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ABSTRACT: Serious lung diseases and other health problems
caused by tobacco consumption are becoming more and more
prominent all over the world. Scavenging the excessive harmful free
radicals in cigarette smoke is proven to be an effective method in
reducing the above problems. Carbon-based nanozymes have been
widely studied due to their ability of scavenging free radicals.
Accordingly, the biochar derived from silkworm excrement was
reported as a nanozyme with free radical scavenging ability. The
biochar nanozyme calcination at 900 °C with better free radical
scavenging abilities was loaded into commercial cigarette filters for
the following free radical scavenging verification in tobacco smoke.
Mouse model results reveal the lung tissue could be improved by
the addition of biochar nanozyme. This work not only provides an
effective approach to reduce the harm caused by tobacco but also provides potential applications to rationally realize low-cost, ease
of production, and a wide variety of biochar sources.
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1. INTRODUCTION

Epidemiological and clinical studies have shown that smokers
are more likely to suffer from lung cancers, chronic obstructive
pulmonary disease (COPD), and other respiratory diseases
compared with nonsmokers.1−3 Yet, smokers still account for a
large proportion of the population worldwide.4 During the
process of smoke passing through a cigarette into the lungs,
harmful substances, such as free radicals (a class of highly
reactive oxidants containing reactive oxygen species (ROS),
reactive nitrogen species (RNS), and alkyl radicals, etc.),
generated and further induced oxidative stress, respiratory
system damage, and various diseases.5−7

To guard against the oxidant byproducts, antioxidant
therapy has been applied in the treatment of COPD and
other lung diseases caused by smoking.8,9 In typical antioxidant
therapy, antioxidants (e.g., polyphenols, glutathione, and
vitamin C) are administered to prevent oxidative stress by
scavenging free radicals and relieving the corresponding
harmful effects. However, it is better to scavenge the vapor-
phase free radicals in cigarette smoke before they enter and
damage the lungs instead of repairing the already damaged
lung tissue. We reason that if the vapor-phase free radicals in
cigarette smoke could be scavenged by antioxidants when they
pass through the cigarette filter, the damage could be
effectively avoided from the radicals.

In this regard, we designed a cigarette filter with multiradical
scavenging abilities. More importantly, we embed nanozymes,
nanomaterials with enzyme-like characteristics, inside the
cigarette filter. Nanozymes possess superiority over either
antioxidants or natural enzymes.10−17 For one thing, the
commonly used antioxidants in typical antioxidant therapy are
consumable and suffer from a fixed stoichiometric antioxidant
capacity. For another, the complex composition of radicals
requires good negotiation between several antioxidant
enzymes, increasing the cost. Also, the heat of burning
threatens the structure stability of enzymes and therefore
breaks the sustainable process of scavenging radicals. So far, a
variety of nanomaterials have been discovered to possess
inherent enzymatic catalytic properties, such as noble metals,
metal oxides, metal−organic frameworks, and carbon.18−25

Despite this promise, very few studies have been carried out to
load nanozymes in a cigarette filter for scavenging ROS free
radicals in cigarette smoke.26−28 In addition, the RNS
scavenging activity of nanozymes has not been paid enough
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attention yet. Moreover, huge cigarette consumption means
the cost of loaded nanozyme must be economical, and the
production process must be facile. Carbon nanozymes have
been proven to have excellent antioxidant capacity and are
used in lots of antioxidant therapy.29−38 Among the numerous
materials to produce carbon nanozymes, biochar has the
advantages of low cost, ease of production, and environmental
friendliness.39 As a natural resource, silkworm excrement (SE)
is an abundant byproduct in the silk industry with an annual
output of more than 5 million tons. SE could be used to
produce biochar by pyrolysis at high temperature.40,41 Biochar-
based nanozymes have not been explored to scavenge free
radicals for therapies.
In this work, we reported a calcined SE nanozyme, which

simultaneously exhibited superoxide dismutase (SOD)-like
activity, catalase-like activity, and nitric oxide free radical
(NO•) scavenging ability. These synergistic free radical
scavenging capabilities combine the advantages as a biochar
endowed SE nanozyme as a promising antioxidant to be loaded
into cigarette filters. Moreover, biochar prepared through
biomass pyrolysis endowed it with high thermal stability.
Cellular and animal models showed that the biochar nanozyme
loaded cigarette filter effectively protected lung tissues from
vapor-phase free radicals in cigarette smoke.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Reagents. Potassium permanganate

