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Abstract

Background: Non-Hodgkin's lymphoma (NHL) is a malignant disease of lymphoid tissue. At present, chemotherapy
is still the main method for the treatment of NHL. R-CHOP can significantly improve the survival rate of patients.
Unfortunately, DOX is the main cytotoxic drug in R-CHOP and it can lead to adverse reactions. Therefore, it is particu-
larly important to uncover new treatment options for NHL.

Results: In this study, a novel anti-tumor nanoparticle complex Nm@MSNs-DOX/SM was designed and constructed
in this study. Mesoporous silica nanoparticles (MSNs) loaded with Doxorubicin (DOX) and anti-inflammatory drugs
Shanzhiside methylester (SM) were used as the core of nanoparticles. Neutrophil membrane (Nm) can be coated with
multiple nanonuclei as a shell. DOX combined with SM can enhance the anti-tumor effect, and induce apoptosis of
lymphoma cells and inhibit the expression of inflammatory factors related to tumorigenesis depending on the regula-
tion of Bcl-2 family-mediated mitochondrial pathways, such as TNF-a and IL-13. Consequently, the tumor microenvi-
ronment (TME) was reshaped, and the anti-tumor effect of DOX was amplified. Besides, Nm has good biocompatibil-
ity and can enhance the EPR effect of Nm@MSNs-DOX/SM and increase the effect of active targeting tumors.

Conclusions: This suggests that the Nm-modified drug delivery system Nm@MSNs-DOX/SM is a promising targeted
chemotherapy and anti-inflammatory therapy nanocomplex, and may be employed as a specific and efficient anti-
Lymphoma therapy.
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Background
Non-Hodgkin’s lymphoma (NHL) is a malignant disease
of lymphoid tissue [1]. At present, chemotherapy is still
the main method for the treatment of NHL [2]. Rituxi-
mab combined with cyclophosphamide, doxorubicin,
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cardiotoxicity due to short half-life and non-specific
distribution, limiting its clinical application [4]. Given
these problems, nano-materials are loaded with chem-
otherapeutic drugs to improve the bioavailability of
drugs and reduce the side effects of drugs [5]. There-
fore, many different types of nanocarriers have been
developed, such as inorganic mesoporous silica, quan-
tum dots, metal nanoparticles, and liposomes [6].

With the development of nanotechnology, the nano-
drug delivery system has been more and more widely
used in tumor therapy, with great advantages [7, 8]. Sil-
icon dioxide, which is broadly distributed in nature and
has good compatibility, has been widely used in various
cosmetics and some food additives [9]. Silica nanopar-
ticles are one of the commonly used nanomaterials in
industry, engineering, and biomedicine [10]. Among all
the available nanomaterials, Mesoporous silica nano-
particles (MSNs) have attracted wide attention owing
to good biocompatibility [11], high stability, adjustable
pore structure, large loading, and easy surface func-
tionalization [12, 13]. As an effective drug delivery sys-
tem, MSNs have been used to treat various tumors [14,
15].

Inflammation plays a role in different stages of tumor
development and has become the main marker of
tumor [16]. In the inflammatory microenvironment of
tumor, immune cells can release inflammatory factors
such as TNF-a and IL-1p after immune cell infiltration
[17], promote tumorigenesis, invasion and metastasis
[18, 19]. Inflammation suppresses immune surveillance
and immune regulation of the tumor, contributing to
reducing the immune response of the host to the tumor
[20]. Dead cells after DOX chemotherapy can stimulate
immune cells to activate the inflammatory effect and
further enhance tumor drug resistance, though nano-
drugs can reduce the toxic and side effects caused by
free drugs [21]. Since these factors can promote inflam-
mation, failure of chemotherapy results in tumor recur-
rence [22]. Therefore, the combination of drugs and
anti-inflammatory therapy is a promising anti-tumor
strategy.

Shanzhiside methylester (SM) is a traditional Chinese
medicine extracted from unique flavor containing iri-
doid glycosides [23]. Recent studies have revealed that
SM attenuates cerebral ischemia—reperfusion injury in
diabetic rats through an anti-inflammatory mechanism
[24]. SM presents a significant anti-anxiety effect by
regulating excitatory/inhibitory synaptic transmission
and reducing the inflammatory response of basolateral
amygdala [25]. Moreover, SM may block myocardial
inflammatory cascade by inhibiting the NF-kB signal
pathway, protecting myocardium from ischemic injury

Page 2 of 19

[26]. Therefore, SM may be an ideal natural compound
to inhibit inflammation. However, no nano-carrier has
been demonstrated to be loaded with both SM and
DOX for anti-inflammatory and anti-tumor therapy.

Nano-drugs are easily scavenged by the reticuloen-
dothelial system when entering the body as the exog-
enous substances [27]. However, an increasing number
of studies found that biomimetic cell membrane-coated
nano drug delivery systems can solve the mentioned
problem. Hu et al. [28] developed a core—shell nano-
carrier coated with platelet membrane for the targeted
and site-specific delivery of extracellular active drugs
and intracellular functional small molecule drugs,
which could enhance antitumor efficacy. The research
team developed a platelet membrane-coated biomi-
metic nanocarrier capable of sequentially targeting
the bone microenvironment and myeloma cells, which
could inhibit multiple myeloma growth and eradicate
thrombotic complications [29]. Cai et al. [30] reassem-
bled 89Zr-labeled cancer cell membranes into multi-
compartment membrane-derived liposomes for the
PET-trackable tumor-targeted theranostics. Therefore,
a growing number of researchers have improved the
active targeting ability of the preparation by using bio-
mimetic nanoparticles and other methods. Neutrophils
are recognized as the first responders to tissue injury,
and they play an essential role in host defense against
infection. Besides, persistent neutrophil infiltration
refers to a sign of chronic inflammation [31]. On the
whole, the tumor microenvironment is characterized
by chronic inflammation, and the tumor is considered a
“wound that will not heal” [32]. Zhang et al. [33] found
that PLGA nanoparticles camouflaged by neutrophil
membranes can neutralize inflammatory mediators to
treat chronic arthritis. Moreover, Chen et al. [34] used
neutrophil membrane coated poly (latic-co-glycolic
acid) nanoparticles to deliver carfilzomib to effectively
treat metastatic cancer. Thus, neutrophil membrane-
coated nanoparticles exhibit a strong potential to con-
struct biomimetic nano drug delivery systems.

