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Purpose: Mesoporous silica (MSNs) have attracted considerable attention for its application 
in the field of drug delivery and biomedicine due to its high surface area, large pore volume, 
and low toxicity. Recently, numerous studies revealed that gut microbiota is of critical 
relevance to host health. However, the toxicological studies of MSNs were mainly based 
on the degradation, biodistribution, and excretion in mammalian after oral administration for 
now. Here in this study, we explored the impacts of oral administration of three kinds of 
MSNs on gut microbiota in rats to assess its potential toxicity.
Methods: Forty rats were divided into four groups: control group; Mobil Composition of 
Matter No. 41 type mesoporous silica (MCM-41) group; Santa Barbara Amorphous-15 type 
mesoporous silica (SBA-15) group, and biodegradable dendritic center-radial mesoporous 
silica nanoparticle (DMSN) group. Fecal samples were collected 3 days and 7 days after the 
intake of MSNs and analyzed with high throughput sequencing. Gastric tissues in rats were 
obtained after dissection for the histological study.
Results: Three different MSNs (MCM-41, SBA-15, and DMSN) were successfully prepared in 
this study. The pore size of three MSNs was calculated similarly as (3.54 ± 0.15) nm, (3.48 ± 0.21) 
nm, and (3.45 ± 0.17) nm according to the BET & BJH model, respectively, while the particle size 
of MCM-41, SBA-15 and DMSN was around 209.2 nm, 1349.56 nm, and 244.4 nm, respectively. 
In the gene analysis of 16S rRNA, no significant changes in the diversity and richness were found 
between groups, while Verrucomicrobia decreased and Candidatus Saccharibacteria increased in 
MCM-41 treated groups. Meanwhile, no inflammatory and erosion symptoms were observed in the 
morphological analysis of the colons, except the MCM-41 treated group.
Conclusion: Three different MSNs, MCM-41, SBA-15, and DMSN were successfully 
prepared, and this study firstly suggested the impact of MSNs on the gut microbiota, and 
further revealing the potential pro-inflammatory effects of oral administration of MCM-41 
was possibly through the changing of gut microbiota.
Keywords: gut microbiota, mesoporous silica, MCM-41, SBA-15, dendritic mesoporous 
silica nanoparticle

Introduction
With the increasing development of nanotechnology, nanoparticles have been 
widely used to conduct more specific and efficient treatments towards complex 
diseases.1 On the one hand, nanoparticles used as drug carrier could deliver a drug 
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in a sustained and controlled manner, on the other hand, it 
could also improve the bioavailability in vivo, the stability 
of the cargo, and the convenience for administration, over-
coming some of the typical limitations of systemic 
treatments.

Among all the widely used nano-vehicles, mesoporous 
silica (MSNs) has been proven to be effective drug carriers 
for oral delivery, especially for water-insoluble drugs, 
inducing significantly enhanced oral bioavailability. With 
the high surface area and large pore volume of MSNs, it 
would be able to encapsulate various therapeutic agents 
with high loading capacity. Also, it would be easy for the 
modification of the functional group on MSNs’ surface to 
achieve the long period release of therapeutic agents.2,3 

For example, Shah’s group4 fabricated a Velpatasvir (VLP) 
loaded MSNs with good biocompatibility, and this MSNs 
based drug delivery system showed prolonged VLP 
release both in vitro and in vivo. Meantime, a study by 
Yang et al5 revealed a preparation of Breviscapine (BRE) 
loaded MSNs, which showed higher dissolution rate and 
higher oral absorption than BRE powder. In a work by 
An’s group,6 a core-shell type MSNs was developed for 
fluorescent imaging, stimuli-responsive drug release, mag-
netic separation, antibody targeting, and chemo- 
photothermal therapeutics was also reported.

Given the growing use of MSNs in the drug delivery 
system,7 the safety and toxicity of the chronic exposure to 
MSNs in mammalian should be a major concern for pre-
clinical evaluation. It should be noted that the surface area, 
surface charge, particle size, porous structure, and prepare 
method all matters when evaluating the toxicological prop-
erties of MSNs.8 In the study by Fu et al9 mice were single 
administrated with MSNs through different exposure 
routes (intravenous injection, hypodermic injection, intra-
muscular injection and oral administration). On day 7, it 
was found that through pathological examinations, MSNs 
possessed good tissue biocompatibility after oral and intra-
venous injection. Li et al10 performed a study of the 
toxicity after oral administration of MSNs with different 
aspect ratios (1,1.75, and 5), while results revealed that 
higher aspect ratio showed lower biotoxicity in vivo.

