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Abstract: Due to its abundance, degradability, and low toxicity, lignin is a promising raw material
for the preparation of nanomaterials. However, efficient encapsulation using lignin-nanomaterial
for sustained-release medications remains a challenge. This study involves grafting β-cyclodextrin
(β-CD), with a hollow toroidal structure, onto the enzymatic-hydrolysis lignin (EHL) to form CD-EHL.
The modified lignin was next used to prepare hollow nanoparticles (LHNPs) via self-assembly to
encapsulate the antitumor drug hydroxycamptothecin (HCPT). The results indicated that β-CD
improved the network structure of modified lignin molecules. Moreover, LHNPs that self-assembled
using CD-EHL had an increased specific surface area and greater porosity, and exhibited a spherical
hollow structure and stability in phosphate-buffered saline. The drug loading and encapsulation
efficiency of HCPT were 70.6 ± 9% and 22.02 ± 2%, respectively. An in vitro study showed that
lignin-based nanoparticles have low toxicity, and the modified LHNPs demonstrated a good
sustained-release capability. This study broadened the potential application of lignin as a renewable
biomass material.
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1. Introduction

Lignin is an amorphous polyphenol and the major constituent of plant cell walls. Its abundance
in the biosphere is second only to cellulose [1]. Lignin has become a popular biomaterial,
with antibacterial and antioxidant properties, non-cytotoxicity, and biodegradability [2]. The production
of enzymatic-hydrolysis lignin (EHL) as biorefinery waste has increased year by year. Additionally,
numerous phenolic and alcoholic hydroxyl groups on molecular chains can be easily modified with
functional groups or conjugated with new functional groups [3]. Together, these properties make lignin
an attractive material for development and an important recyclable industrial by-product.

Cancer is a critical public health problem worldwide [4]. Currently, tumor treatments include
surgery and chemotherapy. However, due to factors such as imperfect tumor localization and the
rapid diffusion of cancer cells, tumor tissue is very difficult to excise completely. Thus, chemotherapy
remains an important method for treating cancer [5,6]. Anticancer drugs can effectively inhibit the
proliferation of tumor cells, thus showing good therapeutic effect. Hydroxycamptothecin (HCPT) is an
alkaloid extracted from the Chinese-native Camptotheca acuminata Decne [7]. The solubility of HCPT
is poor and it is quickly metabolized, leading to an extremely short half-life. As a dose-dependent
drug, toxicity and side effects are considerable for the direct use of HCPT [8]. For these reasons,
there is a strong interest in the development of HCPT delivery systems to allow controlled metabolism
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in sustained-release medications, improved bioavailability, and reduced toxicity and side effects.
One strategy for these delivery systems is the use of hollow nanoparticles.

The ideal drug delivery system should be made of easily available material sources, have a
low cost of synthesis, modifiable surfaces, great biodegradability and biocompatibility, stimulating
responsiveness, and, critically, low or no toxicity [9,10]. Overall, safe and reproducible carriers are
required, and biomaterials are promising candidates for use as these carriers [11]. Among biomaterials,
there has been a focus on the use of lignin-based hollow nanoparticles (LHNPs) as new drug delivery
platforms [12]. LHNPs have been demonstrated as capable of loading drugs [13–15]. However,
an important requirement for a biological drug-loading material is a specific interaction with the
encapsulated drugs. Previous studies have proved that β-cyclodextrin (β-CD) can control drug release
via forming complexes formed with hydrophobic medications [16,17]. However, no introduction has
been reported of cyclodextrin (CD) monomers with a hollow structure and a hydrophilic exterior and
hydrophobic interior, to lignin molecular chains to expand the network function. The modification of
EHL by β-CD expands the network structure of lignin molecules and generates specific sites to interact
with medications [18].

Herein, we report a new type of amphiphilic polymer obtained by the β-CD modification of
lignin, and investigated the self-assembly of the polymer to hollow particles for encapsulation of
sustained-release HCPT medications. The surface properties and encapsulation efficiency of these
particles as well as their ability to allow for sustained drug release were comprehensively investigated.