(KMnO4), sulfuric acid (H2SO4), nitric acid (HNO3), phosphoric
acid (H3PO4), sodium hydroxide (NaOH), sulfanilic acid, 1-
naphthylamine, sodium nitrite (NaNO2), and hydrogen peroxidase
(H2O2, 30%) were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China). Nitro blue tetrazolium (NBT) and riboflavin
were purchased from Sigma-Aldrich (St. Louis, USA). 4,5-
Diaminofluorescein diacetate (DAF) was obtained from Adipogen
Life Sciences (San Diego, USA). Glutathione (GSH) was obtained
from Aladdin (Shanghai, China). All chemical reagents were used as
received without further purification. All aqueous solutions used in
the experiments were prepared with deionized water (18.2 MΩ·cm,
Millipore).
2.2. Instrumentation. SEM images were obtained from an Ultra

55 (Zeiss, Germany) field emission scanning electron microscope
(FE-SEM). TEM images were recorded on a JEM-2100 (JEOL,
Japan) transmission electron microscope at an acceleration voltage of
200 kV. All the XRD data were recorded with 2 °/min on a
diffractometer (Rigaku Ultima III, Japan) using Cu Kα radiation. XPS
spectra were collected by a PHI 5000 Versa Probe XPS microscope
(Ulvac-Phi, Japan). Thermogravimetric analysis (TGA) was per-
formed on an STA 449 F3 Jupiter apparatus (Netzsch, Germany)
with a heating rate of 10 °C/min. Raman spectra were recorded using
an inVia (Renishaw, Britain) Raman spectrometer. FT-IR spectra
were recorded on a NEXUS-870 IR-spectrometer (Nicolet, USA).
Fluorescence spectra were obtained on a Hitachi F-4600 spectrometer
(Hitachi, Japan). 1H NMR spectra were obtained on a Bruker AM400
spectrometer (Bruker, Germany), and UV−vis spectra were obtained
on a Cary UV−vis 100 spectrometer (Agilent, USA). Absorbance was
recorded on a SpectraMax M2e microplate reader (Molecular Device,
USA). The cell images were recorded on a BX53 fluorescence
microscope (Olympus, Japan).
2.3. Collection of Silkworm Excrement (SE). Fresh SE was

collected from silkworms we raised. Because the SE was usually mixed
with leaf residues, we removed leaf residues and other impurities.
After drying in a 60 °C oven, raw SE was obtained.
2.4. Preparation of Calcined SE. Typically, 100 mg of raw SE

was placed in a crucible. Then, this covered crucible was placed in the
center of a tube furnace and calcined at 600, 700, 800, and 900 °C for
2 h respectively under argon flow with a heating rate of 10 °C/min.
After cooling, the calcined SE was obtained.

2.5. SOD-like Activity of Calcined SE. The O2
•− was generated

by irradiating riboflavin. For the comparison of SE calcined at
different temperatures, riboflavin (1.2 mM), EDTA (0.1 M), 80 μL of
different calcined SE samples (1 mg/mL), and NBT (0.1 mg/mL)
were mixed in PBS buffer (10 mM, pH 7.4). The mixed solutions
were then irradiated by a LED lamp (27 W) for 5 min.42 The
absorbance at 560 nm of the mixed solutions was then recorded by
using a microplate reader. For the dose-dependent study, 20, 50, 80,
100, and 160 μL of SE900 was applied.

2.6. Catalase-like Activity of Calcined SE. For the comparison
of SE calcined at different temperatures, 20 μL of different calcined
SE samples (1 mg/mL) and H2O2 were added to PBS buffer (10 mM,
pH 7.4) together. The final concentration of H2O2 applied in this
work was 2 mM. After coincubation for 3 h at 37 °C, H2SO4 (4.5 M)
and KMnO4 (3.2 mM) were add to the above mixture; then, the
absorbance at 525 nm was measured on a microplate reader. For the
dose-dependent study, 5, 10, 20, 50, and 100 μL of SE900 was
applied, and the reaction time was 30 min.

