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Abstract
A sensitive and effective strategy for the detection of cytochrome c (Cyt c) and trypsin was developed using biomass nitrogen-
doped carbon quantum dots (N-CQDs) as the fluorescence probe. N-CQDs were synthesized through a one-pot hydrothermal
method by utilizing cellulolytic enzyme lignin as the carbon source and ammonia as the solvent and nitrogen source. The
obtained N-CQDs had good water solubility and stable optical properties. The introduction of nitrogen increased fluorescence
quantum yield (QY) to 8.23%, which was almost four times as high as that before nitrogen doping. The N-CQDs were fabricated
as a label-free biosensor to detect Cyt c and trypsin. The fluorescence of N-CQDs was quenched with positively charged Cyt c
due to electrostatic induction aggregation and static quenching. However, Cyt c tended to be hydrolyzed into small peptides in the
presence of trypsin, which caused fluorescence recovery of the N-CQDs/Cyt c complex. A wide linear response range was
achieved for Cyt c within 1–50 μM and the developed N-CQDs/Cyt c complex displayed a linear response for trypsin within
0.09–5.4 U/mL. The detection limits were 0.29 μM for Cyt c and 0.013 U/mL for trypsin, respectively. Furthermore, this assay
had been applied to Cyt c and trypsin detection in serum samples with the recoveries in the range of 94.6–98.5% and 95.5–
102.0%, respectively. The established method was sensitive, selective, easy to operate, and low cost, which proved its potential
application in clinical diagnosis.
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Introduction

Many attempts have been made to develop new detection
methods for biological macromolecules to diagnose and treat
diseases [1]. Cyt c is generally considered as a protein contain-
ing heme peptide fragments and holds great significance in the

mitochondrial respiratory chain [2]. In the last few decades,
researchers have discovered that Cyt c plays an extremely im-
portant role in cell apoptosis [3]. Therefore, the detection of Cyt
c, as an important biomarker, could lead to further understanding
of certain diseases at the cellular level [4]. Trypsin, a serine
protease, could specifically catalyze the hydrolysis of peptide
linkage comprising arginine and lysine residues [5, 6]. It is gen-
erated by the pancreas and has certain influences on pancreatic
exocrine function [7, 8]. Abnormal trypsin levels can induce a
variety of pancreatic diseases such as pancreatitis, cystic fibrosis,
and cancer [9–11]. Therefore, it is crucial to close monitor Cyt c
and trypsin levels in disease diagnosis and treatment.

To date, plenty of methods have been tried to detect Cyt c
and trypsin, including electrochemistry [12–14], high-
performance liquid chromatography [15], colorimetry [16,
17], and fluorometry [18–21]. In these methods, fluorometric
methods have the characteristics of high sensitivity, time-sav-
ing, and easy operation. However, among these fluorometric
methods, the complicated synthetic steps of some fluorescence
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probes, high cost, and a large number of chemical reagents,
high toxicity, and photobleaching of the probes hinder their
practical application.

As fluorescence probes, CQDs are superior to metal
nanoclusters and traditional semiconductor quantum dots un-
der some circumstances. They have excellent optical proper-
ties, good water dispersibility, and potential application in
chemical and biological analysis [22–24]. CQDs can be pre-
pared from various carbon-based raw materials. The precur-
sors for preparing CQDs include large-sized carbon materials
and small organic molecules. Large-sized carbon-based mate-
rials such as carbon fiber [25], graphene [26], carbon nano-
tubes [27], graphite rods [28], and coal [29] provide CQDs
with regular and highly crystalline structures. The obtained
CQDs with small organic molecules such as ethylenediamine
[30] and other chemical reagents [31] have the advantages of
high purity and abundant surface groups. Relative to certain
expensive and toxic chemical reagents, biomass wastes are
renewable, low cost, and environmentally friendly. In recent
years, biomass CQDs which used agricultural and forestry
waste as precursors have become a major research topic. A
variety of CQDs has been prepared through different biomass
carbon materials such as grass [32], peels [33], leaves [34],
and seeds [35]. However, the weak fluorescence hindered
their practical application. Therefore, it is urgent to find suit-
able biomass carbon materials to prepare CQDs. In addition,
the fluorescence mechanism and some optimization of synthe-
sis conditions still need to be discussed.