2. Materials and Methods

2.1. Materials

Enzymatically-hydrolyzable lignin (EHL) was acquired from Hong Kong Laihe Biotechnology
Co., Ltd. (Hong Kong, China). The hydroxyl content, average molar mass, and dispersity
of the EHL were 2.67 mmol/g, 1430 g/mol, and 1.22, respectively. Tetrahydrofuran (THF)
of an analytical-grade purity was provided by the Beijing Chemical Reagents Co. (Beijing,
China). The 3-aminopropyltriethoxysilane (APTES), mono-6-O-(p-toluenesulfonyl)-beta-cyclodextrin
(6-TsO-β-CD), and potassium iodide (KI) were obtained from the Shanghai Macklin Biochemical
Co., Ltd. (Shanghai, China). Hydroxycamptothecin (HCPT) was purchased from Shanghai Macklin
Biochemical Co., Ltd. (Shanghai, China), with a purity rating above 99%. All chemicals were used
without further treatment.

2.2. Modification of Lignin (A-EHL)

First, 0.5 g EHL was ultrasonicated for 5 min and then 40 mL was dried by molecular sieve in a
three-necked flask under the protection of N2. Then, APTES (1.5 mL) was added and stirred, using a
magnetic stirrer at room temperature (25 ◦C) for 4 h. After reaction, the THF was removed by rotary
evaporation. A-EHL with amino was obtained after rinsing the material three times with diethyl ether
and then the materials were finally dried in a vacuum.

2.3. Grafting of β-CD (CD-EHL)

First, 100 mg of A-EHL and 50 mg of 6-TsO-β-CD were ultrasonicated for 5 min with
N-Dimethylacetamide (20 mL) and then dried by molecular sieve in a three-necked flask under
protection of N2. Then, 2 mg of KI was added, followed by stirring at 1000 rpm for 6 h at 70 ◦C.
After cooling to room temperature, the precipitate was obtained after the addition to 1 L of HCl
(2 M). The precipitate was centrifuged at 6000 rpm for 4 min, the supernatant was removed, and the
precipitated material was then washed 3 times with deionized water. The obtained product was stored
at room temperature in a vacuum drying oven.
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2.4. Preparation of CD-EHL Hollow Nanoparticles (CD-LHNPs)

To prepare the CD-EHL hollow nanoparticles (CD-LHNPs), 10 mg of CD-EHL was dissolved in
THF to prepare a 1 mg/mL EHL–THF solution at room temperature. The solution was then stirred at
1000 rpm with a magnetic stirring bar. Next, 40 mL of water was added dropwise into the solution at a
rate of 7 mL/min, inducing the self-assembly of lignin molecules into hollow nanoparticles (HNPs).
The suspension liquid was stirred continuously to evaporate the THF. After 6 h, the suspension liquid
was transferred to a dialysis bag (MWCO: 12,000−14,000; Spectrum Labs, San Francisco, CA, USA)
which was then immersed in deionized water (that was periodically replaced), to remove the residual
THF before further measurements.

2.5. Drug Loading

The HCPT-loaded LHNPs (HCPT@CD-LHNPs) were prepared using a co-assembly method.
At 7 mL/min, HCPT was dispersed in 10 mL of THF containing 10 mg lignin, ultrasonicated for 2 min,
stirred at 1000 rpm, and then added to 40 mL of distilled water. During this process of self-assembly,
the CD-EHL encapsulated the HCPT into CD-LHNPs. After stirring for 24 h, the suspension was
transferred to a dialysis bag for 24 h (water replaced once) to remove the THF and other free molecules.

The suspension of drug-loaded nanoparticles was centrifuged at 11,000 rpm for 15 min, and the
absorbance of the supernatant was measured at 254 nm with a UV-Vis spectrophotometer to determine
the drug concentration. The absorbance of blank nanoparticles was used for comparison to calculate
drug loading.

The drug loading and encapsulation efficiency were calculated according to the
following equations:

Drug Loading (%) = (weight of loaded HCPT/weight of HCPT@CD-LHNPs) × 100
Encapsulation Efficiency (%) = (weight of loaded HCPT/weight of initial amount of HCPT) × 100.