2.7. Nitric Oxide Free Radical Scavenging Activity of
Calcined SE. GSNO was synthesized as described.43 For the
comparison of SE calcined at different temperatures, 50 μL of
different calcined SE samples (1 mg/mL) and 100 μL of GSNO (0.1
mM) were added to PBS buffer (10 mM, pH 7.4); then, 1 μL of DAF
(10 mM) was added into the mixture above immediately. After the
reaction in the dark for 1 min, fluorescence spectra were measured
under excitation at 495 nm. For the dose-dependent study, 20, 50,
100, and 150 μL of SE900 were applied.

2.8. Free Radical Scavenging in Cigarette Smoke. SE900
loaded cigarettes were prepared according to the method reported.27

All the cigarettes in this work were Golden Dragon from Wuhan
Tobacco Group. First, one-quarter of a cellulose acetate fiber was
removed, and 50 mg of SE900 without grinding was placed into the
original place. The H2O2 scavenging experiments were tested by the
method mentioned above, and the absorbance of acid KMnO4 (3.2
mM) was used for evaluating the H2O2 scavenging activity. NBT (0.1
mg/mL) in PBS buffer (10 mM, pH 7.4) was used for determining
the levels of O2

•−. Saltzman reagent,44 containing phosphoric acid
(H3PO4), sulfanilic acid, and 1-naphthylamine, was used to detect
NO• specifically.

2.9. Cytotoxicity Assay. The mouse lung epithelial cell line was a
gift from the Medical School of Nanjing University. The cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 0.1 mg/mL of
streptomycin, and 100 U/mL of penicillin at 37 °C in an incubator
supplied with a humidified atmosphere of 5% CO2. CSE of each
group was obtained by the setup in Figure 3a. Different
concentrations of CSE (0.2, 2, and 20%) were used to coincubate
with the mouse lung epithelial cell line for 2 h. After the coincubation,
a CCK-8 assay was carried out to evaluate the cell viability. For live/
dead staining, the CSE concentration was 10%. Typically, 2 μM
calcein-AM (green) and 4 μM PI (red) were added to each group and
incubated in the dark for 20 min. The stained cells were observed
using a fluorescence microscope.

2.10. In Vivo Smoking Model and H&E Staining. All animal
studies were performed under a protocol approved by the Animal
Ethics Committee of Nanjing Drum Tower Hospital. ICR male mice
(6−8 weeks old) were used in the smoking model. With the smoking
system in Figure S9 (in the SI), after being placed into the container,
mice were exposed to three cigarettes one time on three successive
days. The flow rate was controlled at 0.2 L/min. In a control study,
the normal mice were kept in a smoke-free environment. After the
sacrifice of all the mice, the lung tissues were fixed with 4%
paraformaldehyde and embedded in paraffin for H&E staining. The
stained lung tissues were observed with optical microscopy.

2.11. Cytokine Determination with an ELISA Kit Assay. The
lung tissues from each group were frozen and stored at −80 °C until
the assays. Lung homogenates were prepared according to the
protocols of different assays. The expression levels of TNF-α, IL-1β,
IL-10, and TGF-β1 were measured with a corresponding commercial
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ELISA kit (Neobioscience, China) according to the manufacturer’s
protocols, respectively.

3. RESULTS AND DISCUSSION
3.1. Calcined SE Preparation and Characterization. As

shown in Scheme 1, fresh SE was collected from silkworms we

raised. In a typical process, the raw SE was obtained after
removing the leaf residue and drying. The raw SE was then
calcined in argon atmosphere at different temperatures (i.e.,
600, 700, 800, and 900 °C) to prepare the biochar nanozymes.
The calcined SE was denoted as SE600, SE700, SE800, and
SE900. The four calcination temperatures were selected
according to the quantitative thermogravimetric analysis
(TGA) (Figure S1, in Supporting Information (SI)). At the
temperatures higher than 900 °C, the mass loss was too great.
The morphology of the obtained biochar was investigated by