Lignin, a natural polymer composed of phenylpropane
units connected by carbon-carbon bonds and ether bonds, is
the second-largest biomass resource in the plant kingdom.
Compared with the chemical reagent, it has the characteristics
of abundant resources, renewable, sustainable, and naturally
degradable. Due to its inherent properties, lignin can be trans-
formed into high-value nanoscale fluorescent materials in var-
ious ways. In our previous work, cellulolytic enzyme lignin
was extracted with ethanol to induce molecular aggregation
through π-π polymerization to prepare lignin-based CQDs
[36]. However, the obtained CQDs QY is only 1.68–2.47%.
Therefore, it is essential to establish a simple and green meth-
od to synthesize high-quality lignin-based CQDs.

In this study, biomass N-CQDs were synthesized via a
simple hydrothermal method. Cellulolytic enzyme lignin from
industrial waste was used as precursor, while ammonia was
introduced as the solvent and nitrogen source. The obtained
N-CQDs exhibited excellent photoluminescence, which could
be served as fluorescence probe. Cyt c incorporated oppositely
charged N-CQDs through electrostatic interaction, resulting in
fluorescence quenching. Under the proper circumstances,
trypsin cleaved the N-CQDs/Cyt c complex into small peptide
fragments, leading to fluorescence recovery (Scheme 1). This
detection method appeared more selective and sensitive to Cyt
c and trypsin. The study not only prepared high-quality

fluorescent N-CQDs but also established a strategy for Cyt c
and trypsin detection, which had been successfully applied to
biological samples.

Material and methods

Reagents and materials

Cellulolytic enzyme lignin was retrieved from the residue of
enzymatically hydrolyzed corn stover to produce energy alco-
hol. Ammonia was supplied by Macklin (Shanghai, China).
Proteins such as Cyt c (from horse heart), trypsin (from bovine
pancreas), α-glucosidase (α-Glu), and lysozyme (Lyso) were
provided by Aladdin (Shanghai, China). Different metal chlo-
ride and other biomolecules including KCl, NaCl, L-arginine,
L-cysteine, L-alanine, and glucose were provided by Macklin
(Shanghai, China). The serumwas provided by the Hospital of
Northeast Forestry University. The above reagents were of
analytical grade and required not to be further purified.
Deionized water was used throughout the experiment.

Instrumentation

Fourier transform infrared spectrometer (FTIR) was measured
on an FT-IR360 spectrometer (Nicolet, Madison, WI, USA)
with potassium bromide pellets. X-ray diffraction (XRD)
spectra were obtained by using a TD-3500 spectrometer
(Tongda, Dandong, China). The particle size and shape of
N-CQDs were recorded by a JEM-2100 transmission electron
microscopy (TEM) (JEOL, Tokyo, Japan). UV-Vis absorp-
tion spectra (wavenumbers from 200 to 800 nm) were obtain-
ed on a TU-1901 spectrophotometer (PERSEE, Beijing,
China). The fluorescence spectra of composites were recorded
by an F-4600 fluorescence spectrophotometer (Hitachi,
Tokyo, Japan). The nanosecond fluorescence lifetime was
measured by time-dependent single-photon counting on an
FLS-920 instrument (Edinburgh, UK). The X-ray photoelec-
tron spectra (XPS) were conducted on a PHI 5700 ESCA
System analyzer (PE, Minnesota, USA).

Synthesis of N-CQDs

The N-CQDs were successfully synthesized via a one-step
hydrothermal method. Briefly, 1.6 g cellulolytic enzyme lig-
nin was dissolved in 30 mL ammonia under ultrasonic treat-
ment for 5 min. The mixture was sealed in a hydrothermal
autoclave and reacted at 200 °C for 12 h. The dark brown
mixture was filtered through a 0.22-μm membrane. Then,
the filtrate was dialyzed through a 3500 MWCO dialysis
bag. Subsequently, the solid N-CQDs were obtained by
freeze-drying the dialysis.
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The QY of N-CQDs was calculated according to the equa-
tion (Eq. (1)).

Q ¼ Qs F=Fsð Þ As=Að Þ n2=n2s
� � ð1Þ

Where n is the refractive index of the solvent, A is the
absorbance at appropriate excitation wavelength, F is the lu-
minescence spectra intensity of the emission, and Q is the
value of QY. Quinine sulfate in 0.1 M H2SO4 (QY=54% at
360 nm excitation) was used as reference whose QY and re-
fractive index was 0.577 and 1.33, respectively.