On this basis, Nm camouflage MSNs (Nm@MSNss) as
drug carriers were constructed, loaded with DOX and
SM as anti-tumor and anti-inflammatory drugs, respec-
tively, for tumor synergistic therapy. Nm@MSNs can
evade immune recognition, accumulate in the tumor
site actively, and trigger the release of drugs in the
tumor site with the help of the weakly acidic environ-
ment of the tumor. The results demonstrated that the
combined application of DOX and SM inhibited the
inflammation of tumor microenvironment and further
enhanced the anti-tumor effect Thus, Nm@MSNs-
DOX/SM nanocomplex has high drug loading, immune
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escape, anti-inflammatory, and anti-tumor activity,
with a broad prospect of application.

Materials and methods

Materials

Mesoporous silica was purchased from nanoComposix
(USA). Shanzhiside methylester was purchased from
DESITE (China). DOX and Dialysis Membrane (2 kD)
were purchased from Solarbio (China). Cy5, Hoechst
33342, and LysoTracker Green DND-26 were purchased
from Yeasen Biotechnology (China). DSPE-PEG-FITC,
MW:2000 purchased from Ruixi Biology Co., Ltd (China).
Annexin V-FITC apoptosis detection kit was purchased
from Beyotime Biotechnology (China). ROS assay kit was
purchased from Beyotime Biotechnology (China). JC-1
MitoMP Detection Kit and cell counting kit-8 (CCK-
8) were purchased from Dojindo Laboratories (Japan).
Penicillin and streptomycin cocktail, fetal bovine serum
(FBS), and RPMI-1640 were purchased from Life Tech-
nologies (USA). Anti-Bcl-2, anti-Bax, anti-TNF-a and
anti-IL-1pB, anti-CD47, and anti-SIRPa were manufac-
tured by Cell Signaling Technology (USA). Anti-Ly6c
was purchased from Abcam (UK). TNF-a ELISA. IL-1p
ELISA was purchased from R&D Systems (China). HRP
conjugated goat anti-rabbit IgG and HRP conjugated
goat anti-mouse IgG were manufactured by Auragene
Biotech (China). TdT in situ apoptotic kit was purchased
from R&D Systems (China). Hematoxylin eosin (H&E)
and DAPI were purchased from Servicebio Technology
(China). Polycarbonate porous membrane syringe filters
(200 nm) were provided by Whatman (USA).

Cell culture and animal’s xenograft models

SU-DHL-2 cell was provided by the Cell Bank of the Chi-
nese Academy of Sciences. All the cells were cultured in
RPMI-1640 medium containing 10% fetal bovine serum
and 1% penicillin—streptomycin at 37 °C and under 5%
CO,. Six-week-old Balb/c-nude mice were purchased
from Hunan SJA Laboratory Animal Co., Ltd (China).
The lymphoma model was established by injecting
6 x 107 cells SU-DHL-2 cells in 100 pl of the complete
medium into the subcutaneous space of each mouse.

Preparation of neutrophil membrane (Nm)

Nm was obtained as previously described with minor
changes [33]. The whole blood of fresh mice was collected
and anticoagulated with EDTA. Besides, 3% gelatin saline
was mixed with the whole blood of the same volume, and
the red blood cells were deposited for 30 min. The upper
suspension was added to the centrifuge tube containing
Ficoll-Paque PLUS lymphocyte separation solution and
centrifuged for 20 min at 1200g. The supernatant was
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discarded. Then, it was washed twice with PBS (pH 7.4),
centrifugated at 800g for 5 min to discard PBS. After-
ward, 1 ml precooled double distilled water was added
to resuscitate and divide neutrophils. Additionally, ultra-
sonic treatment was performed at 42 kHz for 5 min, and
three freezing cycles were conducted (frozen at — 80 °C
for 30 min, and thawed for 30 min at room temperature).
It was centrifuged at 4 °C for 30 min (700 g x 10 min) to
collect 14,000¢ supernatant. The Nm was obtained after
discarding the supernatant and collecting precipitation.

Preparation of MSNs-DOX/SM

MSNs (5 mg), DOX (2 pumol), and SM (40 pmol) were
put into the total volume of 1 ml PBS, respectively. After
stirring for 24 h at room temperature, the free DOX and
SM were removed by dialysis. The remaining fluid after
dialysis was used to determine the concentration of DOX
and SM. Then, the encapsulation efficiency (EE) and drug
load efficiency (LE) of two drugs were calculated with the
previous method [35].

Construction of Nm@MSNs-DOX/SM

To prepare Nm@MSNs biomimetic nanoparticles, neu-
trophil membranes were mixed with MSNs in PBS at a
mass ratio of 1:1-8:1, polycarbonate membranes at 400
and 200 nm were sequentially extruded with a liposome
extruder, and the unsuccessfully loaded neutrophil mem-
branes were purified and then removed through the cen-
trifugation (10,000 x g, 10 min). In addition, the content of
membrane proteins on Nm@MSNs was determined with
a BCA kit [36] to determine the membrane-to-nucleus
mass ratio with the highest neutrophil membrane coat-
ing efficiency. Nm vesicles were mixed with equal volume
MSNs@DOX/SM and treated with ultrasound (2 min,
42 kHz, 80 W). Then, the mixture was filtered 10 times
with a 200 nm porous membrane filter. Nm@MSNs-
DOX/SM was obtained after the removal of free Nm by
centrifugation (3000 rpm, 5 min, 4 C).

Characterization of Nm@MSNs-DOX/SM

Particle size and morphology of MSNs, Nm, and Nm@
MSNs were evaluated by Tecnai G2 Spirit TEM (FEI,
USA) to confirm that the Nm wrapped on the surface of
MSNSs. The particle size distribution and Zeta potential
were determined by Zetasizer Nano ZS (Malvern Nano
series, Malvern, UK). Absorbances were determined
using UV/vis spectrometry (scandrop, Analytik Jena,
Germany). Nm proteins were identified by Silver stain-
ing [37]. Silver staining was performed with the Fast Sil-
ver Stain Kit (Beyotime, Haimen, China) as the protocol
described while MS was completed by Wininnovate Bio
(Shenzhen, China). Afterward, protein identification
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and quantification were accomplished by Proteome Dis-
coverer software (version 1.4; Thermo Fisher Scientific,
USA).

