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In this study, we prepared graphene quantum dots (GQDs) via a green process
using rice straw as a carbon source. The non-toxic nature of GQDs is suitable for
application in human body-related research. Furthermore, GQDs possess
biodegradability and biocompatibility characteristics, indicating high suitability
for applications in the field of drug delivery. Based on the fact that acid-
sensitive bonds between GQDs and the drug doxorubicin are formed by
aldehyde groups on GQD surfaces, we adopted a semi-modified TEMPO
method to partially oxidize the surface functional groups of GQDs without
destroying the structure. This enabled an increase in the surface aldehyde
group content, which in turn enhanced the drug loading capacity of GQDs.
The aldehyde group content of the GQDs was measured via Fourier transform
infrared (FTIR) spectroscopy, titration based on the Cannizzaro reaction, and X-ray
photoelectron spectroscopy (XPS). The drug loading effect of the GQDs was
determined via absorbance measurements at 485 nm on a UV-Vis
spectrophotometer. The results indicated that the semi-modified TEMPO
method significantly affected the introduction of surface aldehyde groups and
the enhancement of the drug loading efficiency in GQDs. Finally, the polymeric
material cationic poly (vinylcyclohexene carbonates) (CPVCHCs) was used for the
encapsulation of GQDs and regulation of drug release. Under the premise that the
total amount of drugs released remains unaffected, the initial burst release of the
drug is effectively delayed, which aids in reducing harmful effects of the drug on
the human body.
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1 Introduction

Lignocellulosic materials are organic compounds with the highest reserves on Earth and
are mainly composed of cellulose, hemicellulose, and lignin in varying proportions. Given
that they are naturally renewable and biodegradable, these types of materials are expected to
be beneficial for humankind when used extensively (Anžlovar et al., 2016; Shi and Liu, 2021).
Rice straw is a common agricultural waste product containing useful components such as
cellulose and lignin. In recent years, the selective conversion of cellulose to multiple high-
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value chemicals and high-quality fuels has become one of the most
extensively studied areas in biomass research (Hu et al., 2014;
Yabushita et al., 2014). The hydrolysis of cellulose to glucose is
the starting point of all conversion processes; and development of
techniques to enhance the efficiency of this process is highly
significant. The techniques for the hydrolysis of cellulose to
reduce sugars are mainly classified into enzymatic and acidic
hydrolysis (Rorrer and Hawley, 1993; Pengfei et al., 2011).
However, they have been gradually replaced by solid acid catalyst
(SAC)-mediated hydrolysis owing to higher efficiency, lower cost,
and greater simplicity. Furthermore, solid acids are readily separable
from the reaction products and can be recycled and reused. This has
evoked considerable research interest in various types of SACs
(Vilcocq et al., 2014). The glucose obtained from cellulose
hydrolysis is used as a raw material for the preparation of
graphene quantum dots (GQDs) via hydrothermal synthesis.

Graphene is an emerging material with superior properties such
as strength, and high electrical and thermal conductivity.
Commonly used methods for graphene preparation include the
Hummer’s method, exfoliation, and hydrothermal synthesis
(Razaq et al., 2022). GQDs correspond to a nanocarbon material
that exhibits high electron mobility and luminescent
properties—having attracted substantial interest in
optoelectronics and biomedicine. With the advantages of low
cytotoxicity, high biodegradability, and the ability to undergo
surface modifications for realizing drug release via various types
of triggers, GQDs exhibit high potential in future development of
anticancer drug carriers (Mura et al., 2013). Different forms of
surface modifications have been utilized in this field. In a study, folic
acid was covalently bonded to the surfaces of nanoscale graphene
oxide (nano GO). This was to specifically target Michigan Cancer
Foundation-7 (MCF-7) breast cancer cells and form nanocarriers
with high stability in the human body and target specific cells
(Zhang et al., 2010). Various types of nanoparticles have also
been used for temperature-controlled (Chen et al., 2013),
magnetic field-controlled (Arias et al., 2011; Hua et al., 2011;
Zhang et al., 2012), and voltage-controlled (Im et al., 2010; Yan
et al., 2010; Kim et al., 2011) drug release.

