nm for
both excitation and emission. Both the absolute quantum
yields (QYs) and fluorescence decay curves were measured
using an FLS 980 steady-state/transient spectrometer
(Edinburgh Instruments, UK). Photothermal curves of R-CQDs
were recorded using an infrared thermal imaging system
(FLIR-A600-Series, Sweden) by irradiating an 808 nm diode
laser with fiber optics on the solution at a distance of 1 cm.

2.4 Labeling of BSA with R-CQDs

The labeling procedure of BSA with R-CQDs is similar to that
with FITC, as reported elsewhere.*>>® Briefly, BSA and dried

This journal is © The Royal Society of Chemistry 2025
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R-CQD powder were first dissolved in Na,CO;-NaHCO; buffer
(pH 9.0) and DMSO at a concentration of 1.0 mg mL™,
respectively. Then 1.0 mL of the R-CQDs solution was added
dropwise to an equal volume of BSA solution under shaking.
The mixture was vortexed and incubated at room temperature
for varied durations (0.5 h, 1 h, 1.5 h, 1.7 h, 2 h, 3 h, and 6 h).
After incubation, each mixture was separated using a home-
made Sephadex G-50 gel column and eluted with phosphate-
buffered saline (PBS) solution (pH 7.4). The labeled protein
could be easily distinguished from the eluent by the naked eye
because this section had a distinct purple color. Finally, the
obtained R-CQD-labeled BSA (R-CQDs@BSA) solution was con-
centrated using a Millipore ultrafiltration tube (MWCO =
30000) and the volume was fixed to 1.0 mL. The optimal
R-CQDs concentration for labeling and the maximum amount
of BSA that can be labeled were achieved by changing their
respective concentrations.

3. Results and discussion

3.1 Optical, morphological and chemical characterization of
N,S-CQDs

Since the UV absorption and fluorescence emission spectra
of crude CQDs show three absorption peaks and three inde-
pendent emission peaks (Fig. S2a and bt), it is suggested
that there might exist three luminescent centers in the N,
S-CQDs, as pointed out in the literature,” or it might be a
mixture of three independent CQDs. To confirm which one
is correct, column chromatography was used to purify the
obtained crude CQDs, and three components emitting blue,
yellow and red fluorescence were obtained (Fig. S1t). Only
one excitation-independent emission peak is observed for
each component (Fig. S3a-ct), demonstrating that the crude
N,S-CQDs are a mixture of B-CQDs, Y-CQDs and R-CQDs.
This result is different from the literature,>” in which the
authors considered that there are three luminescent centers
in the N,S-CQDs prepared by the similar conditions to us.
The reason for this might be that they purified the CQDs
just by precipitation and without any chromatographic pro-
cedure, which led to the three components not being able to
separate.

It is shown from Fig. la-c that two absorption peaks at
260 nm and 350 nm appear in the UV spectra of the three
CQDs, which are attributed to the n—r* transition of aromatic
sp> C=C and the n-n* transition of C=0 and/or C=N,
respectively. In addition to these two common peaks, Y-CQDs
also display an absorption peak at 440 nm, while R-CQDs
exhibit two absorption peaks at 515 nm and 545 nm. The
appearance of long-wavelength absorption peaks is due to the
formation of a larger aromatic conjugated structure and the
doping of heteroatoms that can form the chromophores (e.g.,
C=0, C=N, C=S, etc.) or auxochromes (e.g., OH, NH,, SR,
etc.) on surface of CQDs.>””*® Besides, it is also shown that
both the fluorescence excitation and emission wavelengths are
red-shifted from 370/445 nm (Aex/Aem) (B-CQDS) to 445/545 nm