DOX and SM release features of Nm@MSNs-DOX/SM

The drug release tests were performed under pH 7.4
and pH 5.0 to determine whether DOX and SM could
be released in a pH-dependent manner. Dialysis was
applied to analyze the release of DOX and SM from
MSNs@DOX/SM and Nm@MSNs-DOX/SM. Dialy-
sis bags (molecular weight cut-off, MWCO 8000-
14,000 Da) were filled with 2 ml of MSNs@DOX/
SM and Nm@MSNs-DOX/SM, respectively. The bags
were immersed in 20 ml of PBS containing 0.2% (w/v)
Tween 80 and stirred at 100 rpm and 37 °C [38, 39]. The
absorbance values of SM and DOX in dialysate were
determined at 238 nm and 480 nm, respectively. The
cumulative release of SM and DOX were based on the
standard curve.

Biocompatibility of Nm@MSNs

The biocompatibility of Nm@MSNs was evaluated by
hemolysis rate [40]. The Nm@MSNs samples of differ-
ent concentrations were mixed with 5% nude mouse
erythrocyte suspension, incubated at 37 °C for 2 h and
centrifuged at 3500 rpm for 5 min. The supernatant was
collected, and its absorbance was measured at 540 nm.
Ultra-pure water and PBS were used as positive con-
trol and negative control. Then, the hemolysis rate
was calculated. Besides, RAW?264.7 cells were inocu-
lated into a six-well plate at a density of about 1 x 10°
cells/well to determine the immune escape function
of Nm@MSNs. Nm@MSNs-RhB and MSNs-RhB were
added to RAW?264.7 cells, respectively, incubated for
6 h [41]. The nucleus was stained with Hoechst 33342.
The phagocytosis of macrophages to Nm@MSNs was
observed under laser confocal microscope (LCEM,
LSM700, Germany).

Evaluation of in vitro anti-inflammatory effects of Nm@
MSNs-DOX/SM

Inflammation can lead to an increase in the expression
of pro-inflammatory cytokines, and macrophages can
secrete pro-inflammatory cytokines [42]. The expression
levels of IL-1p and TNF-a were detected by enzyme-
linked immunosorbent assay (ELISA). RAW264.7
cells were seeded in a 6-well plate at a density of about
1 x 10° cells/well and then added to each well for 12 h.
PBS, MSNs, SM, MSNs@SM, and Nm@MSNs-SM were
added to a 6-well plate for 24 h. Next, the supernatant
was collected by centrifugation (1000 rpm, 5 min), and
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the contents of TNF-a and IL-1f in the supernatant
were determined according to ELISA instructions. The
percentage of cytokines was calculated based on the
reported method [43].

Evaluation of in vitro anti-tumor effects of Nm@
MSNs-DOX/SM

SU-DHL-2 cells were inoculated on a 96-well plate, and
the cell inoculation density was 2 x 10*/well. The cells
were treated with PBS, SM, DOX, DOX+ SM, MSNs@
DOX/SM, and Nm@MSNs-DOX/SM groups, respec-
tively. After cultured at 37 °C and 5% CO, for 24 h, 10 pl
CCK-8 was added to each pore and incubated in 37 °C
and 5% CO, for 4 h. Then, the absorbance at 450 nm was
measured by a microplate reader (PerkinElmer EnSpire,
USA). Afterward, cells were stained alive/dead with Cal-
cein-AM and PI and then observed by inverted fluores-
cence microscope (ZEISS Axio Vert.Al, Germany).

Effects of Nm@MSNs-DOX/SM on apoptosis, ROS, and MMP
on SU-DHL-2 cells

SU-DHL-2 cells (5x10° cells/well) were inoculated
and treated with PBS, SM, DOX, DOX+SM, MSNs@
DOX/SM, and Nm@MSNs-DOX/SM for 24 h, respec-
tively. After 24 h, cells were collected, washed, and sus-
pended with PBS. JC-1 Assay Kit and ROS Assay Kit were
adopted to detect the MMP and ROS level of SU-DHL-2
cells, respectively, with flow cytometry. Annexin V-FITC
Apoptosis Detection Kit was used to detect cell apoptosis
with flow cytometry.

Nm@MSNs distribution assay in vivo

Nm@MSNs labeled by Cy5 were compared with MSNs
labeled by Cy5 to evaluate target of Nm@MSNs in vivo.
Cy5-Nm@MSNs were injected into caudal vein at the
dose of 1 pg/kg. The fluorescence intensity at 6, 24, and
48 h after administration was detected on the Xeno-
gen IVIS Lumina XR imaging system (Caliper Life Sci-
ences, USA) [44]. MSNs-Cy5 and Nm@MSNs-Cy5 were
injected into the tail vein of nude mice 48 h later, respec-
tively, and the main tissues and organs (i.e., heart, liver,
spleen, lung, kidney and tumor) were removed, and the
imaging was further verified thorough the fluorescence
imaging. The results are presented as the percentage
injected dose per gram of tissue (i.e., %ID/g) [45, 46].

Nm@MSNs-DOX/SM treatment in lymphoma-bearing mice
When the tumor volume reached 100 mm?, the trans-
planted tumor nude mice were randomly divided into six
groups with three mice in each group. The administra-
tion times of 100 ul PBS, SM, DOX, DOX + SM, MSNs@
DOX/SM, and Nm@MSNs-DOX/SM in tail vein of nude
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mice were once every 2 days and 4 times in a row. The
dosage of DOX and SM was 2 mg/kg [47] and 40 mg/kg
[24], respectively. The tumor length (L, mm) and width
(W, mm) were measured with an electronic vernier cali-
per, and the tumor volume (V, mm?) was calculated by
the calculation formula V=(LW?)/2, which was moni-
tored every 3 days to calculate the tumor volume size.
Following the manufacturer’s instructions, the apoptotic
nuclei were examined with TDT in situ apoptosis kit.
Frozen tumor tissue into frozen section, the detection of
MMP and ROS in vivo was based on the standard scheme
of JC-1 and DCFH-DA immunofluorescence staining.