There is a paucity of studies on methods for elevating the
content of the aldehyde functional group on the surfaces of
GQDs. However, such methods can realize increased drug
loading and enhanced drug release effects. Researchers have
reported that the use of perioxidate for the ring-opening
oxidation of hydroxyl groups at C2 and C3 of cellulose to form
aldehyde groups causes the destruction of the benzene ring structure
of GQDs (Kim et al., 2000). In another study, it was observed that
the separate bonding of graphene oxide (GO) with glyoxal (GLX),
glutaraldehyde (GTA), and glyoxylic acid (GXA) did not cause the
formation of independent aldehyde functional groups on GQDs
(Chen et al., 2013). The TEMPO oxidation of cellulose [12] in the
presence of sodium hypochlorite (NaClO), sodium bromide (NaBr),
and an alkaline environment for preventing oxidation into esters has
led to significant effects in the elevation of the aldehyde group
content (Isogai et al., 2011). In another study, it was shown that
encapsulation using the polymeric material cationic poly
(vinylcyclohexene carbonates) (CPVCHCs) enabled the
preparation of GQD nanocarriers. CPVCHCs possess high
thermal stability, biodegradability, and abilities for gene

attachment and delayed drug release. The encapsulation
effectively increased the amount of loaded drug and delayed its
burst release (Liu et al., 2021).

An important target of the application of GQDs in the field of
drug delivery is the mass production of low-toxicity GQDs with drug
release effects. In this study, we mainly focused on the use of a green
material and green process for GQD production. Specifically, the
green material corresponds to glucose obtained from the hydrolysis
of rice straw-derived cellulose, whereas the green process
corresponds to hydrothermal synthesis.

Based on this, we propose the following four hypotheses: 1)
GQDs synthesized using the green raw material (cellulose) and
green process (hydrothermal process) exhibit low biotoxicity; 2)
the semi-modified TEMPO method is capable of realizing GQD
surface aldehydation; 3) a higher amount of anticancer drugs can
be loaded onto dehydration GQDs (GQD–CHO); 4) encapsulation
using CPVCHCs effectively delays the initial burst release of
the drug.

The aim of this study is to prepare GQDs that can realize high
cell viability (≥80%) at high concentrations (≥400 μg/ml) for use
as drug carriers in humans. Drug loading is dependent on the
bonding between aldehyde functional groups on GQD surfaces
and the anticancer drug. Thus, an increase in the surface
aldehyde functional group content can be beneficial to the
drug loading efficiency of GQDs. Increases in the low-toxicity
GQD yield and drug loading efficiency enable the use of GQDs as
carriers for the targeted delivery of anticancer drugs within the
human body.

2 Materials and experiment

In this study, GQDs were prepared via the hydrothermal
conversion of glucose obtained from the hydrolysis of rice straw-
derived cellulose (Shi and Liu, 2021).

2.1 Materials

Glucose powder was obtained by converting cellulose extracted
from rice straw in our laboratory.

The crystalline segment of cellulose is compact. Additionally,
decomposing it directly into small glucose molecules is difficult.
Therefore, first, a ball mill was used to grind it to destroy its
crystalline segment. The rotating motion of the zirconia ball in the
ball mill was used to grind the cellulose gradually. Second, the
hydrothermal method formed a solid-state catalyst by the reaction
of carbon powder and sulfuric acid. The ball-milled cellulose,
catalyst, and water were then reacted at 200°C for 24 h to
hydrolyze cellulose to glucose. In this process, the solid-state
catalyst (sulfonated activated carbon catalyst) released weak
acid; selectively hydrolyzed cellulose into glucose molecules; and
then filtered through 0.22 μm filter paper to separate the aqueous
glucose solution from the sulfonated activated carbon catalyst.
TEMPO (2,2,6,6-Tetramethylpiperidine-1-oxyl) was used for the
oxidation of GQDs to increase the aldehyde group content.
CPVCHCs were prepared according to the process described by
Liu et al. (2021).
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2.2 Synthesis of GQDs from glucose via
hydrothermal method

GQDs were obtained from the dehydration of the -OH and -H
groups of glucose and other molecules in a hydrothermal
environment. For the hydrothermal synthesis of GQDs, the
following parameter combination for an optimum GQD yield
was used. This combination was previously established by our
laboratory: reaction time: 2 h; environment: argon atmosphere;
temperature: 190°C; and concentration: 3 mg/ml. After reaction
completion, the reaction products were filtered with a 0.22 μm
syringe filter, centrifuged at 15,000 rpm for 30 min, and subjected
to dialysis for 24 h for the removal of unreacted glucose molecules.

