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Oxidation modification 
of chitosan‑based mesoporous 
carbon by soft template method 
and the adsorption and release 
properties of hydroxycamptothecin
Xianshu Wang1,2,3, Qian Lin1*, Hongyan Pan1, Shuangzhu Jia1, Hong Wu1, Yongyong Shi1 & 
Zhuhua Wang2,3

Spray drying and a direct carbonization technology were coupled to prepare nitrogen-doped 
mesoporous carbon nanoparticles (NMCs) using chitosan as a carbon source and nitrogen source 
precursor and a triblock amphiphilic copolymer (F127) as a soft template, then oxidative modification 
was performed by ammonium persulfate (APS) to prepare oxidized mesoporous carbon nanoparticles 
(O-NMCs). The pore structure, chemical composition and wettability of the mesoporous materials 
were studied before and after oxidative modification, the microscopic morphology, structure, 
composition and wetting performance of the mesoporous carbon were characterized by transmission 
electron microscopy (TEM), an X-ray diffractometer (XRD), N2 adsorption–desorption instrument, 
X-ray photoelectron spectroscopy (XPS), contact angle tests and other analyses, meanwhile 
influences of the mesoporous carbon material on adsorption and release performance of a poorly-
soluble antitumor drug hydroxycamptothecin (HCPT) were investigated. It was demonstrated from 
results that the surface wettability of the oxidatively-modified mesoporous carbon material was 
improved, the contact angle of the mesoporous carbon materials was reduced from 133.4° to 58.2° 
and the saturated adsorption capacity of HCPT was 676.97 mg/g and 647.20 mg/g respectively. 
The dissolution rate of the raw material hydroxycamptothecin was improved due to the nanopore 
structure of the mesoporous carbon material, the dissolution rate of mesoporous carbon material-
loaded hydroxycamptothecin was increased from 22.7% to respective 83.40% and 81.11%.

Mesoporous carbon materials possess a good application prospect in biomedicine due to their advantages of 
high specific surface area, large pore volume, adjustable pore size and easy surface modification. Hard template 
method1–4 and soft template method5–8 were commonly applied to the preparation of mesoporous carbon materi-
als, Soft template method has advantages of simpler synthesis steps and lower cost compared with hard template 
method. However, now the phenolic resin synthesized from phenol and formaldehyde was mostly used as carbon 
source in the soft template method, which cannot meet the requirements of an environment-friendly mesoporous 
carbon preparation process without harmful residues of biological materials fundamentally. In addition, the 
carbonization process uses high temperature carbonization to remove the template, resulting in poor hydrophi-
licity of carbon materials and restricting its application in drug carriers. Studies showed that functionalization 
of mesoporous carbon materials by doping nitrogen atoms can greatly improve the wettability, biocompatibility 
and electrical conductivity of materials9, thus broadening its application in various fields.

C and N contents were 67.82 wt% and 9.65 wt%10 in chitosan as a cellulose-like and nitrogen-contain-
ing biopolymer11, with an abundant reserve, low price, renewable, good biocompatibility and environmental 
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friendliness, in recent years, synthesis of mesoporous carbon materials increased gradually through chitosan 
as carbon source precursor. For example, Andrzej et al.12 and Peng et al.13 used chitosan as carbon source and 
colloidal SiO2 as template to prepare mesoporous carbon. Removal of silicon by HF enabled the synthesis steps 
complicated. Sun et al.14and Feng et al.15 prepared mesoporous carbon using chitosan as carbon and Pluronic 
triblock amphiphilic copolymer (F127) as template by solvent volatilized induced self-assembly (EISA). The 
mesoporous carbon prepared by the above method exhibits irregular morphology and particle size greater than 
1 μm. In our previous study16, spherical mesoporous carbon materials were prepared by spray drying technology 
using chitosan as carbon and nitrogen source and F127 as template16. the prepared mesoporous carbon mate-
rial had particle size less than 1 μm, a pore size of 3–6 nm, specific surface area of 274 ~ 868 m2/g, However, as 
the template is directly carbonized at 900 ℃, the oxygen-containing groups on the surface of carbon materials 
are reduced. Although the contact angle of 124.1° is lower than that of 161.9° of non-chitosan-based carbon 
materials17, the improvement of hydrophilicity is still not desired.

In order to further improve the hydrophilicity of the mesoporous carbon surface and effectively address the 
issue of poor wettability and dispersion of the mesoporous carbon material as drug carrier, In this paper, nitrogen 
doped mesoporous carbon nanoparticles (NMCs) were prepared using chitosan as carbon and nitrogen source 
and F127 as template by the soft template method with the coupling of spray drying and carbonization process. 
Ammonium persulfate (APS) was employed to modify the mesoporous carbon materials, the nitrogen and oxy-
gen co-doped modification was realized to improve the hydrophilicity of the carbon materials. The structural, 
surface chemical and hydrophilic properties of mesoporous carbon materials before and after modification were 
studied. Hydroxycamptothecin (HCPT, Fig. 1; Its molecular sizes was calculated by Materials Studio software 
as 1.14 nm × 0.69 nm × 0.44 nm) an insoluble antitumor drug was used as the model drug. The adsorption and 
release performance of HCPT by the mesoporous carbon materials were investigated before and after modifica-
tion. It is beneficial to design a better mesoporous carbon carrier for drug delivery system, finally the dissolution 
rate and bioavailability of insoluble drugs were improved.