Fluorescence response of Cyt c

For Cyt c detection, 25 μL various concentrations of the Cyt c
and 25 μL N-CQDs (400 μg/mL) were mixed in a calibrated
test tube. Then the total volume of mixture was diluted to 250
μL with Tris-HCl buffer (50 mM, pH=8.0). The fluorescence
response was recorded under excitation at 320 nm after mix-
ture solution was incubated for 2 min at room temperature.

Sensing trypsin

At first, N-CQDs/Cyt c complex was constructed by the fol-
lowing procedures: 25 μL Cyt c (500 μM), 25 μL N-CQDs
(400 μg/mL), and 25 μL Tris-HCl buffer (50 mM, pH=8.0)
were mixed and incubated for 2 min at room temperature.
Then, 25 μL various concentrations of trypsin and 75 μL N-
CQDs/Cyt c complex were added into a calibrated test tube

and diluted to 250 μL with Tris-HCl buffer (50 mM, pH=8.0).
After incubation at 37 °C for 80 min, the PL intensity changes
of different samples were recorded at room temperature.

The real samples detection

The feasibility of the established strategy for Cyt c and trypsin
detection in serum samples was studied. Various concentra-
tions of Cyt c or trypsin were added to serum samples and
diluted 50 times with Tris-HCl buffer (50 mM, pH=8.0) to
prepare the spiked samples.

Results and discussion

Choice of materials

Many methods for Cyt c and trypsin detection have been
reported. The low sensitivity of colorimetric methods and
low selectivity of electrochemical methods limit their applica-
tion. For fluorometric methods, metal nanoclusters are costly
and traditional semiconductor quantum dots are toxic. As nov-
el fluorescent nanomaterials, CQDs are superior to metal
nanoclusters and traditional semiconductor quantum dots un-
der some circumstances. They are almost low toxic and bio-
compatible, and has unique photoluminescence properties and
stability against photobleaching which aroused people’s atten-
tion in recent years. From the perspective of material synthesis

Scheme 1 Schematic illustration of the strategy for Cyt c and trypsin detection
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and environment, it is essential to use cheap, easily available,
and environmentally friendly biomass materials to synthesize
CQDs.

Cellulolytic enzyme lignin, as a polymer-rich in aromatic
structure, is a common industrial waste. They can be used as
carbon sources to produce high value-added CQDs. However,
the prepared CQDs have the disadvantage of low fluores-
cence, which hinders their practical application. Heteroatom
doping can increase QY and improve optical properties by
changing the electronic structure and internal characteristics
of N-CQDs. Nitrogen doping can not only effectively improve
the fluorescence performance, but also provide potential func-
tional groups for biosensing. In this work, ammonia was used
as a nitrogen source. In addition, ammonia played a role in
dissolving cellulolytic enzyme lignin.

Optimized synthesis conditions

In this study, ammonia water was used as solvent and nitrogen
source. Therefore, the influence of ammonia concentration on
QY was investigated. As depicted in Fig. S1 (see
Supplementary Information, ESM), ammonia concentration
plays a dominant role in the QY of N-CQDs. When the am-
monia concentration is less than 2.5 wt%, the QY of N-CQDs
increases with the ammonia concentration. It is worth noting
that the QY of undoped N-CQDs is only 2.13%. When the
ammonia concentration is 2.5 wt%, the QY of N-CQDs
reaches 8.23%, which is about four times as much as that
before nitrogen doping. It can be inferred that nitrogen doping
introduces a new surface state, and the surface nitrogen atoms
of N-CQDs capture a large number of electrons and increase
their radiation recombination, which improves the fluores-
cence performance. The QY of N-CQDs no longer increases
when the ammonia doping concentration exceeds 2.5 wt%,
due to the effective surface traps of N-CQDs becoming satu-
rated. Therefore, 2.5 wt% ammonia was determined as the
optimal concentration of ammonia.

Temperature and reaction time influence the QY of N-
CQDs as well. When heated for 12 h, the QY of N-CQDs at
200 °C (8.23%) is higher than that of 160 °C (7.31%) and 240
°C (8.16%). Temperature influences the formation of carbon
core [37], which can be effectively fluorescent carbon core at
an appropriate temperature. When the temperature is too high,
the precursor is rapidly dehydrated and aromatized to form a
large number of non-fluorescent carbon spheres. In contrast,
the precursor is not fully polymerized, and difficult to generate
effective fluorescent carbon core. The QY of N-CQDs with a
reaction time of 12 h (8.23%) is higher than that of 8 h (7.46%)
and 16 h (8.12%) at 200 °C. Therefore, 2.5 wt% ammonia
concentration, 200 °C, and 12 h are considered as the optimal
condition. The N-CQDs used for characterization and detec-
tion later are prepared under optimal conditions.