2.6. In Vitro Release Studies

The in vitro release of HCPT from CD-LHNPs was investigated by dialysis of the particles against
phosphate-buffered saline (PBS; pH 7.4 and 5.5). In brief, 10 mg of HCPT@LHNPs and 10 mg of
HCPT@CD-LHNPs were immersed in 50 mL PBS and then agitated at 100 rpm (temperature: 37 ◦C).
At scheduled intervals, 5 mL was collected from the medium and replaced with the same amount of
fresh medium. The samples were then centrifuged at 11,000 rpm for 5 min, and the absorbance (i.e.,
amount of HCPT released) was measured at 254 nm with a UV-Vis spectrophotometer. The average
was determined from the calculated values of at least three replicates. The release rate of the drug was
obtained by plotting the data showing the change in absorbance intensity.

2.7. In Vitro Cytotoxicity Studies

The cytotoxicity of CD-LHNPs was evaluated using MTT assay. HeLa cells were cultured in a
96-well flat-bottom plate with 6 × 103 cells per well. After incubation for 24 h, different concentrations
of HCPT, CD-LHNPs, or HCPT@CD-LHNPs were added to each well, and a powerful magnetic field
was established at the periphery of each well. After incubation for 48 h, the cells were washed twice
with PBS and then incubated for an additional 2 d at 37 ◦C in fresh media. Thereafter, the media was
removed, and the cells were resuspended in DMSO. The absorbance of each well was measured at
570 nm with a microplate reader.

3. Results and Discussion

3.1. Characterization of β-Cyclodextrin-Modified EHL

In this study, enzymatic-hydrolysis lignin (EHL) was modified to improve its network structure.
The EHL was conjugated with β-cyclodextrin (β-CD) to increase the molecular weight of EHL,
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as shown in Figure 1A. Gel permeation chromatography was used to measure the molecular weight
distribution of the prepared CD-EHL. As illustrated in Figure 1B, when EHL was modified by β-CD,
the weight-average molecular weight increased from 500 g/mol to 700 g/mol. The dispersity (PDI)
of EHL was 1.34 and that of CD-EHL was 1.57, indicating a high ratio of molecular weight of the
modified material.
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Figure 1. Preparation and characterization of cyclodextrin-(CD) enzymatic-hydrolysis lignin (EHL)
(CD-EHL): (A) Schematic diagram of β-CD conjugated with EHL; (B) molecular weight distribution of
EHL and CD-EHL; (C) 1H-NMR spectra of 6-TsO-β-CD, EHL and CD-EHL; (D) infrared spectrograms
of EHL and CD-EHL.

Fourier transform infrared spectra (Thermo Fisher Nicolet iS10, Waltham, MA, USA) and 1H
NMR spectra (Bruker Avance III 500 MHz, Billerica, MA, USA) were determined and exhibited
the modification of EHL. In Figure 1C, the 1H NMR spectrum of CD-EHL represents the hydrogen
protons in a benzene ring of lignin (6.76–7.72 ppm), methoxyl protons (3.84 ppm), and aliphatic side
chains related to a benzene ring (2.6–0.7 ppm) [19], as well as signal for β-CD protons (3.42–3.19 and
4.86–4.42 ppm) [20,21]. More importantly, a secondary amine signal is apparent at 8.22 ppm, indicating
a substitution reaction between β-CD and EHL-containing amino. The sulfonyl signal disappeared in
the range of 7.75–7.43 ppm, confirming that the sample did not contain residual β-CD.

In Figure 1D, the absorption peak near 1700 cm−1 (C=O) corresponds to the C=O stretching
vibration for EHL [22]. The absorption peaks at 1598 cm−1, 1514 cm−1 (C–C), and 1425 cm−1 (C–H in
the benzene ring skeleton) reflect the stretching vibration of the benzene ring [23–25]. Compared with
the infrared spectrogram for EHL, N–H and C–N stretching vibration bands appeared at 1645 cm−1 and
1540 cm−1, respectively [26]. Furthermore, due to modification by β-CD, an O–H stretching vibration
band appeared in β-CD, near 1414 cm−1 in CD-EHL, and the stretching vibration of C=O shifted from
1035 cm−1 to 1028 cm−1 [27,28]. The above patterns indicate the occurrence of a Hinsberg reaction
between β-CD and EHL, and successful conjugation of β-CD with EHL.