2.3 Analysis of GQD characteristics

TheGQD sizes weremeasured via transmission electronmicroscopy
(TEM). The chemical structure of the GQDs was determined via Fourier
transform infrared (FTIR) spectroscopy (Thermo Nicolet NEXUS 470,
GMI, GoldenValley,MN,United States). Special emphasis was placed on
-OH at 3000–3500 cm−1, -OH at 3000–3500 cm−1, C-H at 2840 cm−1,
aromatic ring structure at 1600 cm−1, -OH at 1400 cm−1, and C-O at
1200 cm−1. The graphene structure of the GQDswas analyzed via Raman
spectroscopy.

2.4 Surface functionalization of GQDs and
testing

The GQDs were subjected to functionalization for the elevation
of the surface aldehyde group content. TEMPO (0.008 g) was added
to 70 ml of GQD solution at 25°C. The mixture was subsequently
stirred for 30 min, dialyzed for 1 d to remove the residual TEMPO,
and freeze-dried for 36 h to obtain the GQD–CHO powder.

Subsequently, a titration experiment, which was designed based
on the Cannizzaro reaction to determine the degree of substitution,
was performed as follows:

• 10 ml of 0.02 M sodium hydroxide (NaOH) was added to
21 mg of GQD powder.

• This was followed by the sequential addition of 10 mL of
0.02 M sulfuric acid (H2SO4) and 0.3 ml of phenolphthalein.

• Finally, back titration was performed with an identical
concentration of sodium hydroxide. The degree of
substitution was calculated as follows:

Degree of substitution � C1*V1 − 2*C2*V2
M*X

*106 μmol/g( ) (1)

C1: NaOH concentration (M), C2: H2SO4 concentration (M).
V1: Volume of NaOH titrated (L),
V2: Volume of H2SO4 titrated (L).M:Mass of tested substance (g), X:
Dryness (%) (X = 100% for freeze-dried samples).FTIR spectroscopy
was performed again to determine the changes in the chemical
structure after surface functionalization, and X-ray photoelectron
spectroscopy (XPS, PHI VersaProbe 4, ULVAC-PHI, Japan) was
utilized to analyze the changes in the component proportion at
287 eV.

2.5 Drug loading of GQD–CHO and
measurement of the amount of loaded drug

Anticancer drug doxorubicin (DOX) and 10 mg of the freeze-
dried GQD–CHO powder were dissolved and reacted in 10 ml of
organic solvent dimethyl sulfoxide (DMSO). The reaction formed an
imine bond between GQD–CHO and DOX, and released an HCl
molecule. This caused acid sensitivity and fat solubility.
Furthermore, 10 μl of triethylamine (TEA) was added for
neutralization based on the calculated optimum volume ratio of
DOX: TEA = 1:2. Subsequently, the reaction products were dialyzed
and freeze-dried. The final DOX loading was calculated using the
DOX calibration curve, combined with the absorption intensity, at
485 nm. This was measured using a UV spectrometer to determine
the loading ratio and maximum amount of loaded drug.

2.6 CPVCHC encapsulation and testing

GHD–CHO was loaded with DOX (GQD–CHO–DOX) and
encapsulated in CPVCHCs for protection. A schematic image for
the preparation and chemical structures of CPVCHC is
demonstrated in Figure 1. GQD–CHO–DOX (10 mg) powder
and 10 mg of CPVCHC powder were separately dissolved in
deionized water. The two solutions were subsequently mixed and
stirred for 3 h to realize adequate mixing. Furthermore, TEM was
adopted to measure the sizes of the synthesized drug carriers; and
dynamic light scattering and zeta potential measurements were
conducted to determine the changes in the surface potential and
state of encapsulation. Finally, absorbance at 485 nm was measured
over 48 h using a UV spectrometer. The drug release function and
effects of different composite drug carriers in different environments
were also investigated.

3 Results and discussion

3.1 Characterization of GQDs

The inset of Figure 2 is the TEM image, showing the
appearance and size of a GQD prepared in this study. Sizes of
the synthesized GQDs were 20–25 nm. When the graphene
structures within the GQDs were analyzed via Raman
spectroscopy, the D-band of amorphous carbon was observed at
1360 cm−1 and the G-band corresponding to the ordered carbon
was observed at approximately 1537 cm−1. The ratio of the
intensities of the D- and G-bands (ID/IG) serves as a measure of
the defect density of the graphene structure. High ID/IG values
indicate high defect density within the material structure. The
results indicate an ID/IG value of 0.9 for GQDs synthesized via the
hydrothermal method.