This journal is © The Royal Society of Chemistry 2025
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(Y-CQDs) and further to 550/605 nm (R-CQDs). Such a color
change of the three N,S-CQDs solutions can also be visually
observed under daylight and an ordinary flashlight with near-
UV (365 nm), blue and green light, respectively, as shown in
the insets of Fig. 1a-c. The high overlap of absorption and
excitation peaks indicates the existence of surface state lumine-
scence.*® In addition, the average lifetimes of 6.92 ns, 6.20 ns
and 4.85 ns for the aqueous B-CQD, Y-CQD and R-CQD solu-
tions are obtained from their respective fluorescence decay
curves (Fig. 1d-f), in which the contributions of z, are much
larger than that of 7;. Since 7, and 7, are caused by the non-
radiation transition of the intrinsic state and the surface
defects,*® respectively, the results also suggest a surface state
luminescence mechanism. At their optimal excitation wave-
lengths, the absolute fluorescence QYs of B-CQDs, Y-CQDs,
and R-CQDs are 12.3%, 8.5%, and 7.4%, respectively.
Furthermore, the fluorescence stability of the three CQDs was
evaluated in terms of their salt and pH tolerance as well as
preservation and continuously long-time irradiation. The
results (Fig. S41) indicate that the three CQDs exhibit out-
standing photostability, anti-bleaching and robust environ-
mental resilience, which paves the way for their potential
applications in a number of fields.

Nevertheless, considering the fact that R-CQDs have rela-
tively low fluorescence QYs and the absorption curve shows
an obvious increase in the range of 600-850 nm (Fig. S5%)
with an extinction coefficient of 1.29 L ¢~' em™" at 808 nm, it
is rationally presumed that most of the absorbed energy in
long wavelengths might be converted into thermal energy
through non-radiative relaxation. Therefore, the photother-
mal effect of R-CQDs was also investigated using an approach
similar to those presented in the literature.*>**> As shown in
Fig. S6,7 a rather high photothermal conversion efficiency
(PCE) of 60.6 + 0.7% (n = 3) was achieved for R-CQDs, validat-
ing the presumption. The excellent photothermal effect pro-
vides an opportunity for R-CQDs in biomedical applications.
For instance, it is promising to be used in photothermal diag-
nosis and therapy of tumor via selectively labeling R-CQDs
with proteins.

The TEM images (Fig. 1g-i) demonstrate that the three indi-
vidual N,S-CQDs are quasi-spherical particles with average dia-
meters of 2.84 nm (B-CQDs), 3.60 nm (Y-CQDs) and 5.13 nm
(R-CQDs), respectively. The gradual increase of the particle
size from B-CQDs to Y-CQDs and further to R-CQDs indicates
that the quantum confinement effect also contributes to the
luminescence of the as-prepared N,S-CQDs in addition to the
surface state. Besides, a broad peak at 27.2° is observed in the
XRD patterns of the three CQDs (Fig. S77), which is attributed
to the diffraction of the (002) plane of the graphitic structures
of CQDs.*® Due to the dispersion of the smaller particle size,
B-CQDs display a broader and weaker diffraction peak than Y-
and R-CQDs.

The FTIR spectra (Fig. 2) suggest similar chemical struc-
tures of the three CQDs. In particular, there exist hydroxyl
(3420 cm™"), amino (3210 ecm ™), alkyl (2976 and 2850 cm™"),
thiocyanoate/isothiocyanate (2062/2074 cm™'), imide (1770
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Fig. 1 (a—c) UV-vis absorption (black), excitation (blue) and emission spectra (red) of B-CQDs, Y-CQDs and R-CQDs, respectively. The insets of (a—
c) show the photos of the three CQD aqueous solutions under irradiation of daylight and ordinary flashlight with near-UV (365 nm), blue and green
light. (d—f) Fluorescence decay curves of B-CQDs, Y-CQDs and R-CQDs, respectively. The insets of (d—f) are the average lifetimes (z) and the contri-
butions of 7; and z,. (g—i) TEM images of B-CQDs, Y-CQDs and R-CQDs, respectively. The insets of (g—i) show the particle size distribution histo-
gram of each.