3.2. Morphology, Size, and Chemical Characterization of β-CD-Modified LHNPs

The suspension of lignin hollow nanoparticles was dropped onto silicon wafers and copper grids
support film, respectively. It was then dried at room temperature for 24 h. The morphology of the
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particles was observed by SEM (S-4800 scanning electron microscope, Hitachi, Tokyo, Japan) and TEM
(JEM-2100 transmission electron microscope, JEOL, Tokyo, Japan), respectively. The images from the
fabrication of EHL hollow nanoparticles (HNPs) and CD-LHNPs, were obtained and are presented in
Figure 2. Although the self-assembly of EHL into nanoparticles is similar to that of other amphipathic
polymer colloids, these nanoparticles exhibit specific characteristics. The SEM images of LHNPs and
CD-LHNPs show the spherical hollow structure with a single hole on the surface of the particles.
The TEM images displayed a clear contrast between the center and the shell, which further supported
the hollowness of the particles. And the figure shows that the outer layer of CD-LHNPs was rougher
than that of LHNPs, which may be related to the increased β-CD monomers on the outer structure
(The absence of this phenomenon in SEM images is due to the gold spraying process of the sample
before testing).
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To study the hydrophilic performance of lignin-based nanoparticles, the static contact angles
of membranes formed by the two kinds of nanoparticles suspension on gold sheet were measured
(concentration: 5 mg/mL). As shown in Figure S1, the contact angle of CD-LHNP (3.43◦) was
significantly lower than that of LHNP (80.9◦). It indicated that the surface wettability of CD-LHNP
with the gold sheet was better, which was favorable for spreading on the surface of the gold substrate.
Tetrahydrofuran was used as a good solvent and water was used as a poor solvent to prepare the
nanoparticles so hydrophilic chains of lignin would aggregate on the nanoparticles’ shell due to the
hydrophobic effect [29]. When β-cyclodextrin was conjugated with EHL, the ratio of hydrophilic
groups on the molecular chain was increased, leading to a lower surface contact angle of CD-LHNPs
after self-assembly.

To investigate the surface composition of HNPs, the elemental composition for the top 1−5 nm of
depth was analyzed by X-ray photoelectron spectroscopy (XPS; Axis Ultra, Kratos, England), as shown
in Figure 4 and Table 1. Aromatic rings compose the main hydrophobic groups in lignin, and a higher
C content leads to a stronger hydrophobicity [30]. As shown in Table 1, the content of C decreased
in CD-LHNPs, consistent with fewer surface-region hydrophobic chains. Increased N content was
caused by the introduction of amino groups during the experiment. Because the hydrophilic groups in
lignin are mainly hydroxyl and carboxyl groups, a higher O/C will lead to higher hydrophilicity in the
shell’s outer layer [31]. The O/C ratio for CD-LHNP’s surface regions was 0.23%, higher than the 0.19%
obtained for LHNPs and consistent with having a more hydrophilic outer surface for CD-LHNPs
compared to that of LHNPs.
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Table 1. Elemental distribution of LHNPs and CD-LHNPs, and their outer surfaces.

Samples Surface Elemental Composition (%)

C% O% N% O/C Ratio C–C C–N C–O C=O

LHNPs 82.96 15.9 1.13 0.19 68. 82 0 29.55 1.64
CD-LHNPs 78.62 18.7 2.69 0.23 43. 93 20.96 31.23 3.88

The C1s XPS spectra for lignin-based nanoparticles are shown in Figure 4B,C. After the grafting of
β-cyclodextrin onto EHL, a new peak corresponding to the carbon atoms for C–N (C1s at 285.52 eV)
was observed. As shown in Table 1, the proportion of carbon without oxidization (C–C, C–H; 284.8 eV)
decreased from 68.82% (LHNPs) to 43.93% (CD-LHNPs). At the same time, the alcohol content (C–OH,
286.14 eV) increased from 29.55% (LHNPs) to 31.23% (CD-LHNPs). Accordingly, compared with
LHNPs, the surface of the CD-LHNPs is more hydrophilic, consistent with the contact angle test results.