scanning electron microscope (SEM) and transmission
electron microscope (TEM). As shown in Figure 1a, the
unique hierarchical porous structure of the raw SE (Figure S2,
in the SI) was retained in SE900. The retained morphology
during the calcination process could be attributed to the
CaCO3 and SiO2 in raw SE, which would maintain the three-
dimensional (3D) structure. It is worth noting that SE900

consisted of a very thin nanosheet structure confirmed by
TEM (Figure 1b), which was formed by the raw SE biomass
carbonization. The morphology of other calcined SE showed
very similar results as that of SE900 (Figures S3 and S4, in the
SI).
The 3D structure was further studied by the Brunauer−

Emmett−Teller (BET) method, and the comparison of N2
adsorption/desorption isotherm curves and the specific surface
area (SBET) results are displayed in Figure 1c. The SBET of these
samples was 13.32, 35.74, 231.89, and 266.05 m2/g,
respectively. As the calcination temperature increases, the
SBET of SE also increases. The higher SBET of SE900 endowed
more active sites, which would benefit the free radical
scavenging in cigarette smoke.
In the X-ray diffraction (XRD) pattern (Figure 1d), the

characteristic peaks of calcite (CaCO3) at 2θ = 23.05, 29.40,
39.41, 56.56° and others were observed in all four samples. In
SE900, the characteristic peak of calcium oxide (CaO)
appeared because of the CaCO3 decomposition. The CaCO3
in SE900 played an important role in maintaining the structure.
To confirm the existence of biochar in calcined SE, we etched
the calcined SE using HNO3 and NaOH. The four calcined SE
samples after etching were characterized by XRD (Figure S5,
in the SI) again, and the diffraction peaks around 26 and 42°
confirmed the presence of the biochar.45,46

To investigate the chemical configuration of carbon
elements, Raman spectra, X-ray photoelectron spectroscopy
(XPS) spectra, and Fourier transform infrared spectroscopy
(FT-IR) spectra were collected. It is known that the intensity
ratio of peaks around 1360 and 1580 cm−1 (ID/IG) is
correlated with the disorder degree of carbon materials.46 In
Figure 1e, the calculated ID/IG ratios of the four calcined SE
samples were 1.48, 1.33, 0.98, and 1.42, respectively. The
disorder degree of the calcined SE decreased before the
CaCO3 decomposition at 900 °C. In the carbonization process
of raw SE, the carbonization degree gradually increased, with
the defects gradually decreasing. When the CaCO3 was
decomposed, the 3D structure would start to collapse, and
the ID/IG value (disorder degree) increased to 1.42. In Figure
S6 (in the SI), the XPS survey spectra of the samples showed

Scheme 1. Biochar Nanozyme Derived from Silkworm
Excrement for Scavenging Free Radicals of Cigarette Smoke

Figure 1. Structural characterization of the raw and calcined silkworm excrement (SE). (a) SEM and (b) TEM images of SE calcined at 900 °C
(SE900). (Inset of a: magnified images; scale bar: 5 μm). (c) N2 adsorption−desorption isotherm curves, (d) PXRD patterns, (e) Raman spectra,
and (f) C 1s XPS spectra of SE calcined at different temperatures (600, 700, 800, and 900 °C).
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obvious peaks of C 1s, Ca 2p, and O 1s, consistent with the
results obtained by XRD. The high-resolution C 1s XPS
spectra (Figure 1f) showed that the carbon element consisted
of six main fitting components, C−C, C=C, C−O, C−O−Ca,
C−CO3, and −COOH moieties. The binding energy of C−C/
C=C and C−O (Table S1, in the SI) increased with the
elevation of temperature, which accounts for the increasing
carbonization degree. In the FT-IR spectra (Figure S7, in the
SI), the similar C−O and O−H stretching vibration and
bending vibration were observed in all four samples.
3.2. Free Radical Scavenging Properties of Calcined

SE. To investigate the free radical scavenging properties of
calcined SE, we selected two representative ROS (H2O2 and

O2
•−) and one representative RNS (NO•).47 Correspondingly,

we investigated the enzyme-like activities, including the
catalase-like activity, SOD-like activity, and NO• scavenging
activity. In the SOD-like activity assay, nitro blue tetrazolium
(NBT) was used to evaluate O2