and 1705 cm™'), and aryl (1618 and 775-730 cm™") groups on
the three CQDs. Nevertheless, some differences in the chemi-
cal structures are still found amongst them. (1) The strong
absorption band at 2062 cm™" of B-CQDs and Y-CQDs is
mainly caused by the -S-C=N group, while the relatively
weak band at 2074 cm™' of R-CQDs is attributed to the
-N=C=S group. However, the elemental analysis result
(Table S1t) shows that the amounts of sulfur (S) gradually
increase from B-CQDs to Y-CQDs and further to R-CQDs,
indicating that considerable amounts of S are converted into

other S-containing functional groups as carbonization pro-
ceeds. (2) The band intensities of the imide group (1770 and
1705 cm ') also decrease from B-CQDs to Y-CQDs and further
to R-CQDs, though it is not very obvious. The imide group
can be cleaved into an amide group (1662 cm™" in the FTIR
imide  _p cqps spectrum of Y-CQDs) and further carbonized into pyrrolic or
pyridinic structures (1620 cm™ in the FTIR spectrum of
R-CQDs). Such a result is also illustrated by the increase
of the C-N bending vibration band (§c_n) intensity at
Fig. 2 FTIR spectra of B-CQDs, Y-CQDs and R-CQDs. 1352 cm™.
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The XPS survey scans (Fig. 3a) display the presence of C
(285 eV), N (400 eV), O (532 eV), and S (164 eV) elements on
the three CQDs. The high-resolution C 1s spectra (Fig. 3b)
show three Gaussian peaks at 284.4 eV, 285.6 eV and 288.0 eV,
corresponding to the C-C/C=C (sp> C), C-O/C-N (sp® C) and
C=O0/C=N groups, respectively. It is noticed that the contents
of the C=0O/C=N bonds of Y-CQDs and R-CQDs are larger
than that of B-CQDs, indicating that more heteroatom-doped
carbon cores were formed. Similarly, three N species, including

View Article Online
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pyridinic N (398.8 eV), pyrrolic N/amino N (399.6 eV) and gra-
phitic N (401.2 eV) are identified from the high-resolution N 1s
spectra (Fig. 3c) and the content of graphitic N gradually
increases from B-CQDs to Y-CQDs and further to R-CQDs. The
increase in the content of graphitic N narrows the HOMO-
LUMO gap and therefore favors the redshift of emission.*>**
Likewise, the high-resolution O 1s spectra (Fig. 3d) signify the
presence of C=0 (531.2 eV) and C-O (533 eV) groups, respect-
ively, and the increase of the C=0 group also leads to a red-

Cis
O1s
Ots
2 o o
g & g Cis
H
3 3 3
© o o
Nis Nis
S2p s2p
1400 1200 1000 800 400 200 01400 1200 1000 800 _ 600 400 200 01400 1200 1000 800 600 400 200 [
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
™™ c-cic=c P c.cic=c ™ c-cic=c
b P c.oic-N :c oren [ c.oic-n
—

q @

O 2

€
2 S 3

2

o 8 3

292 280 292 0
Blndlng Energy (eV]

Bmd:ng Energy (ev)

202 290 288 286 284 282 280
Binding Energy (eV)

C B pyridinicn Pyridinic-N Pyridinic-N
:Pyrrolc N Pyrrolic-N Pyrrolic-N
2] 3 O
2 @ £
B 2
€
3 3 3
o 3 Q
I‘w\l\ A
T T T T T T ———
408 406 04 39 410 408 406 404 402 400 398 396 394
Bmdlng Energy (eV) Blndmg Energy (eV) Binding Energy (eV)
c=0 [c=0
d co Fco
g 3 g
£ o] s
H £ H
Q 3 °
o 3 o
T
538 536 534 532 530 528 526 53 524 538 536 534 532 530 528 526 524
Binding Energy (eV) Binding Energy (eV)
e :l SCsl N‘E;DJ (|
g @ o ’\
2 @ {
5 H s 1
5 3 H )
© [5] o
rntal
VV&V\,“,-— ————
T T T T T T T T T T 7
s w2 170 168 166 162 160 174 172 170 168 166 164 162 160 158 174 172 170 168 166 164 162 180

Binding Energy (ev)

Binding Energy (eV)

Binding Energy (eV)