Experiments
Raw materials.  Pluronic F127 (Mw = 12,600, EO106-PO70-EO106, American company Sigma-Aldrich), chi-
tosan (degree of deacetylation ≥ 95%, viscosity of 100–200 mpa s, Aladdin reagent company), glacial acetic acid, 
anhydrous ethanol, Twen-80, potassium dihydrogen phosphate, sodium dihydrogen phosphate, sodium hydrox-
ide, hydrochloric acid, Sodium bicarbonate (analytically pure, Chemical Reagent Co., Ltd. of Shanghai Sinop-
harm Group), ammonium persulfate (analytically pure, Tianjin Kermel Chemical Reagent Co., Ltd.), barium 
nitrate (analytically pure, Chengdu Jinshan Chemical Reagent Co., Ltd.), hydroxycamptothecin (HCPT-160201, 
Chengdu Yuancheng Biological Technology Co., Ltd.), deionized water as laboratory water.

Preparation of nitrogen‑doped mesoporous carbon (NMCs) through a chitosan‑based soft 
template.  The preparation process contained the following steps: 6 g of chitosan was dissolved in an aque-
ous solution of 5% acetic acid at 40 ℃ to prepare a 2% chitosan solution, 2 g of Pluronic F127 was dissolved in 
100 ml pure ethanol containing Pluronic F127 at 40 ℃, the ethanol solution was added in chitosan solution 
through magnetic stirring at 40 ℃ for 60 min, which was then cooled down to room temperature for 24 h fol-
lowed by drying the mixed solution through a spray dryer (BUCHI B-290, BUCHI company, Switzerland), a 
powder sample was prepared at an inlet air temperature of 170 ℃ with a material feeding flow rate of 3.5 ml/
min, the obtained powder was put in a tube furnace with the raised temperature to 410 ℃ in an atmosphere of 
nitrogen at a rate of 2 ℃/min, thermal insulation was kept for 2 h, then the temperature was increased to 900 ℃ 
at a rate of 5 ℃/min, and continue to roasting at 900 ℃ for 2 h so as to obtain the nitrogen-doped mesoporous 
carbon material NMCs.

Oxidative modification of O‑NMCs.  Oxidative modification included the following steps: 50 ml of 1 M 
ammonium persulfate solution ( the ammonium persulfate solution was prepared from 2.0 M H2SO4) was added 
in 0.5 g of the prepared nitrogen-doped mesoporous carbon (NMCs), which was stirred in a flask of 100 ml 
for reflux treatment at 70 ℃ with 8 h, then filtration was conducted followed by the washing with ethanol and 
water alternately until no precipitation was achieved through addition of barium nitrate into the filtrate, the 
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Figure 1.   Molecular structure of hydroxycamptothecin.
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filtered product was put into an oven at 100 ℃ with drying for 6 h so as to obtain the obtained sample marked 
as O-NMCs.

Characterization method.  Crystallization of the mesoporous carbon material was characterized by a 
D8 Advance-type X-ray diffractometer of German Bruker. The test conditions were as follows: Cu-target Kα 
radiation, incident wavelength λ = 0.154060 nm, a small angle range of 2θ = 0.5°–5°, a scanning angle range of 
2θ = 5°–80°, a voltage of 40.0 kV, a current of 40.0 mA, a scanning speed of 2°/min and a scanning step length 
of 0.002°.

The microscopic morphology of the mesoporous carbon sample was characterized and analyzed by a Japanese 
FEI Tecnai G2 F20 S-Twin transmission electron microscope under the condition of field emission and a test 
voltage of 200 kV.

The specific surface area, pore volume and pore size of the mesoporous carbon were performed using an 
ASAP2020 N2 adsorption/desorption physical adsorption instrument of American Micrometrics. Sample treat-
ment included the step of beforehand degassing under the vacuum condition of 76 mmHg at 120 ℃ for 12 h, 
the specific surface area (SBET) was calculated by a Barrett-Emmer-Teller method, and the pore volume (VBJH) 
and pore size (DBJH) were calculated using a Barrett–Joyner–Halanda (BJH) model of the isothermal adsorp-
tion branch, wherein the pore volume was obtained from the adsorption amount at the position with relative 
pressure P/P0 = 0.975.

The elemental composition (C, N and O) and atomic bonding state of the mesoporous carbon materials were 
characterized by a Thermo Scienftic Escalab 250XI-type X-ray electron spectrometer of the United States. Experi-
mental conditions were as follows: an Al Kalph radiation source, test energy of 1486.8 eV, tested spot diameter 
of 500 microns, test tube voltage of 15 kV, tube current of 10 mA and analysis chamber background vacuum of 
2 × 10–9 mbar, and C1s 284.8 eV was adopted as a standard for correction of peak positions during calibration.

The structural changes in the oxidized mesoporous carbon and drug-loaded mesoporous carbon samples 
were studied by Thermo Fisher Nicolet IS50 Fourier transform infrared spectrometer (FTIR) Experimental 
conditions: The powder samples were mixed with KBr, the wave number range was 4000–400 cm−1, and the 
instrument resolution was set to 16 cm−1.

The wettability of the mesoporous carbon was examined by an OCA25 video optical contact angle instru-
ment of German Dataphysics.

Boehm titration.  Modified Boehm titration method18,19 was used to determine the amount of oxygenated sur-
face functional groups. In a 100 ml Erlenmeyer flask, 0.1 g of each sample was placed with 25 ml of the following 
solutions: 0.1 mol/l NaOH, 0.05 mol/l Na2CO3 , 0.1 mol/l NaHCO3 and 0.1 mol/l HCl. The flasks were shaken 
at 150 rpm for 24 h at 25 ℃.and then 5 ml of each solution was titrated with 0.05 mol/l HCl, except for the ones 
with 0.1 mol/l HCl which were back titrated adding first 10 ml of 0.1 mol/l NaOH. The amount of acidic sites 
of various types was calculated assuming that NaOH neutralizes carboxy, phenol and lactone groups; Na2CO3 
neutralizes carboxy and lactone groups; and NaHCO3 neutralizes only carboxy groups. The number of basic sites 
was calculated from the amount of HCl that reacted with the sample.