Nm@MSNs-DOX/SM in vivo safety evaluation

Since the constructed Nm@MSNs-DOX/SM nano-
composite is an allogeneic substance, the verification of
its safety is essential for its application in organisms. In
this study, its safety was verified in terms of body weight,
blood cell count, serum enzymology, and H&E staining
of major tissues. The body weight of all nude mice was
recorded per 3 days. At the end of the in vivo tumor
treatment experiment, mouse blood was collected and
anticoagulated with sodium citrate through the eye-
ball blood sampling, and it was allowed to stand for 2 h.
Then, supernatant plasma was collected through the cen-
trifugation at 3500 rmp. White blood cell (WBC), hemo-
globin (HGB) and platelet (PLT) were detected by using
the automatic blood cell analyzer (BC-5390, Mindray,
Shenzhen, China). Automatic biochemical instrument
(7100, HITACHI, Tokyo, Japan) was employed to detect
alanine aminotransferase (ALT) and aspartate ami-
notransferase (AST), while renal function was measured
by creatinine (CRE) and blood urea nitrogen (BUN) and
cardiac function was measured with creatine kinase (CK)
and myoglobin (Myo). Afterwards, the collected heart,
liver, spleen, lung and kidney tissue sections were stained
with H&E, first routinely deparaffinized to water, dripped
with hematoxylin to be stained for 10 min, washed with
water for 2 min, then differentiated with 1% hydrochloric
acid in 75% alcohol for 3 s and then rinsed with tap water
for 10 min. Water-soluble eosin staining was added drop-
wise for 2 min, and then the washing was conducted with
distilled water for 60 s. Subsequently, the sections were
deparaffinized with alcohol-dehydrated xylene, mounted
with neutral gum for microscopic examination, and the
tissue status was observed and photographed under a
light microscope.

Western blotting analysis and immunofluorescence
staining

The total protein was extracted from cell lysate with
RIPA buffer. The total protein concentration was
determined by BCA protein detection kit. The protein

Page 5 of 19

expression levels of Bcl-2, Bax, CD47, anti-SIRPa, TNF-
a, IL-1B and Ly6c were detected by the WB method.
Paraffin-embedded tissue samples were prepared for
detachment and antigen retrieval. According to the
standard scheme, anti-Bcl-2, anti-Bax, anti-TNF-a, and
anti-IL-1p were used for immunofluorescence stain-
ing. Subsequently, the nucleus was stained with DAPL
Finally, images were observed and taken under a fluo-
rescence microscope.

Statistical analysis

SPSS 22.0 software was used for statistical analysis. Data
were expressed as the mean =+ SD. Differences between
groups were assessed by one-way ANOVA, followed by
Tukey’s post-test (*p<0.05, ** p<0.01, and *** p<0.001).

Result

Preparation and characterization of Nm@MSNs-DOX/SM
As illustrated in Fig. 1, the preparation process of Nm@
MSNs-DOX/SM mainly consists of two steps: (1) DOX
and SM were loaded into MSNs to obtain MSNs@DOX/
SM; (2) Nm vesicles were wrapped in MSNs@DOX/SM
through ultrasound. As revealed from the TEM image
(Fig. 2A), the silica nanospheres are monodispersed
with a diameter of about 50 nm. After 1% phosphotung-
stic acid negative staining, TEM presented that the Nm
successfully wrapped MSN, with a spherical core—shell
structure (Fig. 2B, C). According to the dynamic light
scattering (DLS) analysis (Fig. 2D), the average particle
size of Nm@MSNs nanocomposites is 121.6+3.8 nm
(close to 119.3+4.2 nm of Nm). After MSNs were
coated with Nm, its nanoparticle size increased from 50
to 120 nm. Besides, since the average thickness of cell
bilayers was 7-12 nm, 70 nm of increased nanoparticle
size might be caused by membrane multilayer coatings
[48-50]. The Zeta potential of MSNs was —32.6 £0.9 mV
while the Zeta potential of Nm@MSNs nanocompos-
ites was —20.3+2.1 mV, which was close to the Zeta
potential of Nm vesicles (—21.74+1.8 mV) (Fig. 2E). Sil-
ver staining results (Fig. 2F) suggest that most of the Nm
proteins encapsulate MSNs and eventually form Nm@
MSNs nano-biomimetic materials. According to Addi-
tional file 1: Figure S1A, a good correlation was identified
between the membrane protein content on the surface
of biomimetic nanoparticles and the mass ratio of Nm-
MSNs below 6:1, whereas the membrane protein content
on the surface of biomimetic nanoparticles began to sat-
urate when reaching over 6:1, which demonstrated that
the neutrophil membrane could completely encapsulate
MSNs at the mass ratio of 6:1. According to the UV-vis
spectra (Additional file 1: Figure S1B), the absorption
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peaks of Nm@MSNs-DOX/SM are 295.5 nm, 203 nm,
480 nm, and 238 nm, respectively, consistent with the
absorption peaks of Nm, MSNs, DOX and SM detected
alone. These results confirm that Nm@MSNs-DOX/SM
has been successfully synthesized.

Drug loading rate and release rate

Considering that MSNs has high specific surface area
and good biocompatibility, it is an ideal carrier and has
been used to load antineoplastic drugs in many stud-
ies. According to Fig. 3A, DOX and SM were pack-
aged into MSNs with drug EE (DOX 56.4+2.14%,
SM 40.24+1.83%) and LE (DOX 21.74+1.26%, SM
10.4+£0.82%), respectively, while drug EE (DOX
55.94+2.69%, SM 41.14+2.85%) and LE (DOX
22.34+1.78%, SM 10.8+£1.13%) were packaged into
Nm@MSNs. Besides, the drug release rates of MSNs@
DOX/SM and Nm@MSNs-DOX/SM were measured.
As exhibited in Fig. 3B, at pH7.4, DOX and SM released
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from Nm@MSNs-DOX/SM and MSNs@DOX/SM were
10.5% and 21.4%, 12.9% and 25.7%, respectively, from
the beginning of the release to the end of 48 h of detec-
tion. At pH5.0, DOX and SM released by Nm@MSNs-
DOX/SM and MSNs@DOX/SM within 48 h were 72.1%
and 88.2%, 74.6% and 91.3%, respectively. In conclusion,
the cumulative release rate of Nm@MSNs-DOX/SM
and MSNs@DOX/SM under pH5.0 was significantly
higher than that under pH7.4. The pH of normal human
tissues and blood is around 7.4, while the extracellular
microenvironment of tumor tissues presents a slightly
acidic (pH 6.8-7.2) [51]. In tumor cells, the pH of lys-
osomes and endosomes decreased (pH 4.0-6.0) [52],
so when Nm@MSNs-DOX/SM entered the lysosomes,
the change of pH gradient between the normal tissue
and the lysosome was exploited to facilitate the drug
release in tumor. Meanwhile, the cumulative release
rate of DOX and SM from Nm@MSNs was lower than
that from MSNSs, indicating that Nm inhibited the rapid
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release of drugs from MSNs to some extent and played
the role of sustained-release drugs. To sum up, Nm@
MSNSs are an efficient drug carrier in vitro, and acidic
environment can promote the release of DOX and SM
from Nm@MSNs.