Characterization of N-CQDs

The morphology and particle size analysis of obtained N-
CQDs were characterized by TEM and AFM. As is shown
in TEM images (Fig. 1a, b), N-CQDs are evenly distributed in
aqueous solution, indicating the obtained N-CQDs have good
water solubility. The size distribution ranges from 1.5 to
3.5 nm with an average diameter of 3.0 nm. The lattice dis-
tance of 0.21 nm could be observed from the HRTEM images
clearly, which is close to the lattice spacing of the graphene
(100) crystal plane [38]. The more detailed N-CQDsmorphol-
ogy is characterized through AFM images (Fig. 1c, d), which
indicated that the thickness of obtained N-CQDs was 1.1–2.0
nm.

The internal structure and crystal morphology of the syn-
thesized N-CQDs were further characterized by XRD.
Figure 2a shows a diffraction peak (2θ) at 22.1°, correspond-
ing to the lattice spacing of C (002) crystal plane. The results
indicate that N-CQDs have amorphous carbon structure [39].

The elemental composition and chemical structure were
investigated by FT-IR technique and XPS technique. As pre-
sented in Fig. 2b, the C-H stretching vibration band of the
benzene ring is at 2935 cm-1 and 1035 cm-1. The C=C
stretching vibration band of the benzene ring skeleton is at
1527 cm-1. It can be inferred that the core of N-CQDs is
composed of aromatic skeleton. The O-H stretching vibration
band is at 3419 cm-1, and the C=O double bond stretching
vibration band is at 1612 cm-1. These results suggest that the
surface of N-CQDs consists of hydroxyl and carboxyl groups,
which increases the hydrophilic properties of N-CQDs.
Notably, the C-O-C absorption peak at 1103 cm-1 was signif-
icantly weakened along with the 1456 cm-1 N-H bending vi-
bration absorption peak. It can be inferred that the C-O-C
bond breaks and reorganizes at high temperatures, and nitro-
gen is successfully doped into the CQDs in the form of amino
groups.

More details were obtained by the XPS technique. As
shown in Fig. 2c, three strong peaks at 285.2, 399.8, and
532.5eV presented in the full survey XPS spectra can be at-
tributed to C1s, N1s, and O1s characteristic binding energy
signals, respectively. Elemental analysis shows that the N-
CQDs mainly consist of the three elements of C, N, O, which
is estimated to be 81.94% (C), 3.08% (N), and 14.98%
(O). The elemental analysis suggests that N-CQDs are suc-
cessfully doped with nitrogen from ammonia, whose nitrogen
content is muchmore than 1.63% of previously reported alkali
lignin-derived N-CQDs [40]. High-resolution C1s spectra
(Fig. 2d) show four peaks, corresponding to the C−C/C=C
group at 284.8 eV, C-N group at 285.6 eV, C-O group at
286.5 eV, and C=O group at 287.5 eV, respectively. High-
resolution O1s spectra (Fig. 2e) show two dominant peaks,
corresponding to the O=C group at 531.2 eV and the O-C
group at 532.5 eV, respectively. High-resolution N1s spectra
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(Fig. 2f) show three peaks, corresponding to pyridinic-like N
at 398.4 eV, the amino group -NH2 at 399.7 eV, and graphitic-
like N at 400.9 eV.

Based on the characterization discussion, it can be inferred
that the introduced nitrogen atoms combine with N-CQDs in
the form of amino group at the edge sites and conjugate to
carbon atoms in the carbon core.

Optical properties and fluorescence mechanism of N-
CQDs

N-CQDs aqueous solution exhibited bright blue light at 365-
nm UV light (Fig. 3a). According to the UV-Vis spectra in
Fig. 3b, there is an obvious absorption peak at 277 nm as-
cribed to π-π* transition of the aromatic sp2 domain in the
carbon core [41]. Moreover, a narrowly recognized shoulder
is found around 320–340 nm, which is possible mainly from
n-π* transition of N-CQDs surface groups. Both of them play
a vital part in the bright luminescence of N-CQDs due to
conjugation between surface groups and carbon core, which
could be inferred from fluorescence spectra, FT-IR, and XPS
studies. N-CQDs exhibited a unique dual excitation-single
emission phenomenon. As is shown in excitation spectra,
two excitation peaks at 260 nm and 320 nm are observed
under the emission of 452 nm. The excited independent

property is observed with the emission peak located at
452 nm when the excitation wavelength ranges from 240 to
350 nm (Fig. 3c). However, N-CQDs have an excitation-
independent feature in the range of 360 to 420 nm.