Adsorption of hydroxycamptothecin by mesoporous carbon.  A standard curve of hydroxycamp-
tothecin HCPT was obtained by the steps: 10 mg of hydroxycamptothecin HCPT was dissolved in 50 ml pure 
ethanol solution to prepare a standard stock solution of 200 μg/ml, the HCPT standard stock solutions were 
measured separately and precisely, 10 ml volumetric flasks was employed to prepare solutions with concentra-
tions of 0.4, 0.5, 1, 3, 5, 7 and 10 μg/ml respectively, the pure ethanol solution was adopted as a reference solution 
to measure the absorbance values of the standard solutions of various concentrations at a maximum absorption 
wavelength of 385  nm by an ultraviolet spectrophotometer, regression analysis was carried out between the 
mass concentration (C) and the absorbance values (A) to obtain a regression equation: y = 0.07573x + 0.04149, 
wherein the standard curve had a good linear relationship between the absorbance values and the concentrations 
in the examined range of 0.4–10 μg/ml, the correlation coefficient R2 was 0.99947.

An HCPT adsorption experiment of the mesoporous carbon included the steps: accurately-weighed HCPT 
in absolute ethanol was dissolved to prepare a series of HCPT solutions with concentrations of 0.2–1.2 μg/ml, 
20 mg of the mesoporous carbon carrier NMCs (O-NMCs) was added separately, which was then stirred in the 
dark at 37 ℃ for 24 h, then centrifugation was performed to examine the supernatants by an ultraviolet absorp-
tion spectrometer, the HCPT-loaded carbon material was put in a vacuum oven followed by drying at 40 ℃ for 
24 h, and the HCPT-loaded NMCs and HCPT-loaded O-NMCs were marked as HCPT@NMCs and HCPT@O-
NMCs. The drug adsorption amount of the mesoporous carbon materials was calculated based on the HCPT 
mass concentration values before and after adsorption, and the calculation formula was:

where in q was the unit adsorption amount (mg/g), C0 was the initial mass concentration (μg/ml) of the HCPT 
standard solutions, Ce denoted the mass concentration (μg/ml) of the HCPT solutions after adsorption, V rep-
resented the volumes (ml) of the HCPT standard solutions, and m was the mass (g) of the mesoporous carbon 
material sample.

Drug release experiment of hydroxycamptothecin.  The experiment included the steps: the dissolu-
tion amount of 15 mg of a crude drug HCPT and HCPT@NMCs and HCPT@O-NMCs with the corresponding 
drug loading were determined by dynamic dialysis, 0.1% Twen-80-containing phosphate buffer solutions (PBS) 

q = V(C0 − Ce)/m
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of pH 7.4 and 5.0 separately was selected as release mediums, then each sample was dispersed using 2 ml of 
the release mediums, which was put in pre-treated dialysis bags (MWCO = 14,000) with 500 ml of the release 
mediums, dissolution was performed in the dark in a dissolution apparatus at 37 ℃ at a rate of 100 r/min, taking 
4 ml of the samples regularly at intervals of 1, 2, 4, 6, 8, 10 and 12 h, performing supplementation with fresh, 
isothermal and equal-volume phosphate buffers, taking out the dialysate with centrifugation at 2000 r/min for 
10 min followed by dilution of 1 ml the supernatant 20 times, the absorbance value of each sample was measured 
three times using an ultraviolet spectrophotometer to calculate the concentration of the drug according to the 
standard curve, the accumulative release amount of hydroxycamptothecin was achieved as follows:

wherein, V2 was the sampling volume (ml), V1 was the medium volume (ml), Cn represented the release con-
centration (μg/ml) of hydroxycamptothecin at the nth sampling, n was the sampling times, and W was the drug 
content of hydroxycamptothecin in the mesoporous carbon material.

Results and discussion
Structural characteristics of mesoporous carbon materials.  The low angle XRD patterns of the 
pristine material NMCs and oxidized O- NMCs at 2θ of 0.7°–5° were shown in the Fig. 2a. No distinct diffrac-
tion peaks of pristine chitosan—based mesoporous carbon by the soft template method were observed, indicat-
ing that the material has disordered structures, Similar results were obtained for the samples oxidized O-NMCs 
with APS solution.

The XRD spectra of the NMCs and O-NMCs samples at 2θ of 5°–80° were shown in the Fig. 2b. Broad peaks 
at 2θ of 23° were observed in both the mesoporous carbon materials, which were attributed to amorphous peaks 
of carbon materials, it indicated that the carbon materials had an amorphous structure with the shift of broad 
peaks at 2θ of 23° to the left upon oxidation, implying that structural shrinkage occurred during oxidation. The 
sample NMCs had a small peak at 2θ of 43° before oxidation treatment, however it can be noted that the peak 
disappeared after oxidation, indicating that the structure of the mesoporous carbon was changed slightly after 
oxidative modification through ammonium persulfate.

TEM images of the samples NMCs (a, c) and O-NMCs (b, d) were shown in the Fig. 3. It can be noted from 
the Fig. 3a and b that the mesoporous carbon NMCs prepared by the chitosan-based soft template method and 
the oxidized O-NMCs samples all had regular spherical morphology. It was shown in the Fig. 3c that the particle 
size of NMCs was about 200 nm. Figure 3c and d showed that the pores of the prepared mesoporous carbon were 
clear with a typical worm-like structure. The results consistent with the results of chitosan-based mesoporous 
carbon reported by Peng et al.13, as well as with the results of the XRD in the Fig. 2, the TEM images demonstrated 
that morphology and structure of the mesoporous carbon materials did not change distinctly upon oxidatively 
modification through ammonium persulfate.