Biocompatibility and immune escape of Nm@MSNs-DOX/
SM

The biocompatibility of Nm@MSNs-DOX/SM was
evaluated by hemolysis rate. In Fig. 4A, the concentra-
tion gradients of MSNs and Nm@MSNs-DOX/SM were
constructed, and these nanocomplexes were added to
erythrocytes, respectively, without significant hemoly-
sis after 2 h (<1%). However, Nm@MSNs lead to lower
hemolysis compared to MSNs, suggesting that Nm@
MSNs are better than MSNs in biosafety. Next, the cell
viability of SU-DHL-2 cells was determined by CCK-8.
The cell survival rate of SU-DHL-2 cells incubated with
a series of concentrations of MSNs or Nm@MSNs for
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24 h, of which the survival rate of SU-DHL-2 cells treated
with 80 pg/ml NM@MSNs, was observed to be as high as
90% (Additional file 1: Figure S2). MSNs and Nm@MSNs
were labeled with RhB to detect the anti-phagocytosis
effect. As observed from Fig. 4B, bright red fluorescence
appeared 6 h after MSNs-RhB was added to RAW?264.7
cells, demonstrating that macrophages swallowed up
a considerable amount of MSNs-RhB. However, weak
fluorescence of Nm@MSNs-RhB was observed under
the same conditions, reflecting that the phagocytosis of
RAW?264.7 cells was effectively inhibited. The average
fluorescence intensity of macrophages treated with Nm@
MSNs-RhB was significantly lower than that treated with
MSNs-RhB (Fig. 4C). These results verify that MSNs
camouflaged by Nm can escape the recognition of mac-
rophages and reduce the phagocytosis and clearance rate
of macrophages. Thus, Nm@MSNs have the ability of
immune escape.
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Fig. 4 Biocompatibility of Nm@MSNs. A Hemolysis rate of red blood cells in different concentrations of MSNs and Nm@MSNs, respectively. B LCFM
images of RAW264.7 macrophages co-cultured with MSNs-RhB and Nm@MSNs-RhB for 6 h, respectively. Scale bar: 50 um. C Fluorescence intensities
of collected cells after treatment with MSNs-RhB and Nm@MSNs-RhB, as quantified by a fluorometre. Data are mean +SD (n=3), (*p <0.05 and
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Anti-inflammatory effect of Nm@MSNs-SM in vitro

The inflammatory microenvironment around tumor
plays an essential role in tumor formation, growth, and
metastasis [53]. In this study, the role of SM is to use its
anti-inflammatory effect on the surrounding area of the
tumor to achieve the effect of combined therapy. Mac-
rophages were stimulated by lipopolysaccharide (LPS) to
induce inflammation, and the anti-inflammatory effects
of SM, MSNs@SM, and Nm@MSNs-SM were evaluated
(the concentration of SM in the above-mentioned groups
was identical). As presented in Additional file 1: Figure
S3, the levels of TNF-a and IL-1p in the supernatant were
significantly increased by ELISA assay after RAW?264.7
cells were stimulated by LPS, demonstrating that the
inflammatory model in vitro was successfully established.
SM, as a bioactive and anti-inflammatory component,
can reduce the secretion of TNF-a and IL-1p by 31.6%
and 25.2%, respectively. However, the ELISA and Western
blotting (Additional file 1: Figure S4A—C) results shown
that the anti-inflammatory activity of Nm@MSNs-SM is
higher than that of SM because Nm prevents the phago-
cytosis of phagocytes. In short, Nm@MSNs-SM can play
its anti-inflammatory effect by releasing SM.

Targeting and antigen functionalization of neutrophil
membrane in vitro

CD47 is a molecular marker expressing “self-recognition”
on the cell surface [54], which is significantly overex-
pressed in various kinds of B-cell lymphoma [55]. CD47
sends immunosuppressive signals downstream by bind-
ing to the receptor (signal regulatory protein a, SIRPa)
expressed on the surface of neutrophils [56, 57]. Ly6c is a
14kd protein found to be highly expressed in neutrophils
[58], monocytes [59] and dendritic cells [60], in which
neutrophils is the most prominent [61]. Besides, it is a
neutrophil-specific membrane protein that plays a crucial
role in neutrophil activation, migration and chemotaxis
[62, 63]. Additional file 1: Figure S5A-B illustrates that
CD47 was highly expressed in SU-DHL-2 cells. Next, the
targeting of Nm vesicles to lymphoma cells was verified.
In Fig. 5A, green fluorescent Nm vesicles gather around
the nucleus of SU-DHL-2, suggesting that Nm vesicles
may adhere to SU-DHL-2 cells and have active targeting.
In Fig. 5B and Additional file 1: Figure S5C-D, the spe-
cific neutrophil membrane marker SIRPa and Ly6c were
highly expressed. Thus, B-actin, as a marker of cytoplas-
mic protein, mainly existed in the bands of cell lysate.