Fig. 3 (a) XPS survey scans of B-CQDs (left column), Y-CQDs (middle column) and R-CQDs (right column). (b—e) High-resolution C 1s, N 1s, O 1s

and S 2p XPS spectra of B-CQDs, Y-CQDs and R-CQDs.
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shift of emission.** In addition, three peaks located at
162.8-163.3 eV, 164.2-165.4 eV and168.2-169.4 eV are
observed in the high-resolution S 2p spectra (Fig. 3e). The
former two peaks correspond to the S 2p*? and S 2p*? states
of the C-S bond, respectively, which might be caused by the
thiophene or thiazole structure, while the latter corresponds to
the -N=C=S group, which was demonstrated by FTIR. The
identification of the -N=C=S and -S-C=N groups can be
confirmed by using fluorescein isothiocyanate (FITC) and
KSCN, as shown in Fig. S8.f The possible formation mecha-
nism of the thiocyanate or isothiocyanate group on the N,
S-CQDs are given as Note S10 in the ESL.{

3.2 Interaction between R-CQDs and BSA

Although the fluorescence QYs of both B-CQDs and Y-CQDs
are larger than that of R-CQDs, there are more -N=—C=S func-
tional groups on the surface of R-CQDs based on FTIR and
XPS results, which suggest that R-CQDs can be directly used
for protein labeling without any additional modification
according to a nucleophilic reaction mechanism (Note S11 in
the ESIt). For this reason, BSA and R-CQDs were treated
according to the procedure given in section 2.4. The UV spec-
trum of the resulting product contains the spectral features of
both BSA and R-CQDs (Fig. 4a), confirming that R-CQDs had
been successfully labeled onto BSA.

It is well known that BSA has an intrinsic fluorescence at
340 nm, which is susceptible to the molecules around BSA.
Therefore, the interaction between BSA and R-CQDs has to be
investigated before establishing the labeling method. By fixing
the concentration of one and increasing the concentration of
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the other, a series of fluorescence emission spectra are
obtained under excitation at 280 nm and 550 nm, respectively,
and the influence of each on the fluorescence intensity of the
other can therefore be studied. As depicted in Fig. 4b, when
varied concentrations of R-CQDs were added in BSA solutions
(maintaining the concentration of BSA at 0.1 mg mL™"), the
intrinsic fluorescence intensity of BSA at 340 nm shows a sig-
nificant decreasing trend. On the other hand, when varied
concentrations of BSA were added to R-CQD solutions (main-
taining the concentration of R-CQDs at 0.1 mg mL "), the fluo-
rescence intensity of R-CQDs displays an increasing trend with
a slight redshift of the emission center (Fig. 4c). It is noticed
that the addition of R-CQDs resulted in a decrease in the
intrinsic fluorescence of BSA until it was completely quenched,
but in turn, the fluorescence of R-CQDs was enhanced due to
adding BSA. These interesting phenomena indicate that
Forster resonance energy transfer (FRET) might occur between
BSA and R-CQDs during labeling, which can be substantiated
by the significant spectral overlap (Fig. S97) between the emis-
sion spectrum of BSA (donor) and the absorption spectrum of
R-CQDs (acceptor).”® In addition, the decrease of the average
fluorescence lifetime of BSA from 5.55 ns to 4.56 ns before and
after labeling of R-CQDs (Fig. 4d) also confirms the FRET
effect. Furthermore, the dependence of the fluorescent signal
of BSA on the R-CQD concentration was investigated using the
Hill model (see Note S13 in the ESIt for details),*>*° and the
ratio of the fluorescence intensity (F*) of BSA at 340 nm to that
of initial BSA versus the concentration of added R-CQDs is
shown in Fig. 4e. The apparent dissociation constant (Kg) and
the Hill coefficient (k) are 1.35 x 107> mg mL™" and 1.05,
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Fig. 4 (a) UV-vis absorption spectra of R-CQDs, BSA and R-CQDs@BSA. (b) Fluorescence spectra of BSAs after adding increasing concentrations of
R-CQDs under excitation at 280 nm. (c) Fluorescence spectra of R-CQDs after adding increasing concentrations of BSAs under excitation at 550 nm.
(d) Fluorescence decay curves of BSA and R-CQDs@ BSA. (e) Plot of the ratio of the fluorescence intensity (F*) of BSA at 340 nm to the one of initial
BSA versus the concentration of added R-CQDs according to the Hill equation (Note S13 in the ESIf). (f) FTIR spectra of R-CQDs, BSA and