The nitrogen adsorption–desorption isotherms and pore size distribution curve of the samples NMCs and 
O-NMCs were shown in the Fig. 4, the corresponding pore structure data was listed in the Table 1. As shown in 
the Fig. 4a, the nitrogen adsorption isotherms of both samples had hysteresis loops after relative pressure P/P0 
at least 0.4, indicating that the NMCs and O-NMCs samples were both typical mesoporous materials, wherein 
the hysteresis loop of the sample NMCs was larger, and the corresponding mesopore pore volume was larger, the 
hysteresis loop of the sample O-NMCs was smaller, and the corresponding mesopore pore volume was smaller. It 
can be noted from the pore size distribution curve in the Fig. 4b that the pore size distribution of the mesoporous 
carbon materials was narrow upon modification with mainly concentrated around 2–4 nm. Table 1 shows that 
the average pore size of the oxidatively-modified mesoporous carbon was reduced from 3.99 to 1.80 nm, imply-
ing that the structure of the mesoporous carbon shrunk during the oxidation process, which was consistent 
with the XRD results. Prior to modification, the NMCs sample had a specific surface area of 804 m2/g and a 
pore volume of 0.87 cm3/g, the specific surface area of the oxidatively-modified mesoporous carbon O-NMCs 

Q(%) =
V1Cn + V2

∑
Cn−1

W
× 100%

Figure 2.   Low-angle (a) and wide-angle (b) XRD patterns of the pristine NMCs and oxidized O-NMCs.
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was decreased to 322 m2/g, the pore volume was decreased to 0.64 cm3/g. It was demonstrated that the specific 
surface area and pore volume of the oxidatively-modified mesoporous carbon were reduced to a certain extent 
due to occupation of the original pore space by surface-modified functional groups of the oxidatively-modified 
mesoporous carbon, The reduction of specific surface area and pore volume after wet oxidation modification 
was described elsewhere20,21.

Figure 3.   TEM images of the NMCs (a,c) and O-NMCs (b,d).

Figure 4.   N2 adsorption–desorption isotherms and pore size distribution curves of the NMCs and O-NMCs.

Table 1.   Textural parameters of the NMCs and O-NMCs.

Sample name SBET(m2/g) Vmeso (cm3/g) Dme(nm)

NMCs 804 0.87 3.99

O-NMCs 322 0.64 1.80
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Composition analysis of mesoporous carbon materials.  The amount of surface functional groups 
through Boehm titration and elemental analysis was shown in Table 2. The amount of total acidic functional 
groups increased from an initial amount of 1.93 mmol/g for the pristine NMCs to 4.21 mmol/g for the oxidized 
sample O-NMCs when oxidant solution of APS was used. Especially, the increased carboxylic (–COOH) and 
phenolic (–OH) groups was favored, this was consistent with the results reported by Aguilar et al.19 for using 
APS oxidation solutions for activated carbon oxidation. The concentration of carboxylic groups and phenolic 
groups exhibited a similar tendency to that of the total acidic groups, however, the concentrations of lactonic 
groups was reduced.

The increased oxygen of the samples after the oxidation process was also confirmed by elemental analysis 
data, as listed in Table 2. It was shown that the NMCs sample mainly contained C and a small amount of N and 
O elements. It was shown through XPS results that NMCs contained 91.66 at.% of C and 3.750 at.% of O, and 
the oxidized O-NMCs contained 71.87 at.% of C and 23.26 at.% of O upon wet oxidation through APS, indi-
cating that the oxygen content of the oxidatively treated mesoporous carbon material O-NMCs was increased 
by about 19.51 at.%, meanwhile the number of oxygen-containing functional groups can be boosted up to 6.2 
times through the wet oxidation method using APS due to the increased surface oxygen-containing functional 
groups after APS wet oxidation.These values are similar to those when using APS solutions to oxidize beaded 
activated carbon19.

XPS spectra of the NMCs and O-NMCs of the mesoporous carbon materials before and after modification 
were shown in Fig. 5. It was observed that the mesoporous carbon contained three elements of O, N and C 
before and after modification. Table 2 shows that the content of the C element in the mesoporous carbon mate-
rial O-NMCs was reduced from 91.66 to 71.87%, and the content of the O element was increased from 3.75 to 
23.26% upon oxidative modification. It was indicated that the introduced functional groups in the samples were 
mostly oxygen-containing groups after oxidation of the mesoporous carbon materials by ammonium persulfate, 
however the negligible change of content of the N element was achieved. The data of peak-differentiating and 
fitting of C1s, N1s and O1s were shown in Fig. 5b–f, which showing that the C1s in the mesoporous carbon mate-
rial NMCs can be divided into five peaks, values of the corresponding binding energy were 284.6 eV, 285.8 eV, 
287.7 eV, 288.5 eV and 289.3 eV respectively, corresponding to bonds of C=C, C=N, C=O, C–N and O–C=O22. 
A broad spectrum peak of C=O was observed in the C1s spectrum upon wet oxidation, indicating that more 
functional groups existed in the oxidatively-treated O-NMCs material due to the increased oxygen-containing 
groups of the oxidatively-modified mesoporous carbon material.

The N1s spectra of the NMCs was processed with peak differentiation and fitting (Fig. 5c), showing a split-
ting of N1s into five peaks with corresponding binding energies of 398.1, 399.2, 400.9, 402.1, and 403.20 eV 
respectively, which were attributed to pyridinic nitrogen (N-6), pyrrolic nitrogen (N-5), quaternary nitrogen 
(N-Q), Pyridinic-N-oxide (N-X) and nitrogen oxides (NOX)11,23, These results clearly indicated that in situ N 
was doped into the mesoporous carbons as the form of pyridinic, pyrrolic nitrogen and quaternary nitrogen.