•− (generated from the
irradiation of riboflavin) scavenging activity.42 Because the
violet KMnO4 in acid conditions would be reduced to colorless
species by H2O2, we used this method to evaluate the catalase-
like activity of calcined SE.48 To assess the NO• scavenging
capability of calcined SE, S-nitroso-glutathione (GSNO), a
precursor which could release NO• gradually, was used to
generate NO•.49 The synthesis of GSNO was confirmed by
400 MHz 1H nuclear magnetic resonance (NMR) spectra

Figure 2. Free radical scavenging properties of calcined SE. (a,d) H2O2 scavenging catalyzed by the catalase-like activity of indicated materials.
(b,e) O2

•− elimination catalyzed by the SOD-like activity of indicated materials. (c,f) NO• elimination catalyzed by NO• scavenging activity of
indicated materials. Data are presented as mean ± standard error of the mean (n = 3).

Figure 3. Effective free radical scavenging in cigarette smoke by an SE900 loaded cigarette filter. (a) Schematic of the setup to test the level of free
radicals in cigarette smoke extract. (b) Absorption spectra of KMnO4, the H2O2 indicator, under indicated conditions. (c) Absorption spectra of
NBT, the O2

•− probe, under indicated conditions. (d) Absorption spectra of Saltzman reagent, the NO• probe, under indicated conditions.
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(Figure S8, in the SI).43 The fluorescence intensity changes of
4,5-diaminofluorescein diacetate (DAF, a probe that could
specifically detect NO•) were used to evaluate the NO•

scavenging activity.50 As shown in Figure 2a−c, SE900
exhibited the highest free radical scavenging activities over
the other SE samples, both for ROS and RNS. We inferred the
highest activities of SE900 may originate from the higher
carbonization and disorder degree, confirmed by the XPS
(higher binding energy of C−C/C=C) and Raman results,
caused by higher temperature. Moreover, the higher surface
area of SE900 supports more active sites to scavenge free
radicals. As shown in Figure 2d−f, the curves showed a positive
correlation between the three kinds of radical scavenging
activities and the concentrations of SE900.

3.3. Free Radical Scavenging in Cigarette Smoke by
an SE900 Nanozyme Loaded Filter. To investigate the free
scavenging efficiency in cigarette smoke, we prepared cigarettes
with SE900 nanozyme loaded filters. We then collected the
cigarette smoke extract (CSE).51 As shown in Figure 3a, the
homemade setup was used to simulate the process of smoking.
The tar, nicotine, and particulate matter that would interfere
with the detection of indicators were adsorbed by the
Cambridge filter shown in Figure 3a.52 After passing through
the Cambridge filter, the vapor-phase free radicals in a cigarette
would dissolve into the buffer solution containing free radical
indicators. The acid KMnO4 and NBT were placed into the
tube which contained the CSE inhaled by an air extractor to
evaluate the levels of H2O2 and O2

•−. To exclude the
interference of another RNS, the nitrogen dioxide radical

Figure 4. Scavenging free radicals of cigarette smoke for cell protection. (a) Cytotoxicity of cigarette smoke extract (CSE) produced with a normal
cigarette and a cigarette loaded with SE900 (20, 2, 0.2%: concentrations of CSE). Data are presented as mean ± standard error of the mean (n = 5).
(b) Dead−live staining of a mouse lung epithelial cell line treated with CSE (10%) produced with a normal cigarette and a cigarette loaded with
SE900 as well as a normally cultured cell line (without a cigarette). (Scale bars: 200 μm.)