As shown in Fig. S2 (see ESM), N-CQDs show high fluo-
rescence stability after 90 min of continuous irradiation under
ultraviolet light, and maintain bright fluorescence in a mild
aqueous solution (pH = 6–12), along with low fluorescence
intensity under acidic conditions (Fig. 3d). This may be due to
the ionization of oxygen-containing groups on the surface of
N-CQDs, which leads to the change of electronic states. These
features make N-CQDs potential biosensing fluorescence
probes for Cyt c and trypsin.

The fluorescence mechanism of N-CQDs was further stud-
ied (Fig. 4). The excitation peak at 260 nm could be ascribed
to the π-π* transition from amorphous carbon core [42], while
that at 320 nm caused by n-π* transition from surface groups.
The functional group induces structural deformation to the
aromatic carbon core, producing an intermediate state or trap
energy level, resulting in a transition of π-intermediate state
energy-π* energy level [43]. Therefore, the crystallinity of the
carbon core and the surface state energy level play a decisive
role in the fluorescence of the CQDs together. The fluores-
cence QY of undoped CQDs was only 2.13%, but it reached
8.23% after doping with nitrogen. Graphitic-like nitrogen

Fig. 1 Morphology analysis of N-
CQDs TEM (inset: HRTEM) im-
age of the N-CQDs (a), lateral
size-distribution diagram (b),
AFM image of the N-CQDs (c),
and height profile along the line
(d)
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atoms replace carbon atoms and pyridinic-like nitrogen atoms
generate defects. As a result, the fluorescence of N-CQDs is
enhanced [44]. Among surface functional groups, nitrogen
atoms could change their internal electronic environment in
the form of amino by providing electrons to N-CQDs.
Moreover, amino can donate electrons to carbonyl groups,
resulting in the enlargement of the large conjugate structure
of carbonyl groups and sp2 carbon core [45].

Sensing Cyt c based on N-CQDs

To get the highest sensitivity, pH and reaction time were op-
timized. In consideration of Cyt c isoelectric point (pI=10.2)

and the initial fluorescence of N-CQDs, we investigated the
fluorescence of N-CQDs/Cyt c complex at pH=6.8–9.2. As
shown in Fig. S3a (see ESM), The quenching extent changes
slightly in the pH range of 6.8–9.2. When pH=8.0, the
quenching extent of N-CQDs achieved relatively maximum.
The reaction time was also taken into consideration and the
fluorescence reached a stable value when the reaction time
was 2 min (ESM Fig. S3b).

The effect of Cyt c on the fluorescence of N-CQDs was
investigated by calculating the relationship between ln(F/F0)
and concentration of Cyt c under optimal conditions, in which
F and F0 were the PL intensities in the presence and absence of
Cyt c. With the increase of Cyt c, the PL intensity of the

Fig. 2 Chemical analysis of N-
CQDs XRD patterns of N-CQDs
(a), FTIR spectra of cellulolytic
enzyme lignin and N-CQDs (b),
XPS spectra (c), high-resolution
C 1s (d), high-resolution O 1s (e),
and high-resolution N 1s (f)

Yin C. et al.



system decreases gradually, accompanied by a redshift of the
maximum emission peak (Fig. 5a). A nice linearity was shown
from 1 to 50 μM (Fig. 5b) and the regression equation could
be expressed as ln (F/F0) = -0.0327[Cyt c]-0.0665 (R2 =
0.996). The LOD was determined to be 0.29 μM calculated
by three times of signal-to-noise ratio.