The O1s spectra of the NMCs and O-NMCs were processed with peak differentiation and fitting (Fig. 5d, 
f), respectively. The O1s spectra of NMCs were divided into four peaks with corresponding binding energy 
of 531.6 eV, 532.7 eV, 533.8 eV and 534.3 eV respectively, which corresponded to the carboxyl groups COO–, 
C=O, C–OH and adsorbed chemisorbed O22. The peak values of the oxidatively-modified O-NMCs locating at 
531.6 eV and 533.8 eV corresponded to the peaks of COO– and C–OH, this were much higher than those of the 
NMCs, indicating the formation of more oxygen-containing groups, wherein the hydrophilicity and wettabil-
ity of the mesoporous carbon materials can be enhanced effectively through the carboxyl groups COO– and 
phenolic hydroxyl groups C–OH.

Analysis of wettability of mesoporous carbon materials.  Pictures of water droplets on the surface of 
NMCs (a) and O-NMCs (b) and the corresponding contact angles were shown in the Fig. 6. It can be observed 
that the static contact angle of the mesoporous carbon NMCs was larger than 133.4° before oxidation, no spread-
ing was observed from the spherical water droplets on the surface of the NMCs, demonstrating that the NMCs 
had hydrophobicity. The static contact angle of the oxidized mesoporous carbon material O-NMCs was reduced 
to 58.2°, the water drops spread well on the surface of the O-NMCs, implying the hydrophilicity for O-NMCs. 
The contact angle was much lower than 129° of mesoporous carbon materials prepared using phenolic resin as a 
carbon source24, and the reason was that the surface hydrophilicity of the ammonium sulfate oxidation-modified 
mesoporous carbon material was improved due to introduction of a large number of hydroxyl groups, carboxyl 
groups and other oxygen-containing functional groups on the surface of the mesoporous carbon material25. 
Therefore, the wettability of the mesoporous carbon materials can be improved significantly upon oxidative 
modification using ammonium persulfate, so that improvement of the contact opportunities between the aque-

Table 2.   Amount of surface functional groups determined by Boehm titration and elemental composition of 
the mesoporous carbon materials NMCs and O-NMCs by XPS.

Sample

Surface functional groups (mmol/g)
Elemental 
composition (at.%)

Carboxylic Lactonic Phenolic Total acidic Basic C N O

NMCs 0.55 1.28 0.10 1.93 0.64 91.66 4.59 3.750

O-NMCs 1.36 0.49 2.36 4.21 0.40 71.87 4.86 23.26
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ous solutions and the materials was facilitated, and the application range of the mesoporous carbon materials 
was expanded better.

Study on hydroxycamptothecin adsorption and release performance of NMCs and 
O‑NMCs.  The HCPT adsorption curves of NMCs and O-NMCS in the ethanol solutions were shown in 
Fig. 7. It can be noted that the HCPT adsorption capacity of the mesoporous carbon materials was enhanced 
gradually with the increased HCPT concentration in the solutions because adsorption of HCPT in the porous 
materials was diffusion adsorption mainly followed the concentration gradient principle. The higher HCPT con-
centration led to the stronger driving force of the concentration gradient. More HCPT entered the adsorption 
sites on the surface of the mesoporous carbon for adsorption and enrichment, as a result, the adsorption amount 
of HCPT became larger.

Figure 5.   XPS spectra of of NMCs and O-NMCs: (a) XPS survey, (b,e) C1s, (c) N1s and (d,f) O1s.
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The Freundlich model was applied for the fitting of the experimental data in the figure, the data was shown 
in the Table 3.

The Freundlich adsorption formula was given as follows:

wherein q was the mass (mg/g) of adsorbed HCPT in carbon material pores of unit mass at equilibrium, KF 
denoted the Freundlich adsorption equilibrium constant (mg/g), c was the concentration (mg/mL) of HCPT at 
adsorption equilibrium, and n was a constant related to the temperature and system.

It can be noted from the Fig. 6 and Table 3 that adsorption of the HCPT molecules in the pores of the carbon 
materials followed the Freundlichr adsorption law, and the value of the adsorption constant K did not change 
significantly, indicating similar HCPT affinity of the mesoporous carbon materials before and after oxidation. 
Noticeably, the saturated adsorption capacity of HCPT by the mesoporous carbon materials NMCs and O-NMCs 
was respective 676.97 mg/g and 647.20 mg/g at a drug loading of at least 40.37% which was much higher than 
the HCPT loading (24%) of three-dimensional macroporous carbon materials without nitrogen doping reported 
in the literature26. Furthermore, it was shown through the adsorption curve that HCPT adsorption capacity of 
O-NMCs was larger due to better wetting properties of O-NMCs compared with NMCs at low concentrations 
of HCPT. O-NMCs had a smaller specific surface area and a smaller pore volume than those of the NMCs 

q = KFc
1

n

Figure 6.   Photographs of water droplets on the surface of NMCs (a) and NMCs (b) and corresponding contact 
angles.

Figure 7.   HCPT adsorption isotherms of NMCS with O-NMCs in ethanol solution, Error bars were based on 
triplet samples.

Table 3.   Freundlich constants of mesoporous carbons after drug loading with HCPT.

Sample name KF( mg/g) n R2

NMCs 657.789 1.459 0.9850

O-NMCs 627.739 1.741 0.9904
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mesoporous carbon with the increased concentration of HCPT, therefore the HCPT adsorption capacity was 
reduced at higher concentrations.