Antitumor effect of Nm@MSNs-DOX/SM in vitro

Considering that inflammation plays a crucial role in
the formation of tumor, we assume that chemotherapy
combined with anti-inflammatory therapy can improve
the effect of anti-tumor. The antitumor activity of Nm@
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MSNs-DOX/SM, MSNs@DOX/SM, DOX +SM, DOX,
SM, and PBS, in vitro was evaluated by cytotoxicity,
Live/dead staining, alteration of reactive oxygen species
(ROS), mitochondrial membrane potential (MMP), and
cell apoptosis, respectively. To investigate the antitumor
effects of DOX and SM, the two drugs were incubated
with SU-DHL-2 cells for 24 h, respectively, and their
cytotoxicity was detected by using CCK-8. According
to Additional file 1: Figure S6A-B, the inhibitory effect
of DOX was strong and exhibited a significant dose
response, with an IC50 of approximately 2.0 pmol/l, SM
hardly affected SU-DHL-2 cell viability. The combina-
tion index (CI) of DOX and SM combination was calcu-
lated by using compusyn software [64], and at the molar
ratio of DOX and SM reaching 1:20, the best synergistic
action was achieved. Thus, the DOX and SM were used at
1:20 (i.e.,, DOX 2 pumol/l, SM 40 pumol/l) to construct the
novel anti-tumor nanoparticle. To compare the antitu-
mor effects of Nm@MSNs-DOX/SM, MSNs@DOX/SM,
DOX+SM, DOX and SM, the same concentration of
DOX+ SM was used (i.e.,, DOX 2 pmol/l, SM 40 pmol/l).
It is DOX+SM (i.e,, DOX 2 pmol/l, SM 40 pmol/l) in
these two groups of Nm@MSNs-DOX/SM and MSNs@
DOX/SM for cell viability studies. The results of CCK-8
(Fig. 5C) revealed that the survival rate of SU-DHL-2 cells
treated with free drug DOX decreased by 50.8+£4.2%
compared with the control group PBS. However, the rate
of killing SU-DHL-2 cells reached 61.4+3.6% when SU-
DHL-2 cells were treated with DOX combined with SM.
Nm@MSNs-DOX/SM had a significant killing effect on
SU-DHL-2 cells (83.5+£5.2%). The SU-DHL-2 cells were
treated with Nm@MSNs-DOX/SM, MSNs@DOX/SM,
DOX+SM, DOX, SM, and PBS for 24 h, respectively.
Propidium iodide (PI) staining showed red fluorescence.
Specifically, the stronger the red fluorescence, the more
the dead cells. The staining images of living/dead cells
were also consistent with the results of CCK-8 (Fig. 5D).
The results further confirmed that Nm@MSNs-DOX/SM
had good anti-tumor effect in vitro.

Effects of Nm@MSNs-DOX/SM on ROS, apoptosis, MMP

and apoptosis proteins on SU-DHL-2 cells

ROS, MMP, apoptosis, and apoptosis-related genes were
detected to further explore the anti-tumor mechanism of
Nm@MSNs-DOX/SM in vitro. The physiological level
of ROS can mediate the normal physiological function
of cells while excessive ROS can lead to cell injury and
death [65]. ROS is an indicator of mitochondrial dysfunc-
tion, and its increase is a landmark event of early apop-
tosis [66]. The ROS levels of SU-DHL-2 cells in PBS, SM,
DOX, DOX+SM, MSNs@DOX/SM, and Nm@MSNs-
DOX/SM were detected by flow cytometry. As observed
in Fig. 6A and Additional file 1: Figure S7A, the Nm@
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with Nm@MSNs-DOX/SM, which was higher compared
with other groups. Thus, Nm@MSNs-DOX/SM was
inferred to damage the mitochondria of cells, leading to
a decrease in MMP. The apoptosis of SU-DHL-2 cells was
analyzed by flow cytometry (Fig. 6C and Additional file 1:
Figure S7C). The results indicated that the apoptosis rate
of SU-DHL-2 cells induced by DOX was 12.3+1.1%, the
apoptosis rate of SU-DHL-2 cells induced by DOX + SM
group was 22.7+1.8%, and the apoptosis rate of SU-
DHL-2 cells treated by MSNs@DOX/SM group was
30.5+2.6%. The percentage of SU-DHL-2 cell apoptosis
induced by Nm@MSNs-DOX/SM was 46.7£3.2%. As
illustrated in Additional file 1: Figure S8A-C, free Dox
can increase the expression of TNF-a and IL-1( protein
while DOX 4+ SM and Nm@MSNs-DOX/SM can lead to
a decrease in the expression of these two proteins and
a significant decrease in the expression of TNF-a and
IL-1PB protein, respectively. It was further verified that
the nanocomplex can inhibit the expression of inflamma-
tory factors. Therefore, Nm@MSNs-DOX/SM nanocom-
posite has both chemotherapy and anti-inflammatory
properties, and better anti-tumor effect than DOX alone.
Particularly, the endogenous pathway of mitochondria
is the main pathway resulting in apoptosis [67]. Under
normal circumstances, apoptosis is strictly regulated
once the disorder can lead to tumors and other diseases
[68]. The mitochondrial-mediated endogenous pathway

regulated by the Bcl-2 family is considered the “tipping
point” of apoptosis [69]. Bcl-2 protein plays an essential
role in the regulation of apoptosis (widely expressed in
most NHL [11]). It is mostly located in the mitochon-
drial intima of cells and inhibits apoptosis by regulat-
ing the expression of Bax protein [35]. As presented in
Additional file 1: Figure S9, Nm@MSNs-DOX/SM can
significantly inhibit the expression of Bcl-2 protein and
then promote the expression of Bax protein, contribut-
ing to inhibiting the apoptosis of SU-DHL-2 cells. To sum
up, Nm@MSNs-DOX/SM can inhibit SU-DHL-2 cells
through anti-inflammation and inhibition of Bcl-2 fam-
ily-mediated mitochondrial apoptosis pathway.

Biodistribution of Nm@MSNs-DOX/SM in vivo

As an effective anticancer drug delivery system, the ideal
nanocarrier should be able to transfer the drug directly
to the tumor tissue, so as to achieve tumor-targeted
therapy. With the purpose of confirming our hypoth-
esis, Nm@MSNs were labeled with fluorescent dye Cy5,
and its biological distribution was detected by in vivo
imaging technique. Simultaneously, Cy5 marker MSNs
was used as a control. The results of Fig. 7A suggested
that the fluorescence intensity of tumor site after injec-
tion of Nm@MSNs-Cy5 was higher than that of injec-
tion of MSNs-Cy5, demonstrating that Nm@MSNs had
more accumulation in tumor site compared to MSNs.
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As shown in Fig. 7B, C that the uptake of NmMSNs-Cy5
group was 21.3+1.9% ID/g, significantly higher than that
of MSNs-Cy5 group. Additionally, the bright red fluores-
cence (DOX red fluorescence) in the tumor tissue of mice
treated with Nm@MSNs-DOX/SM nanocomplex was
more significant than that of mice treated with MSNs-
DOX/SM (Fig. 7D). Thus, Nm@MSNS-DOX/SM has
good active targeting and can increase the accumulation
rate of drugs in tumors.