Sensing trypsin based on N-CQDs/Cyt c complex

Different influence factors including pH and incubation time
were explored to obtain optimal sensing trypsin conditions.
Considering that pH had a significant influence on the activity
of trypsin, we investigated the fluorescence changes at

Fig. 3 Optical properties of N-CQDs images of N-CQDs under sunlight and UV light (a), the UV-Vis and fluorescence spectra of N-CQDs (b), the
emission spectra (the excitation wavelength gradually increases from 240 to 420 nm) of N-CQDs in aqueous solution (c), and the influence of pH (d)

Fig. 4 The fluorescence
mechanism of N-CQDs
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pH=6.8–9.2. As shown in Fig. S4a (see ESM), pH 8.0 was
determined as the optimal pH condition for this experiment.

Incubation time is the other influencing factor of the assay
and N-CQDs/Cyt c complex fluorescence changes at different
times were further explored. Enzymatic hydrolysis requires a
long reaction time and the fluorescence no longer changed
after 80 min (ESM Fig. S4b). Therefore, 80 min was chosen
as the optimal incubation time.

With the increase of trypsin, the PL intensity of the N-
CQDs/Cyt c complex recovered gradually (Fig. 5c). Good
linearity was observed from 0.09 to 5.4 U/mL between the
PL intensity ratio of N-CQDs/Cyt c complex and trypsin con-
centration (Fig. 5d). The regression equation could be
expressed as (F-F0)/F0 = 0.20[trypsin]-0.019, with an R2 value
of 0.995. The LOD was determined to be 0.013 U/mL calcu-
lated by three times of signal-to-noise ratio.

Fluorescence quenching and recovery mechanism

The quenching mechanism of N-CQDs was further explored.
First, zeta potential test was conducted (ESM Fig. S5a). N-
CQDs have a negative charge with the potential of −9.27 mV

at pH=8.0. It is changed to −3.84 mV upon the addition of
positively charged Cyt c (3.2 mV). It can be inferred that there
is a strong electrostatic interaction between Cyt c and N-
CQDs, which may be the cause of fluorescence quenching.
Next is to investigate the TEM of N-CQDs after interacting
with Cyt c (ESM Fig. S6a). N-CQDs are uniformly distributed
in an aqueous solution without Cyt c and turn into aggregates
upon adding Cyt c. Consequently, it is not difficult to specu-
late that the size change of N-CQDs is related to Cyt c, which
induces the aggregation of N-CQDs and caused fluorescence
quenching. This conclusion is also consistent with the results
of zeta potential. Crucially, the fluorescence lifetime of N-
CQDs was measured in the presence and absence of Cyt c.
Figure S5b (see ESM) shows that the fluorescence lifetime of
N-CQDs is 4.4 ns. When Cyt c is added, the fluorescence
lifetime of N-CQDs is 4.2 ns. The negligible change in fluo-
rescence lifetime indicates static quenching rather than dy-
namic quenching. Electron transfer and fluorescence reso-
nance energy transfer are also excluded because they could
cause changes in fluorescence lifetime. Finally, the absorp-
tion, excitation, and emission spectra were included in the
discussion (ESM Fig. S5c). The absorption spectra are from

Fig. 5 The fluorescence spectra of N-CQDs at various concentrations of
Cyt c (0–50 μM) (a), a linear relationship was depicted for Cyt c concen-
tration from 1 to 50 μM by plotting ln (F/F0) (inset are the images of N-
GQDs versus Cyt c under UV light) (b), FL spectra of N-CQDs/Cyt c

complex with various concentrations of trypsin (c), and the linearity be-
tween PL intensity ratio of N-CQDs/Cyt c complex and trypsin concen-
tration, where [trypsin] = 0.09, 0.45, 0.9, 1.8, 3.6, 5.4 U/mL (d)
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400 to 600 nm with absorption peaks at 410 nm and 535 nm.
The emission spectra of N-CQDs range from 410 to 600 nm
with a peak at 452 nm. There is no overlap between them, so
the inner filter effect (IFE) could be excluded.

Thermodynamic experiments could also be used to de-
termine the interaction between CQDs and Cyt c. The
relative magnitude of enthalpy change (ΔH0) and entropy
change (ΔS0) of thermodynamic parameters at different
temperatures could be calculated according to thermody-
namic equations. The thermodynamic equations (Eqs.
(2)–(4)) were as follows, where T and R were temperature
and universal gas constant (8.314 J·mol-1·K-1), and Ksv
was the equilibrium constant at the corresponding temper-
ature), and ΔH0, ΔS0, and ΔG0 were the entropy change,
enthalpy change, and free enthalpy change, respectively.