The X-ray diffraction results of HCPT, NMCs@HCPT and O-NMCs@HCPT were shown in Fig. 8. The crude 
drug HCPT had strong crystal diffraction peaks locating at 2θ of 6.9°, 9.0°, 11.70°, 13.86°, 19.73°, 25.65°, 27.27°, 
27.91° and 28.52°, indicating the existence of the crude drug HCPT at a crystalline state. However, the diffrac-
tion peaks of HCPT cannot be observed in the NMCs@HCPT and O-NMCs@HCPT samples when the HCPT 
was loaded on the mesoporous carbon materials, indicating an amorphous state for the adsorbed HCPT in the 
mesoporous carbon carriers. The results were consistent with reports from Qinfu Zhao group27, the drug can 
be kept at an amorphous state through the nanopores of the mesoporous carbon, so that the dissolution rate of 
the drug was improved.

The FTIR spectra of HCPT, NMCs@HCPT and O-NMCs@HCPT were shown in the Fig. 9. In the spectrum of 
HCPT, the characteristic peak at 3418 cm−1 was attributed to the stretching vibration of tertiary alcohol hydroxyl 
group, the bands at 3206 and 3105 cm−1 can be assigned to stretching vibration of phenolic hydroxyl, the stretch-
ing vibration of C=O in ester group was responsible for the absorption peak at 1718 cm−1, the characteristic 
band at 1655 cm−1 was ascribed to the acylamino group. Furthermore, the peaks at 1590 cm−1 and 1503 cm−1 
were assigned to the absorption bands of the aromatic ring in HCPT. The characteristic bands of HCPT can be 
observed upon the loading of HCPT, confirming that HCPT molecules were indeed loaded into mesoporous 
carbon materials. The changed peak strength and a small shift of peak position indicated that the mesoporous 
carbon material and HCPT drug had a synergistic effect.

The in-vitro drug release behavior curves of HCPT, NMCs@HCPT and O-NMCs@HCPT in PBS solutions 
of pH values of 7.4 and 5.0 were shown in Fig. 10a and b respectively. It can be observed from the Fig. 10a that 

Figure 8.   The XRD patterns of pure HCPT, NMCs@HCPTand O-NMCs@HCPT.

Figure 9.   The FTIR spectra of pure HCPT, NMCs@HCPT and O-NMCs@HCPT.
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the release amount of HCPT in the PBS solution with pH 7.4 after 1 h was only 9.96%, only 22.7% of HCPT 
was released after 12 h. By contrast, the release rate of the HCPT drug molecules was improved greatly upon 
the adsorption of HCPT on NMCs and O-NMCs, 47.44% and 49.78% of the drug were released from NMCs@
HCPT and O-NMCs@HCPT respectively after 1 h, meanwhile amount of drug release can boost up to 83.40% 
and 81.11% respectively after 12 h. It can be seen from the Fig. 10b that the release amount of HCPT in the PBS 
solution at pH 5.0 under acidic conditions for 1 h was only 8.44%, and only 12.56% was released after 12 h. By 
contrast, the release rate was also significantly higher than that of the crude drug HCPT after the adsorption of 
HCPT drug molecules on NMCs and O-NMCs, however 38.24% and 35.04% of the drug was released from the 
drug-loading materials NMCs and O-NMCs after 1 h under acidic conditions compared with a neutral environ-
ment at pH 7.4, and the drug release amount can reach up to 74.78% and 70.45% respectively after 12 h. It was 
shown in the paper that the release in an acidic environment of pH 5.0 was slower than that in a neutral environ-
ment of pH 7.4 after the HCPT drug was loaded on the mesoporous carbon, indicating that the release of HCPT 
from the mesoporous carbon materials was associated with the pH value. The release rate of HCPT was improved 
significantly compared with the crude drug HCPT after the HCPT drug was loaded on the mesoporous carbon. 
Because crystallization of the drug can be inhibited to a certain extent through a unique nanopore structure of 
the mesoporous carbon, as a result, the drug was absorbed on the mesoporous carbon at the microcrystalline or 
amorphous state, so that the solubility and release rate of the drug were improved28.

The Retger-peppas kinetic equation was applied for the fitting of the experimental data in the Fig. 10, the 
data was shown in the Table 4.

where in Q was the release rate of the HCPT drug, t denoted the time, and k and n represented the release rate 
constant and index, respectively.

It can be noted that the drug release rate K was closely related to the wettability of the mesoporous carbon 
materials. The O-NMCs with excellent hydrophilicity exhibited a lower release rate and a smaller K value, but 
the NMCs with poor hydrophilicity exhibited a higher release rate and a larger K value. It may be induced by 
the fact that the O-NMCs with good hydrophilicity had more active sites compared with the NMCs with poor 
hydrophilicity, thus possessing a strong interaction force on the HCPT drug, so that it was difficult for the drug 
to get rid of the carbon material and diffuse into the release mediums.

The release rate of the hydroxycamptothecin drug in the acidic environment of pH 5.0 was slower than that 
in the neutral environment of pH 7.4. Therefore, it can be noted that the release rate of hydroxycamptothecin 
depended on the pH value, implying that the release rate would be slower in an environment with a lower pH 

Q = ktn

Figure 10.   In vitro release profiles of HCPT, NMCs@HCPTand O-NMCs@HCPT in pH 7.4 (a) and pH 5.0 (b) 
PBS solution.

Table 4.   Parameters obtained by fitting of Retger-peppas kinetic equation.

Sample name k n R2

pH 7.4

HCPT@NMCS 48.69 0.219 0.931

HCPT@O-NMCs 45.37 0.184 0.947

pH 5.0

HCPT@NMCS 37.51 0.280 0.965

HCPT@O-NMCs 35.52 0.270 0.946
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value. Since the microenvironments of the tumor extracellular tissue, the intracellular lysosome and endosome 
were acidic29, the purpose of long-term resistance to tumors can be achieved through slow release of HCPT 
in an acidic environment of a phosphate buffer solution at pH 5.0. Above all, the higher oxygen content of the 
mesoporous carbon material resulted in better hydrophilicity. But when the comparison between the oxidatively-
modified mesoporous carbon material O-NMCs and the unmodified NMCs was conduced, the adsorption 
amount of the anti-tumor drug HCPT was reduced due to the increased specific surface area. The higher oxygen 
content on the mesoporous carbon material led to the better hydrophilicity, finally the drug release rate became 
slower. Therefore, the release rate of HCPT can be adjusted through the varied wetting properties or oxygen 
content and the pH value of the mesoporous carbon materials.