In the FTIR spectra shown in Figure 3, the bands of O-H at
3400 cm−1, C-H at 2840 cm−1, aromatic ring vibrations at
1600 cm−1, OH at 1400 cm−1, and C-O at 1200 cm−1

corresponded to the -OH and -COOH functional groups on
the GQDs. The spectrum of GQD–CHO lacks significant
changes in the bands of O-H at 3400 cm−1, C-H at 2840 cm−1,
aromatic ring vibrations at 1600 cm−1, and the C-O bond at
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1200 cm−1. Following the oxidation of -OH to -CHO and
-COOH, the appearance of a peak was observed at
approximately 1740 cm−1, corresponding to the C=O bond of
the aldehyde functional group. The aldehydation effect is
positively correlated with the peak intensity. However, the
FTIR spectrum obtained in this study merely exhibited an
inconspicuous peak corresponding to the aldehyde functional
group. Therefore, the presence of aldehyde groups and increase
in their proportion after aldehydation were further demonstrated
by the calculation of the degree of substitution and XPS analysis.

3.2 Measurement of aldehydation effect

The titration experiment was performed thrice for the GQDs
oxidized via the semi-modified TEMPO method and unoxidized
GQDs, and the average values for both types of GQDs were
calculated and compared to determine the increase in the degree
of substitution and the proportion of increase. As illustrated in
Table 1, the average increase in the degree of substitution was 42.0%,

FIGURE 1
Schematic image for the preparation and chemical structure of CPVCHC.

FIGURE 2
Raman analysis of GQDs (Inset: TEM image of a GQD).

FIGURE 3
FTIR analysis of GQDs.
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which indicates the realization of superior aldehydation effects. In
addition to being proven as a successful oxidation method via FTIR
spectroscopy, the semi-modified TEMPO oxidation method
demonstrated effects in the addition of the aldehyde functional
groups.

Considering that certain errors exist in the titration
measurement of degree of substitution by the aldehyde groups,
we performed elemental analysis of GQDs via XPS analysis
(Figure 4). The XPS spectrum of untreated (as-grown) GQDs in
Figure 4A clearly shows the presence of bands for the C-C bond,
O-C=O carboxylic acid group, and C-O-C epoxy
group. Furthermore, the results showed that aldehyde groups
merely accounted for a small proportion (2.25%) of the as-grown
GQDs. Figure 4B shows the XPS spectrum of GQDs subjected to
oxidation via the semi-modified TEMPO method. To realize the
termination of oxidation at the aldehyde stage and prevent further
oxidation to carboxylic aid groups or ester groups—Which are the

final products of the original TEMPO method—We modified the
TEMPO method by omitting the addition of NaClO. XPS analysis,
performed after the oxidation reaction, revealed that the proportions
of carboxylic acid and aldehyde groups were elevated (9.9%). The
proportions of various types of bonds listed in Table 2 show that
superior effects are obtained in the elevation of the relative
proportion. The proportion of carboxylic groups was also
increased. When these results are considered with the results of
FTIR spectroscopy (oxidation effect) and titration of the degree of
the aldehyde group substitution (elevation of aldehydate group
content), it can be preliminarily concluded that a certain
proportion of the aldehyde groups was inevitably oxidized to
carboxylic acid groups despite the non-addition of NaClO. This
was evident from the increase in the carboxylic acid group content
shown via FTIR spectroscopy and XPS analysis. However, the
titration measurement of the degree of substitution and XPS
elemental analysis demonstrated that the oxidation method can
still realize solid effects in elevating the aldehyde content.

3.3 Drug loading effect

To determine the amounts of loaded drugs, the measurements of
the absorbance of DOX at 485 nm were first obtained via ultraviolet-
visible light (UV-vis) spectroscopy. It was used for plotting the
calibration curve shown in Figure 5A. Subsequently, the calibration
curve was used to derive the amount of DOX successfully grafted to

TABLE 1 Analysis of aldehyde group content via titration experiment.

Unit: μmol/g 1st titration 2nd titration 3rd titration Average

TEMPO oxidation 1904.7 1785.7 1964.3 1885

Untreated 1371.4 1297.5 1311.2 1327

Proportion of increase in degree of substitution determined by Cannizzaro reaction-based titration (%)

42.0

FIGURE 4
XPS analysis of (A) as-grown GQDs and (B) GQD–CHO.

TABLE 2 Results of XPS analysis.

Bonding ratio (%)

O-C=O C=O C-O-C C-C

As-grown GQDs 8.1 2.3 19.4 70.0

GQD–CHO 13.1 9.9 17.1 60.0
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the samples under conditions of different parameter values, as
shown in Figure 5B. It can be observed that GQD–CHO and as-
grown GHQs exhibited relatively higher amounts of loaded drug.