ΔGO ¼ −RTIn KSV ð2Þ

ΔGO ¼ ΔHO � ΔSOT ð3Þ

In KSV ¼ ΔSO

R
−
ΔHO

RT
ð4Þ

According to the summarized judgment rules [46], it indi-
cated that the interaction mode was electrostatic interaction
when ΔH0<0, ΔS0>0 (ESM Table S5). This conclusion was
consistent with the results discussed above. In conclusion, the
possible fluorescence quenching mechanism of N-CQDs ver-
sus Cyt c is the effect of electrostatic induction aggregation
and static quenching.

The fine quenching ability of Cyt c towards N-CQDs
provides the feasibility of constructing an “off-on” mode
to detect trypsin by using Cyt c as natural substrates. The
fluorescence intensity of N-CQDs/Cyt c complex recov-
ered by addition trypsin. The absorption peaks at 410 nm,
520 nm, and 550 nm were attributed to the heme-Fe (II) in
Cyt c. When trypsin was added, the absorption peaks at
520 and 550 nm disappeared, and the absorption peaks
blue-shifted from 410 to 400 nm (ESM Fig. S7). The
results showed that heme-Fe (II) was released from Cyt
c and oxidized to heme-Fe (III) [42], indicating the hy-
drolysis of Cyt c by trypsin. The zeta potential of N-
CQDs/Cyt c complex changed after adding trypsin
(ESM Fig. S5a). The substance produced by trypsin hy-
drolysis of Cyt c was catalytic to hydrogen peroxide,
while the original Cyt c had no catalytic activity. This
phenomenon was consistent with the literature and illus-
trated the occurrence of the hydrolysis reaction [47].
Moreover, the TEM image of N-CQDs/Cyt c complex
with trypsin implied that trypsin cleaved Cyt c into pep-
tide fragments, leading to the disappearance of aggrega-
tion induced quenching (ESM Fig. S6b). All of these re-
vealed that trypsin hydrolyzed Cyt c into peptide frag-
ments, leading to fluorescence recovery.

The selectivity of N-CQDs-based fluorescence probe

Under the optimized experimental conditions, the selectivity
of N-CQDs-based fluorescence probe for Cyt c and trypsin
was investigated. Different coexisting substances were added
to the solution, respectively. It can be seen from Fig. S8a (see
ESM) that other substances influenced the fluorescence of N-
CQDs negligibly, and only Cyt c had an obvious quenching
effect on it. As shown in Fig. S8b (see ESM), the effect of
other coexisting substances on the fluorescence of N-CQDs/
Cyt c complex was negligible, and only trypsin significantly
recovered its fluorescence. These results revealed that the N-
CQDs-based fluorescence probe is selective for Cyt c and
trypsin.

The real samples detection

We further studied the serum samples to investigate the prac-
ticability of the method. To avoid interference from the orig-
inal sample, the serum sample was diluted 50 times with Tris-
HCl buffer. The results are shown in Tables S1 and S2 (see
ESM). It can be seen that the average recovery of Cyt c and
trypsin ranges from 94.6 to 98.5% and from 95.5 to 102.0%,
with relative standard deviation (RSD) lower than 4.5% and
4.9%, respectively. The above results indicate the potential
application for Cyt c and trypsin analysis in real samples.

As shown in Tables S3 and S4 (see ESM), this method was
compared with other established methods for detecting Cyt c
and trypsin. The present method has low sensitivity, simple
operation, low cost, environmentally friendly, and fast re-
sponse time, which is applicable to actual sample analysis.

Conclusions

In the present study, biomass N-CQDs were successfully syn-
thesized via a one-pot hydrothermal method. Fabricating N-
CQDs with cellulolytic enzyme lignin as the raw material can
convert low-value natural waste into high-value products,
which exhibit excellent optical properties. Besides, we have
developed a facile and rapid method to selectively detect Cyt c
based on N-CQDs and the quenching mechanism has been
studied in detail. The effect of electrostatic induction aggrega-
tion and static quenching leads to fluorescence quenching.
Trypsin cleaved the N-CQDs/Cyt c complex into peptide frag-
ments in some circumstances, resulting in fluorescence recov-
ery. Based on this mechanism, a new strategy was developed
and the established method showed good sensitivity, excellent
selectivity, and good recovery in actual samples. The biosen-
sor had no need for cumbersome synthesis process of conju-
gated polymer, no need for labeling, etc. The demonstration of
serum samples proved its great potential in practical
applications.
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