R-CQDs@BSA.
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respectively, indicating a weak positive cooperativity of inter-
action between R-CQDs and BSA. The reaction between BSA
and the -N=C=S group of R-CQDs can also be validated by
FTIR. As shown in Fig. 4f, the absorption band of the
-N=C=S$ group (2074 cm™') disappears after labeling and
instead a C=S characteristic band appears at 1360 cm™". Note
that the bands less than 1250 cm™' in the spectrum of
R-CQDs@BSA are caused by the phosphate used for elution.
The FTIR results demonstrate that the interaction between BSA
and R-CQDs is not a simple adsorption but forming a new
chemical group (substituted thiocarbamide). Apart from these,
a binding equilibrium constant of BSA with R-CQDs (K = 3.98
% 10%) and the number of binding sites (1.35) can also be deter-
mined by quenching the fluorescence of BSA,*® which is dis-
cussed in detail in Note S14 and Fig. S10 (ESIT). This result is
in good agreement with that calculated from the Hill model
for the dissociation coefficient (Kp). The developed R-CQDs in
this work not only exhibit similar specificity and stability to
the conventional multi-step functionalized CQDs, but also
possess higher labeling efficiency and reproducibility.
Moreover, the specificity of labeling can be significantly
enhanced by linking R-CQDs to a special antibody, and then
utilizing the specific interaction between the antibody and the
antigen.

3.3 Labeling of BSA with R-CQDs

As discussed in section 3.2, BSA can be successfully labeled
with R-CQDs through a covalent conjugation. Generally, the
absorbance at 280 nm is applied to quantify the concen-
tration of proteins using an external standard method
based on the Beer-Lambert law. However, an obvious
absorption at this wavelength is also observed in the UV
spectrum of R-CQDs, leading to an elevated apparent absor-
bance at 280 nm when they are conjugated. As a result, an
artificially high BSA concentration would be achieved com-
pared to the true concentration when an external standard
method is adopted; therefore, a correction procedure has to
be studied. Note that R-CQDs have an absorption at 350 nm
while BSA does not show any absorption (Fig. 4a), the
absorbance at this wavelength would not be influenced by
BSA when they are conjugated and is therefore chosen as
the reference to correct the contribution of R-CQDs to the
apparent absorbance at 280 nm. The correction factor (CF)
is defined as:

ASQDs
CF =-2% (1)

CQDs

A350
where ASQ”® and AS™ represent the absorbance of pure

R-CQDs at 280 nm and 350 nm, respectively. According to the
definition, a determination procedure is given in Note S15 and
Fig. S11 (ESIt) and a CF of 1.27 was thus obtained.

Consequently, the true absorbance of labeled BSA (A55y")
can be calculated by

BSA¥ _ ,CQDs@BSA CQDs@BSA
Aygy = Azgo — CF x 435, (2)
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where ASQ @A and AJQ”@®PSA represent the apparent absor-
bance of R-CQDs@BSA at 280 nm and 350 nm, respectively.
Furthermore, the labeling efficiency (LE) of BSA using R-CQDs
can also be calculated by

BSA¥ CQDs@BSA CQDs@BSA
A —CF x A
— 280 __ 1280 350
LE = 2% X 100% = o x 100% (3)
280 280

where ABSA’ represents the absorbance of BSA at its initial
concentration.

In order to achieve an optimal labeling, the reaction time,
the concentration of R-CQDs, and the maximum concentration
of labeled BSA were investigated. It is shown in Fig. 5a that
labeling was already finished within two hours. Fig. S12t also
displays that the fluorescence intensity of the labeled BSA
reaches the maximum after two hours, further evidencing the
results of UV absorption. The inset of Fig. 5a shows an excel-
lent linearity between t/LE, and ¢ (R* = 0.9907), suggesting that
the labeling of BSA with R-CQDs follows the pseudo-second-
order kinetic model