Anti-inflammatory effect of Nm@MSNS-DOX/SM in vivo
The anti-inflammatory activity of Nm@MSNS-DOX/SM
nanocomplex in vivo was detected by immunofluores-
cence staining to detect the TNF-a and IL-1B. As indi-
cated in Additional file 1: Figure S10, the fluorescence
signal of TNF-a and IL-1B in DOX was most evident,
consistent with previous studies that DOX chemother-
apy can increase the production of TNF-« and IL-1p and
promote the proliferation and metastasis of tumor cells.
However, the fluorescence signal of TNF-a and IL-1f
decreased after combined with SM. Nm@MSNs-DOX/
SM led to the most significant decrease of TNF-a and
IL-1 fluorescence signal. These results suggest that DOX
combined with SM can inhibit the expression of tumor-
related inflammatory cytokines TNF-a and IL-1f, caus-
ing changes in the inflammatory microenvironment of
tumor. It is further confirmed that Nm@MSNs-DOX/SM
can inhibit the inflammation induced by LPS in vitro and
tumor-related inflammation in vivo. Therefore, the syn-
ergistic effect of Nm@MSNs-DOX/SM in tumor therapy
may be associated with the activation of anti-inflamma-
tory effect.

Antitumor effect of Nm@MSNs-DOX/SM in vivo

Nm@MSNs-DOX/SM nanocomposites have an excel-
lent anti-tumor effect in vitro. In this study, an in vivo
model of SU-DHL-2 transplanted tumor in nude mice
was investigated. As illustrated in Fig. 7E, after 15 days
of treatment with DOX alone, the tumor tissue was
significantly smaller than that treated with PBS alone.
Compared with the free DOX, DOX combined with
SM can further shrink the tumor tissue, confirming
that DOX combined with SM can play a coordinating
role and amplify the anti-tumor effect. However, Nm@
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MSNs-DOX/SM showed the strongest anti-tumor effect,
significantly inhibiting the growth of tumor tissue. This
can be explained by the possibility that free drugs enter-
ing the blood circulation may be cleared and swallowed
by phagocytes while the camouflage of Nm plays a pro-
tective role. The role of Nm@MSNS-DOX/SM in induc-
ing apoptosis in vivo is illustrated in Fig. 8A. TUNEL
detection demonstrated that Nm@MSNS-DOX/SM
could cause the strongest fluorescence signal (yellow) in
tumor tissue, indicating that the percentage of apoptotic
cells induced by Nm@MSNs-DOX/SM was significantly
higher compared to other groups. After the tumors were
treated with PBS, SM, DOX, DOX + SM, MSNs@DOX/
SM, and Nm@MSNs-DOX/SM for 15 days, the green flu-
orescence signal in tumor tissue sections of Nm@MSNs-
DOX/SM was the most significant, reflecting that Nm@
MSNs-DOX/SM produced more ROS than DOX alone
(Fig. 8B). Then, a small amount of red fluorescence and
diffuse green fluorescence were observed in the tumor
tissue sections of Nm@MSNs-DOX/SM. Therefore, the
decrease of MMP induced by Nm@MSNs-DOX/SM
was the most significant compared with other groups
(Fig. 8C). The expression of Bcl-2 and Bax regulating
apoptosis were detected by immunofluorescence. The
pink (Bcl-2) fluorescence and green fluorescence (Bax)
of tumor tissue sections treated with Nm@MSNs-DOX/
SM are illustrated in Fig. 8D. The pink fluorescence was
the weakest, and the green fluorescence was the strong-
est; the pink fluorescence gradually weakened, and the
green fluorescence gradually increased in other groups.
These results revealed that Nm@MSNs-DOX/SM treated
tumor tissue inhibited the expression of Bcl-2 and pro-
moted the expression of Bax.

Evaluation of the safety of Nm@MSNs-DOX/SM in vivo

The body weight of nude mice for 15 days was moni-
tored to understand the potential toxicity of Nm@MSNs-
DOX/SM. During the entire course of treatment, there
were no dramatic changes in body weight in all the mice
groups (Fig. 7F). As illustrated in Additional file 1: Fig-
ure S11, after treatment in DOX group and DOX+ SM
group, WBC and HGB count were all lower than other
groups, suggesting that free drugs caused myelosuppres-
sion after chemotherapy. However, the WBC and HGB

(See figure on next page.)

Fig. 7 Verification targeting and distribution of Nm@MSNs-DOX/SMin vivo. A In vivo fluorescence images of SU-HDL-2 xenograft model at 6 h,

24 h and 48 h after intravenous injection of cy5-labeled Nm@MSN sand MSNs, respectively. B Ex vivo bioluminescent images of the main organs
and tumours at 48 h post injection. (a) heart, (b) liver, (c) spleen, (d) lung, (e) kidney and (f) tumour. C The results are presented as the percentage
injected dose per gram of tissue (i.e., %ID/g). D Fluorescence micrographs of tumour sections. Scale bar: 50 um. E Curve changes of tumor volume
in SU-DHL-2 tumor-bearing mice during various treatments for 15 days. The tumor tissues were treated with (a) PBS, (b) SM, (c) DOX, (d) DOX + SM,
(e) MSNs@DOX/SM and (f) Nm@MSNs-DOX/SM, respectively. F The change curve of body weight of SU-DHL-2 tumor-bearing mice during
treatment. Data are presented as the mean+SD (n=3), (*p<0.05 and **p <0.01)
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counts of the nude mice treated with Nm@MSNs-DOX/
SM did not significantly change. Moreover, there were
no abnormal changes in ALT, AST, BUN, and CRE. Nev-
ertheless, cardiac function index (CK, Myo) and H&E
(Fig. 9) indicated that the cardiotoxicity of Nm@MSNs-
DOX/SM in nude mice was significantly lower than that
of free DOX since the active targeting effect of neutrophil
membrane can deliver DOX accumulation in tumor tis-
sue. This is consistent with the previously reported active
targeting of neutrophil membrane [70]. However, the his-
tological images of other organs (liver, spleen, lung and
kidney) exhibited no abnormalities. To sum up, Nm@
MSNs-DOX/SM nanocomposite can improve the hema-
tological toxicity and cardiotoxicity induced by DOX,
presenting the potential as a safe and low toxicity anti-
tumor nanodrug.