Conclusion
In this paper, the hydrophilicity of the mesoporous carbon surface was regulated to address issues of poor wet-
tability and dispersion of the mesoporous carbon material as a drug carrier. The oxygen-containing functional 
group was introduced into the mesoporous carbon surface to study the variations of the structural properties, 
surface chemical properties and hydrophilicity of the mesoporous carbon material before and after modification. 
The adsorption and release properties of hydroxycamptothecin before and after modification of mesoporous 
carbon materials were studied using the insoluble antitumor drug hydroxycamptothecin as a model drug. The 
results show as follows.

The nitrogen-doped mesoporous carbon material was successfully prepared using chitosan as the carbon and 
nitrogen source, the triblock copolymer F127 as the template agent and the coupled technology of spray dry-
ing and pyrolysis, the mesoporous pore diameter was mainly concentrated at 3.99 nm, and the specific surface 
area and pore volume were 804 m2/g and 0.87 cm3/g respectively. The specific surface area, pore volume and 
pore size of the O-NMCs were reduced upon oxidative modification through ammonium persulfate, but the 
oxygen content was increased remarkably due to more formation of hydroxyl groups, carboxyl groups and other 
oxygen-containing groups on the surface, meanwhile the contact angle was reduced from 133.4° to 58.2°, as a 
result, the wettability was improved significantly, the mesoporous carbon materials with hydrophobic properties 
became hydrophilic.

NMCs and O-NMCs exhibited good adsorption performance of the anti-tumor drug hydroxycamptothecin 
HCPT, which had loading of HCPT of 676.97 mg/g and 647.20 mg/g, respectively. The release rate of the crude 
drug HCPT was improved upon the load of the drug HCPT on the mesoporous carbon material, the release 
rate of the crude drug after 12 h was only 22.7%, and the release rate was increased by 83.40% after HCPT was 
loaded on the mesoporous carbon materials. It was demonstrated through researches that the release rate of the 
drug HCPT can be reduced through the O-NMCs with higher oxygen content due to more active sites of the 
O-NMCs, the release amount was larger in the neutral environment at pH 7.4 compared with that in the acidic 
environment at pH 5.0, therefore the release rate of HCPT can be adjusted by the varied oxygen content of the 
mesoporous carbon materials and pH values of the release mediums. The mesoporous carbon material O-NMCs 
possessed a good pore structure, nano-morphology and wettability, and has good application potential as a 
delivery carrier of the poorly-soluble anti-tumor drug.

Received: 10 May 2020; Accepted: 19 August 2020

References
	 1.	 Ryoo, R., Joo, S. H. & Jun, S. Synthesis of highly ordered carbon molecular sieves via template-mediated structural transformation. 

J. Phys. Chem. B 103, 7743–7746 (1999).
	 2.	 Jun, S. et al. Synthesis of new, nanoporous carbon with hexagonally ordered mesostructure. J. Am. Chem. Soc. 1, 10712–10713. 

https​://doi.org/10.1021/ja002​261e (2000).
	 3.	 Joo, S. H. et al. Ordered nanoporous arrays of carbon supporting high dispersions of platinum nanoparticles. Nature 412, 169–172 

(2001).
	 4.	 Zhang, P., Zhang, J. & Dai, S. Mesoporous carbon materials with functional compositions. Chem. A Eur. J. 23, 1986–1998 (2017).
	 5.	 Meng, Y. et al. Ordered mesoporous polymers and homologous carbon frameworks: amphiphilic surfactant templating and direct 

transformation. Angew. Chem. Int. Ed. https​://doi.org/10.1002/anie.20050​1561 (2005).
	 6.	 Meng, Y. et al. A family of highly ordered mesoporous polymer resin and carbon structures from organic-organic self-assembly. 

Chem. Mater. https​://doi.org/10.1021/cm060​921u (2006).
	 7.	 Zhang, F. et al. An aqueous cooperative assembly route to synthesize ordered mesoporous carbons with controlled structures and 

morphology. Chem. Mater. https​://doi.org/10.1021/cm061​400+ (2006).
	 8.	 Fang, Y. et al. A low-concentration hydrothermal synthesis of biocompatible ordered mesoporous carbon nanospheres with tunable 

and uniform size. Angew. Chem. Int. Ed. https​://doi.org/10.1002/anie.20100​2849 (2010).
	 9.	 Yun-peng, L., Jie, Z. & Zhong-jian, L. Research progress of N-doped ordered mesoporous carbon. Mod. Chem. Ind. 34, 19–24 

(2014).
	10.	 Ilnicka, A., Kamedulski, P. & Lukaszewicz, J. P. Pyrolysis of chlorella vulgaris as a green chemistry method for manufacturing of 

nitrogen doped porous carbon materials of high application potential. Mater. Express 7, 25–34 (2017).
	11.	 Wang, Y. Y. et al. Porous N-doped carbon material derived from prolific chitosan biomass as a high-performance electrode for 

energy storage. RSC Adv. 5, 97427–97434 (2015).
	12.	 Olejniczak, A., Lezanska, M., Wloch, J., Kucinska, A. & Lukaszewicz, J. P. Novel nitrogen-containing mesoporous carbons prepared 

from chitosan. J. Mater. Chem. A 1, 8961–8967 (2013).
	13.	 Peng, H. L. et al. Chitosan-derived mesoporous carbon with ultrahigh pore volume for amine impregnation and highly efficient 

CO2 capture. Chem. Eng. J. 359, 1159–1165 (2019).
	14.	 Sun, L. et al. Facile and green synthesis of 3D honeycomb-like N/S-codoped hierarchically porous carbon materials from bio-protic 

salt for flexible, temperature-resistant supercapacitors. Appl. Surf. Sci. 467–468, 382–390 (2019).
	15.	 Al, F. M. J. Z. G. Synthesis of nitrogen-doped porous carbon material with chitosan by soft template method. Chin. J. Process Eng. 