Figure 5. Scavenging free radicals of cigarette smoke to minimize the cigarette-smoke-induced lung injury in a mouse model. H&E staining of lung
tissues of mice treated with (a) an SE900 loaded cigarette and (b) without SE900 (normal cigarette) as well as (c) normal mice (without cigarette
smoke). (Scale bar: 100 μm.) Levels of (d) TNF-α, (e) IL-1β, (f) IL-10, and (g) TFG-β1 in the lung tissues of mice under different treatments.
Data are presented as mean ± standard error of the mean (n = 5).
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(NO2
•), the CrO3 oxidation tube, and another tube containing

Saltzman reagent were added between the original tube and
the air extractor. The knob on an air extractor could adjust the
flow rate of cigarette smoke to control the same concentration
of CSE in each group. As shown in Figure 3b−d, three kinds of
free radicals (i.e., H2O2, O2

•−, and NO•) in cigarette smoke
were scavenged effectively by the SE900 biochar nanozyme
loaded in filter.
3.4. SE900 Nanozyme Protected Cells from Cigarette

Smoke in Vitro. To investigate the effects of SE900 on free
radicals in cigarette-smoke-induced cell death in vitro, a mouse
lung epithelial cell line was cultured with CSE. The CSE of the
cigarette whose filter was loaded with SE900 and the
conventional one was collected with the same method
mentioned above. Using the Cell Counting Kit-8 (CCK-8)
assay, it was found that the SE900 group had better cell
viability than the conventional cigarette group at all the CSE
concentrations (20, 10, and 2%) (Figure 4a).
To confirm the above results, we performed live/dead

staining to observe cells treated with different CSE
concentrations and normal cells. The cells were stained by
calcein-AM and propidium iodide (PI) double-staining to
distinguish live and dead cells (Figure 4b). In the SE900
loaded cigarette group, the ratio of dead cells was lower than
that of the conventional cigarette group, which showed that the
SE900 loaded cigarette filter could protect lung tissue from free
radicals in cigarette smoke.
3.5. SE900 Nanozyme Protected Lung Tissue from

Cigarette Smoke in Vivo. Based on the excellent antioxidant
properties and the cellular experiments results in vitro, we
advanced to an in vivo passive smoking model to investigate
the effect of the cigarette loaded with SE900. As shown in
Figure S9 (in the SI), a smoking system was constructed by a
sealed container equipped with a homemade air extractor.27

After mice were placed into the smoking system, cigarette
smoke passed through the filter with or without SE900 being
channeled into the container. Mice were sacrificed after the
consecutive exposure to cigarette smoke for 3 days, and the
entire lungs were collected for the following hematoxylin and
eosin (H&E) staining and enzyme linked immunosorbent
assay (ELISA) analysis. As shown in Figure 5a−c, compared
with the group without SE900, the group with the SE900
loaded filter showed decreased inflammatory cell infiltration to
a normal thickness of bronchi capillary walls and a nearly
normal histological microstructure. These results indicated the
SE900 nanozyme could effectively alleviate lung tissue damage
by scavenging the free radicals in cigarette smoke.
Furthermore, the expression levels of tumor necrosis factor
(TNF)-α, interleukin (IL)-1β, IL-10, and transforming growth
factor (TGF)-β1 in lung tissue were evaluated by ELISA. As
shown in Figure 5d,e, the decreased levels of proinflammatory
cytokines TNF-α and IL-1β and the increased level of anti-
inflammatory cytokine IL-10 (Figure 5f) in the SE900 loaded
group indicated that SE900 could protect lung tissues from
oxidative stress by regulating the levels of inflammatory
cytokines.53−55 Additionally, the levels of TGF-β1 (Figure
5g) were also upregulated because of the SE900 loaded in the
filter, suggesting a better tissue repair potential of mice in the
SE900 loaded group.56 The above results demonstrated that
SE900 could alleviate oxidative stress by scavenging free
radicals and regulating the levels of inflammatory-related
cytokines in the lungs of mice exposed to cigarette smoke. The

comparison with previous nanozymes used in cigarette filter is
listed in Table S2.

4. CONCLUSIONS
In conclusion, we demonstrated a biochar nanozyme derived
from silkworm excrement. The biochar nanozyme has been
proved to possess antioxidant properties of scavenging excess
free radicals including ROS and RNS. Further, both the in vitro
and in vivo experiments demonstrated the obtained biochar
nanozyme loaded in a cigarette filter could effectively protect
the lung tissue of mice exposed to cigarette smoke. This work
not only demonstrated a potent biochar nanozyme to protect
lung tissue from cigarette smoke but also provided new scenes
to rationally utilize biowaste resources.
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