t 1 t
LE,  KLEZ + LE. (4)
where LE, is the labeling efficiency at any time ¢, LE. is the
one at which the maximum labeling is reached, and % is the
rate constant. In this case, the labeling rate constant (k) of
0.0796 h™" and the maximum LE (LE.) of 31.22% can be
achieved from the fitting parameters given in the inset of
Fig. 5a. Next, the influence of R-CQD concentration on
LE was investigated and the maximum LE is obtained at
1.0 mg mL~" (Fig. 5b). Finally, a maximum concentration of
1.024 mg mL~" for the labeled BSA (i.e., R-CQDs@BSA) can
be obtained by examining the reaction of different concen-
trations of BSA with 1.0 mg mL™" of R-CQDs for 2 hours
(Fig. 5¢), indicating that BSA reacted with R-CQDs at a mass
ratio of 1:1 when labeling reached the maximum. It is
noticed that a good linearity is found when the BSA concen-
tration is less than 4.0 mg mL ™", suggesting that R-CQDs can
be applied for quantification of proteins. To validate this,
1.0 mg mL ™" of R-CQDs was used to label a series of BSA solu-
tions with varied concentrations, and then the fluorescence
spectrum of each R-CQDs@BSA was recorded (Fig. 6a). An
excellent linearity between the fluorescence intensity and the
BSA concentration is achieved (Fig. 6b) with a limit of detec-
tion (LOD) of 7.0 pg mL~". Similarly, human serum albumin
(HSA) was also successfully labeled with R-CQDs using this
developed approach, and a good linearity can also be
obtained (Fig. S13a-ct).

In addition, in order to investigate the influence of light on
LE, labeling was implemented under the same conditions (2 h,
1.0 mg mL™") under daylight, dark and UV irradiation at
365 nm, respectively. The results (Fig. S14}) show that both
the LE and fluorescence intensity of R-CQDs@BSA remain vir-
tually unchanged, indicating that light has no influence on
labeling.
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Fig. 6 (a) Fluorescence spectra of BSA with varied concentrations (0.05-4.0 mg mL™) labeled with 1.0 mg mL™ of R-CQDs. (b) Relationship

between the fluorescence intensity and the BSA concentration.

4. Conclusions

In summary, a one-step solvothermal synthesis method to
prepare N,S-codoped CQDs was developed by using CA and TU
as precursors, and the CQDs emitting blue, yellow and red
fluorescence were isolated by silica column chromatography.
The optical and morphological characterization studies
demonstrated the synergetic luminescence effects of the
surface state and quantum confinement. Interestingly, the
FTIR and XPS results showed that the isothiocyanate func-
tional group (-N=C=S group) was attached to the surface of
R-CQDs, while the thiocyanate functional groups (-S-C=N)
were attached to the surfaces of both B-CQDs and Y-CQDs. To
the best of our knowledge, this work is the first reported one
in which the reactive functional groups were linked to CQDs
without additional complex reactions. Based on this feature,
R-CQDs were successfully applied to label BSA by reacting the
-N=C==S group of R-CQDs with the primary NH, group of the
lysine residue of BSA. Such labeling led to an increase in the
fluorescence intensity of R-CQDs and a decrease in that of BSA
due to a FRET between BSA and R-CQDs. The apparent dis-
sociation constant (Kj) and the Hill coefficient are 1.35 x 107>
mg mL™" and 1.05, respectively, while the binding constant (k)
and the number of binding sites are 3.98 x 10> and 1.35,
respectively. In addition, the labeling of R-CQDs with BSA
follows a pseudo-second order kinetic model with a rate con-
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stant (k) of 0.0796 h™' and a maximum labeling efficiency of
31.22%. By adopting this labeling method, the R-CQDs can
also be applied for quantification of proteins and an excellent
linearity between the fluorescence intensity and the BSA con-
centration is achieved with an LOD of 7.0 ug mL™". Since the
R-CQDs also displayed a significant photothermal effect with a
PCE of up to 60.6% under 808 nm irradiation, the developed
labeling technique has the potential to realize an integration
of optical diagnosis and photothermal therapy. Compared
with the existing CQD labeling methods, our work demon-
strates a significant importance in the biochemical field, and
it is promising that the as-prepared R-CQDs can be translated
into clinical application. However, before it is put into practi-
cal use, two potential challenges have to be addressed. First,
the lack of long-term cytotoxicity data severely hinders its clini-
cal translation. All the reported cytotoxicity results at present
are short-term and cannot provide enough support. Second,
the CQDs’ in vivo accumulation and the resulting impact on
healthy tissues and cells remain unknown.
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