15, 536–539 (2015).

https://doi.org/10.1021/ja002261e
https://doi.org/10.1002/anie.200501561
https://doi.org/10.1021/cm060921u
https://doi.org/10.1021/cm061400+
https://doi.org/10.1002/anie.201002849


12

Vol:.(1234567890)

Scientific Reports |        (2020) 10:15772  | https://doi.org/10.1038/s41598-020-72933-4

www.nature.com/scientificreports/

	16.	 Wang, X., Qian, L., Hong, Z. & Ren-quan, X. Preparation of N-doped nano mesoporous carbon spheres with adjustable pore 
structure using chitosan-F27 soft template method. J. Synth. Cryst. 48, 737–744 (2019).

	17.	 Xian-shu, W., Zhu-hua, W., Shuang-zhu, J. Study on drug adsorption and release properties of mesoporous carbon materials 
(CMK-3) and modified mesoporous carbon materials (N,O-CMK-3). Chem. Res. Appl. For publication (2020).

	18.	 Boehm, H. P. Some aspects of the surface chemistry of carbon blacks and other carbons. Carbon N. Y. 32, 759–769 (1994).
	19.	 Mena Aguilar, K. M., Amano, Y. & Machida, M. Ammonium persulfate oxidized activated carbon fiber as a high capacity adsorbent 

for aqueous Pb(II). J. Environ. Chem. Eng. 4, 4644–4652 (2016).
	20.	 Li, H. et al. Modified carbon spheres as universal materials for adsorption of cationic harmful substances (paraquat and dyes) in 

water. Microporous Mesoporous Mater. 297, 110040 (2020).
	21.	 Tanaka, S. et al. Surface modification of soft-templated ordered mesoporous carbon for electrochemicalsupercapacitors. Micropo-

rous Mesoporous Mater. 217, 141–149 (2015).
	22.	 Song, Y., Ye, G., Chen, J., Lv, D. & Wang, J. Wet oxidation of ordered mesoporous carbon FDU-15 by using (NH 4) 2S2O8 for fast 

adsorption of Sr(II): an investigation on surface chemistry and adsorption mechanism. Appl. Surf. Sci. 357, 1578–1586 (2015).
	23.	 Ghimbeu, C. M. & Luchnikov, V. A. Hierarchical porous nitrogen-doped carbon beads derived from biosourced chitosan polymer. 

Microporous Mesoporous Mater. 263, 42–52 (2018).
	24.	 Dong, X., Zhao, X., Wang, L. & Zhang, M. One-step synthesis of hydrophobic fluorinated ordered mesoporous carbon materials. 

RSC Adv. 6, 48870–48874 (2016).
	25.	 FarzinNejad, N., Shams, E., Amini, M. K. & Choolaei, M. Efficient desulfurization of fuel with functionalized mesoporous carbon 

CMK-3-O and comparison its performance with mesoporous carbon CMK-3. Fullerenes Nanotub. Carbon Nanostruct. 24, 786–795 
(2016).

	26.	 Wang, H., Gang, J. & Gao, Q. Carboxylated 3D ordered macroporous carbon for improvement of the dissolution rate of 10-hydroxy-
camptothecin. J. Shenyang Pharm. Univ. 32, 593–597 (2015).

	27.	 Zhao, Q. et al. Mesoporous carbon nanomaterials in drug delivery and biomedical application. Drug Deliv. 24, 94–107 (2017).
	28.	 Zhu, W. et al. Mesoporous carbon with spherical pores as a carrier for celecoxib with needle-like crystallinity: Improve dissolution 

rate and bioavailability. Mater. Sci. Eng. C 39, 13–20 (2014).
	29.	 Zhu, J. et al. pH-controlled delivery of doxorubicin to cancer cells, based on small mesoporous carbon nanospheres. Small 8, 

2715–2720 (2012).

Acknowledgement
This work was supported by the Natural Science Foundation of China (Grant No. 81760643), and the Science & 
Technology Foundation of Guizhou Province (Grant No. (2017)7254).

Author contributions
X.S.W. carried out the experiment and prepared the manuscript. H.W., S.Z.J., Y.Y.S. and Z.H.W. participated in the 
experiment and discussion of the results. Q.L. and H.Y.P. analyzed the date and helped modify the manuscript. 
All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Q.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Oxidation modification of chitosan-based mesoporous carbon by soft template method and the adsorption and release properties of hydroxycamptothecin
	Experiments
	Raw materials. 
	Preparation of nitrogen-doped mesoporous carbon (NMCs) through a chitosan-based soft template. 
	Oxidative modification of O-NMCs. 
	Characterization method. 
	Boehm titration. 

	Adsorption of hydroxycamptothecin by mesoporous carbon. 
	Drug release experiment of hydroxycamptothecin. 

	Results and discussion
	Structural characteristics of mesoporous carbon materials. 
	Composition analysis of mesoporous carbon materials. 
	Analysis of wettability of mesoporous carbon materials. 
	Study on hydroxycamptothecin adsorption and release performance of NMCs and O-NMCs. 

	Conclusion
	References
	Acknowledgement