3.4 Observation of CPVCHC-encapsulated
GQDs

GQDs encapsulated by the polymeric CPVCHC material
(GQD–DOX–CPVCHC) were observed via TEM and
fluorescence microscopy. In the TEM image of
GQD–DOX–CPVCHC shown in Figure 6, the diameters of the
polymeric composite GQDs are in the range of 50–100 nm. That is,
higher than that of the as-grown GQDs.

The zeta potentials of GQD–DOX, CPVCHCs, and
GQD–DOX–CPVCHC were subsequently measured. As shown
in Figure 7, the surface potential values are −21.81, 35.28, and

6.68 mV, respectively. After the adsorption of the negatively-
charged GQD–DOX, the positive surface potential of CPVCHCs
was considerably reduced. This demonstrated that GQD–DOX was
adequately encapsulated by CPVCHCs.

3.5 Measurement of drug release

Figure 8 compares the drug release curves of the polymeric
composite drug carrier. A higher amount of drug was released at
pH 5.5 than at neutral pH of 7.4, because acid-sensitive bonds
between DOX and GQDs are prone to breakage in the presence of a
weakly acidic environment near the tumor cells.

Figure 9 shows the drug release curves of DOX grafted onto
aldehydated and non-aldehydated GQDs. Furthermore,
aldehydated and non-aldehydated GQDs exhibit better drug

FIGURE 5
(A) DOX dose and calibration line of absorption spectrum and (B) DOX weight and grafting ratio on GQD.

FIGURE 6
TEM image of GQD–DOX–CPVCHC.

FIGURE 7
Zeta potential analysis of GQD, CPVCHCs, and
GQD–DOX–CPVCHC.
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release and almost identical release rates in the weakly acidic
environment. The purpose of aldehyde bonding was to increase
the drug loading, as shown in Figure 4B. Taking the 24th hour at
pH 5.5 as an example, the release rate of GQD-CHO-DOX/GQD-
DOX was 73.3%/71.75%, and the grafted amount of DOX (5 mg in
this experiment) was 4.44 mg/1.94 mg. Therefore, the release ratio at
24 h should have been 3.25 mg/1.39 mg. Therefore, in the case of
quantitative GQD treatment, the total amount of DOX that the
hydroformylated GQD could release was 2.29 times that of the
original in the same period.

Figure 10 shows the drug release curves of GQDs with and
without CPVCHC encapsulation in identical environments.
Encapsulated GQDs showed significant effects in the delay of the
initial burst release of the drug. This can prevent the early release of
excessively high amounts of drugs into the bloodstream. However,

the total amount of drug released was comparable to that of the
unencapsulated GQDs.

4 Conclusion

This study demonstrated the method of preparing GQD from
cellulose and the role of GQD as an anticancer drug carrier.
GQDs were prepared using a green raw material and a green
process. This demonstrated the extremely low biotoxicity of
green GQDs. Subsequently, a semi-modified TEMPO method
was adopted to increase the surface aldehyde functional group
content of the prepared GQDs. Measuring the degree of
substitution and XPS analysis indicated that aldehyde group
content was significantly increased. Furthermore, it was
determined that the addition of aldehyde groups
simultaneously increased the amount of drugs that could be
loaded. This demonstrated the enhancement of the drug
loading efficiency of GQDs when used as drug carriers.

The results of the drug release experiment revealed that
CPVCHC encapsulation does not reduce the total amount of
drug released and drug release efficiency after the initial burst
release. The encapsulation also delays the release of the drug
before reaching the target cells. Therefore, the findings of this
study provide a scientific basis for the future development of
CPVCHC-encapsulated composite GQDs. They comprise a
higher proportion of aldehyde groups and exhibit immense
potential for applications in the field of drug loading and delivery.

Cellulose is derived from agricultural waste. This is more in line
with energy conservation and carbon reduction than the traditional
use of incineration to treat agricultural waste and convert it into a
valuable resource. The bio-resourced carbons made of natural
polymer cellulose as raw materials, and natural processes, also
have the characteristics of simple operation and biocompatibility.
Therefore, they are more suitable for applied biology. Furthermore,

FIGURE 8
Drug release curves of GQD–DOX–CPVCHC composites.

FIGURE 9
Drug release curves of GQD–DOX composites.

FIGURE 10
Drug release curves of GQDs with and without CPVCHC
encapsulation.
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natural polymer materials have biodegradability characteristics, and
will not affect the environment in subsequent recycling treatment. A
circular economy based on cellulose can be realized.
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