3.3. Space Structure Performance Characteristics of LHNPs

Nitrogen adsorption–desorption curves of EHL, LHNPs, and CD-LHNPs were determined and
are shown in Figure 5A. The inset shows the pore size distribution as measured by DFT. The curve
type is Brunauer IV [32]. The pore size ranged between 1 nm and 6 nm, indicating a microporous
or mesoporous material. The specific surface areas and pore volumes for EHL and LHNPs were
determined and are shown in Figure 5B. After self-assembly into particles, the specific surface area
and pore volume increased significantly. The specific surface area and pore volume in CD-LHNPs
were 64.51 m2 g−1 and 0.20 cm3 g−1, respectively, while those of LHNPs were 49.37 m2 g−1 and
0.155 cm3 g−1, respectively. Nanospheres of β-CD-modified EHL show 23% and 22% higher values
than those prepared from pure EHL, indicating that β-CD significantly expands the spatial network
in LHNPs.
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Figure 5. (A) Nitrogen sorption isotherms of EHL, LHNPs and CD-LHNPs; (B) surface area and
pore volume.

To further evaluate the stability of LHNPs under physiological pH, changes of average size, PDI,
and zeta potential were measured in a phosphate-buffered saline (PBS; pH 7.4) after incubation at 37 ◦C
for 6 days. The average sizes of the two kinds of nanoparticles remained constant during incubation
(Figure S2A). As shown in Figure S2B, the PDI value of CD-LHNPs remained stable, and that of LHNPs
changed slightly. Slight fluctuations in zeta potential were observed over time (Figure S2C), which
may suggest that PBS was adsorbed by surface nanoparticles. This result indicates that LHNPs have
high colloidal stability in PBS, without aggregation, for up to 6 days.
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3.4. Encapsulation and Sustained-Release Capacity of CD-LHNPs

Table 2 shows the measured encapsulation efficiency (EE) and drug loading (DL) for the
two nanoparticles. Lignin-based nanoparticles show good drug encapsulation capabilities for the
hydrophobic camptothecin, and drug loading increased with drug content. For m0/m of about 40%,
the drug loading and encapsulation efficiency were relatively high. The loading efficiency of CD-LHNPs
was greater than that of LHNPs because the specific surface area and the porosity values for CD-LHNPs
were larger than those of LHNPs.

Table 2. Variation of drug loading and encapsulation in LHNPs and CD-LHNPs with m0/m.

Sample LHNPs CD-LHNPs

m0/m EE (%) DL (%) EE (%) DL (%)

10% 58.6 ± 5 5.54 ± 0.3 82.4 ± 3 7.61 ± 1
20% 59.4 ± 7 10.62 ± 0.7 78.5 ± 5 13.57 ± 2
40% 51.1 ± 7 16.97 ± 0.9 70.6 ± 9 22.02 ± 2
60% 40.5 ± 11 19.55 ± 0.7 54.8 ± 9 24.76 ± 2

Note: m0 is the mass of hydroxycamptothecin (HCPT) (mg), m is the mass of EHL (mg).

To test the ability of these particles to function in more physiological conditions, we simulated
a tumor or intracellular microenvironment (pH: 5.5) and a physiological (pH: 7.4) environment.
Two buffer solutions were selected as release media, enabling the evaluation of drug release at 37 ◦C
from HCPT@LHNPs and HCPT@CD-LHNPs. As shown in Figure 6, the release curves for the two
kinds of nanoparticles show significant sustained-release potential. HCPT@CD-LHNPs possessed
more β-CD molecules with specific sites interacting with HCPT, resulting in a lower burst release (insert
B in Figure 6). At pH 7.4, the accumulated release rates of HCPT@LHNPs and HCPT@CD-LHNPs after
60 h were 47.2% and 32.7%, respectively. Under acidic conditions, 61.4% and 41.7% HCPT releases
were obtained. This result indicated that at pH 7.4, the two nanoparticles show slower HCPT release
rates. Overall, although both kinds of nanoparticles can control the release of HCPT, the synergistic
effect of HCPT@CD-LHNPs was superior to that of LHNPs due to the use of β-CD.
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3.5. In Vitro Cytotoxicity Studies 

The data in Figure 7A illustrate that when the concentration of particles was increased to 150 
μg/mL, the survival rate of HeLa cells after 48 h was still higher than 95%. Overall, cyclodextrin was 
demonstrated to be an oligosaccharide with excellent biocompatibility and biodegradability. The 
results suggested that LHNPs would not impact the growth of HeLa cells. 