Discussion
Although the new treatment methods adopted world-
wide have improved the prognosis of patients with NHL
in varying degrees, most of them are currently expen-
sive, with apparent side effects, high recurrence rate, and
unsatisfactory overall treatment effect [71]. Therefore, the
search for effective new treatment is still the focus of the
current research. Our research provides a new nanodrug
delivery system, Nm@MSNs-DOX/SM, which combines
chemotherapeutic drugs with anti-inflammatory drugs
to target lymphoma. The novel nanocomposite has good
biocompatibility and active targeting. The observation
of macrophage phagocytosis and drug release efficiency
of Nm@MSNs and MSNs indicated that Nm, as a sur-
face modification material, endowed nanocomposites
with immune escape ability and excellent tumor active
targeting. Consequently, Nm@MSNs-DOX/SM with a
long cycle time in vivo can not only reduce the removal
of nanoparticles from the body but also improve the
drug release efficiency of nanocomposites, resulting in
the accumulation of nano-drugs in tumor tissues. Mean-
while, the nanocomposite adopts mesoporous silica as a
carrier to make it have high drug loading.
Nm@MSNs-DOX/SM is actively targeted to the tumor
site through the membrane and internalized by tumor
cells. Based on the weakly acidic characteristics of tumor
tissue [72], Nm@MSNS-DOX/SM releases DOX and SM
slowly in normal physiological environment, beneficial
to prolong the time of blood circulation and increase the
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enrichment in the tumor site. However, it can quickly
release DOX and SM in the weakly acidic environment
of the tumor once it reaches the tumor tissue, exerting
anti-tumor and anti-inflammatory activities. The nanod-
rug can realize the controllable release of DOX and SM
with the help of the pH gradient between the systemic
circulation and the tumor microenvironment [73]. The
relationship between inflammation and tumor is mutual.
As early as 1863, some scholars observed the existence
of inflammatory cells in tumor tissue and demonstrated
that the inflammatory microenvironment caused by pro-
inflammatory mediators can promote the occurrence
and development of tumor [74]. More and more clinical
evidence verifies that systemic inflammatory response
can occur after DOX [75], and the levels of inflamma-
tory cytokines such as IL-1p and TNF-a are significantly
high, contributing to promoting angiogenesis, inhibiting
apoptosis, and inducing DNA damage, resulting in poor
prognosis [43]. The anti-tumor results in vivo and in vitro
suggested that Nm@MSNs-DOX/SM had a better inhibi-
tory effect on tumor cell proliferation compared to free
DOX. This can be explained that Nm@MSNs-DOX/SM
can not only exert the function of DOX to kill tumor cells
but also regulate the changes of tumor microenviron-
ment by inhibiting the expression of inflammatory fac-
tors by SM, and thus enhance the anti-tumor effect.

The level of intracellular ROS is closely related to apop-
tosis [76]. When cells are stimulated by external drugs,
the level of ROS increases significantly and leads to the
peroxidation of cell membrane proteins and lipids, caus-
ing the decrease in MMDP, the increase in cell membrane
permeability, and the release of a considerable number of
free radicals and cytochrome C, and thus inducing cell
apoptosis [77]. Apoptosis can be regulated by mitochon-
drial-mediated endogenous pathway [78]. Bcl-2 and Bax
both belong to the Bcl-2 family; Bcl-2 belongs to anti-
apoptotic gene, and Bax belongs to pro-apoptotic gene
[79]. Both of them play an essential role in regulating
the process of apoptosis through mitochondrial pathway
[69]. The results indicated that when Nm@MSNs-DOX/
SM was used for anti-lymphoma in vivo and in vitro, the
level of ROS in cells increased, the expression of Bcl-2
decreased, and the expression of Bax increased, leading
to a decrease in the proportion of Bcl-2/Bax, more Bax
gathered in the outer membrane of mitochondria, and a

(See figure on next page.)

Fig. 8 Anti-tumour effect of Nm@MSNs-DOX/SM in vivo. A After the tumor tissues were treated with different treatments for 15 days,
TUNEL(yellow) was detected by immunofluorescence. B, C Tumor tissues were treated with different treatments, and immunofluorescence staining
was used for ROS and MMP analysis. D The LCFM images of the tumor area were taken after different treatments. Pink: Bcl-2, green: Bax, blue:

nucleus. Scale bar: 50 um
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decrease in MMP, and thus promoting the occurrence of
apoptosis of lymphoma cells.

In this study, a new type of biomimetic nanocomposite
platform, which has good biocompatibility and active tar-
geting and can transfer DOX and SM to the tumor site,
was constructed. Besides, it cooperatively induces apop-
tosis of lymphoma cells by causing the increase in ROS,
the decrease in MMP, and the change in tumor inflam-
matory microenvironment. The mechanism of apopto-
sis may be achieved by changing the expression of Bcl-2
and Bax protein and reducing the expression of inflam-
matory cytokines TNF-a and IL-1f. The combination of
chemotherapeutic drugs and anti-inflammatory drugs
will enhance the efficacy of anti-tumor and enlighten
the efficient treatment of tumor. Simultaneously, it can
effectively overcome the disadvantage of short half-life of
traditional nano-drugs owing to the advantages of biomi-
metic materials, and reduce the toxicity of chemothera-
peutic drugs through its good targeting.

Conclusion

Nm@MSNs-DOX/SM is a new type of anti-tumor nan-
odrug, coated with MSNs by Nm and loaded with chem-
otherapeutic drug (DOX) and anti-inflammatory drug
(SM). Nm@MSNs-DOX/SM has many advantages, such
as good monodispersity, high drug loading rate, weak
acid response, good biological safety, avoiding immune
system clearance, and active targeting. Besides, Nm@
MSNs-DOX/SM Kkills tumor cells through the Bcl-2/
Bax/ROS. The nano-drug can also inhibit the expres-
sion of TNF-a/IL-1f and reshape the tumor cell TME to
enhance the anti-tumor effect and reduce the toxic and
side effects caused by drug alone. Because of these char-
acteristics, Nm@MSNs-DOX/SM is a safe and efficient
targeted drug delivery system, which may be used in the
effective treatment of lymphoma.
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