As shown in Figure 7B, free HCPT, HCPT@LHNPs, and HCPT@CD-LHNPs were evaluated for 
toxicity against HeLa cells. The results indicated that free HCPT and drug-loaded nanoparticles both 
inhibit the growth of HeLa cells. The survival rate of cells increased as the HCPT concentration 
decreased. However, compared with free HCPT, the toxicity of HCPT-loaded nanoparticles was 
significantly reduced. The small, free molecules passed through cell membranes more easily and 
entered the cells. The drug-loaded nanoparticles were taken up by cells and then the drug had to be 
released from the particles to have an effect. With their superior sustained-release capacity compared 
to LHNPs, the toxicity of CD-LHNPs in HCPT@CD-LHNPs was lower, at the same incubation time 
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3.5. In Vitro Cytotoxicity Studies

The data in Figure 7A illustrate that when the concentration of particles was increased to
150 µg/mL, the survival rate of HeLa cells after 48 h was still higher than 95%. Overall, cyclodextrin
was demonstrated to be an oligosaccharide with excellent biocompatibility and biodegradability.
The results suggested that LHNPs would not impact the growth of HeLa cells.
and concentration, than that of LHNPs in HCPT@LHNPs. This result was consistent with that of the 
release curve. 

  
Figure 7. Viability of HeLa cells after 48 h incubation at 37 °C. (A) LHNPs and CD-LHNPs at different 
concentrations; (B) Free HCPT, HCPT@LHNPs and HCPT@CD-LHNPs. 

4. Conclusions 

In this study, silanization, sulfonylation, and molecular self-assembly were used to prepare 
lignin-based nanoparticles (LHNPs and CD-LHNPs) with efficient encapsulation and good capacity 
for sustained-release medication delivery. The size of the nanoparticles was about 200 nm, and the 
structure and performance of the prepared particles remained stable in PBS (pH: 7.4) for 6 days. 

CD-EHL is formed by conjugating β-cyclodextrin (β-CD) with enzymatic-hydrolysis lignin 
(EHL). The prepared CD-LHNPs exhibited a higher specific surface area and porosity and better 
encapsulation capability compared to LHNPs. 

Compared to LHNPs, more specific sites of CD-LHNPs interact with drug molecules, resulting 
in good sustained-release capacity. The experimental results show that the conjugation of β-
cyclodextrin does not alter the low cytotoxicity of lignin nanoparticles. Additionally, the enhanced 
hydrophilic surface promotes the circulation of nanoparticles in blood. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: Surface 
water contact angle of the films prepared with LHNPs and CD-LHNPs. Figure S2: The stability of LHNPs and 
CD-LHNPs in PBS (pH 7.4) at 37 °C. (A) Average size, (B) PDI, (C) Zeta.  
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As shown in Figure 7B, free HCPT, HCPT@LHNPs, and HCPT@CD-LHNPs were evaluated
for toxicity against HeLa cells. The results indicated that free HCPT and drug-loaded nanoparticles
both inhibit the growth of HeLa cells. The survival rate of cells increased as the HCPT concentration
decreased. However, compared with free HCPT, the toxicity of HCPT-loaded nanoparticles was
significantly reduced. The small, free molecules passed through cell membranes more easily and
entered the cells. The drug-loaded nanoparticles were taken up by cells and then the drug had to be
released from the particles to have an effect. With their superior sustained-release capacity compared
to LHNPs, the toxicity of CD-LHNPs in HCPT@CD-LHNPs was lower, at the same incubation time
and concentration, than that of LHNPs in HCPT@LHNPs. This result was consistent with that of the
release curve.

4. Conclusions

In this study, silanization, sulfonylation, and molecular self-assembly were used to prepare
lignin-based nanoparticles (LHNPs and CD-LHNPs) with efficient encapsulation and good capacity
for sustained-release medication delivery. The size of the nanoparticles was about 200 nm, and the
structure and performance of the prepared particles remained stable in PBS (pH: 7.4) for 6 days.

CD-EHL is formed by conjugating β-cyclodextrin (β-CD) with enzymatic-hydrolysis lignin (EHL).
The prepared CD-LHNPs exhibited a higher specific surface area and porosity and better encapsulation
capability compared to LHNPs.

Compared to LHNPs, more specific sites of CD-LHNPs interact with drug molecules, resulting in
good sustained-release capacity. The experimental results show that the conjugation of β-cyclodextrin
does not alter the low cytotoxicity of lignin nanoparticles. Additionally, the enhanced hydrophilic
surface promotes the circulation of nanoparticles in blood.
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