The mammalian gastrointestinal tract is the main site for 
commensal bacteria. There are thousands of microorganisms 
inside mammalian body, which maintaining mammalian gas-
trointestinal homeostasis, maybe even play important role in 
the mammalian health. Some studies have been conducted on 
the influence of nanoparticles made on gut microbiota, 
mainly on food additives. For example, Chen et al11 reported 

that chronic co-exposure to titanium dioxide nanoparticles 
and bisphenol A could promote the development of patho-
genic Lawsonia but depress the normal metabolic activity of 
Hyphomicrobium. Wilding et al12 found that with repeated 
ingested (28 days) of Ag nanoparticles of varied size and 
coating, it did not cause any alterations in the structure or 
diversity of the mice gut microbiome, though the Ag nano-
particles having antimicrobial properties in vitro.

The purpose of this study was to evaluate the gut 
microbial community profiles in a rat model following 
the administration of three kinds of MSNs, which were 
Mobil Composition of Matter No. 41 type mesoporous 
silica (MCM-41), Santa Barbara Amorphous-15 type 
mesoporous silica (SBA-15), and biodegradable dendritic 
center-radial mesoporous silica nanoparticle (DMSN).

Materials and Methods
Chemical Materials
Cetyltrimethylammonium bromide (CTAB), cetyltrimethy-
lammonium chloride (CTAC), PEO-PPO-PEO (P123), 
triethanolamine (TEA) and decahydronaphthalene (DHA) 
were purchased from Sigma-Aldrich (St. Louis, USA). 
Tetraethyl orthosilicate (TEOS) was provided by Aladdin 
Industrial Corporation (Shanghai, China); Sodium hydro-
xide, hydrochloric acid, acetonitrile, methanol, and anhy-
drous ethanol were purchased from Fuchen Chemicals 
Reagent Factory (Tianjin, China). The 1% (w/v) agarose 
gels, TBE buffer (Tris-boric acid-EDTA), and ethidium 
bromide (EB) were obtained from MultiSciences 
(Hangzhou, China).

Synthesis and Characterization of 
Nanoparticles
The MCM-41 was synthesized via modified templating 
method,13 briefly, the mixture of CTAB, NaOH and dis-
tilled water was mixed together and heated at 80 °C for 30 
min. Afterwards, TEOS was added dropwise. The reaction 
was maintained at 80 °C for 2 h. The resultant suspension 
was then centrifuged at 4000 rpm for 15 min. Washed the 
precipitation with distilled water, then dried at 45 °C over-
night. Finally, to further purify the particles, they were 
calcined at 550 °C for 5 h.

The SBA-15 was synthesized via the method of 
Zhao et al.14 Typically, P123 was firstly dissolved in the 
mixture of deionized water and HCl, with further the 
addition of TEOS and stirred at 40 °C for 24 h. Finally, 
the product was crystallized at 120 °C for another 24 
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h. The sample was then washed and calcined at 550 °C for 
5 h.

The DMSN was synthesized via novel biphase stratifi-
cation approach with little modification.15 Briefly, CTAC 
solution and TEA were added to deionized water with 
stirring at 60 °C for 1 h. TEOS-DHA solution was then 
dropped and the reaction was kept magnetic stirring for 
another 12 h. The mixture was then centrifugated, the 
precipitation was washed and calcinated at 550 °C for 5 h.

The particle size of the nanoparticles was measured by 
Malvern Zetasizer Nano Series (Malvern, USA). The SEM 
(Nova Nano SEM, Philips, Netherlands) and TEM 
(JEM2100F High Resolution JEOL, Japan). The nitrogen 
adsorption-desorption was performed using a Micromeritics 
Tristar 3000 pore analyzer (Micromeritics, USA) to deter-
mine the pore size, pore volume, and specific surface area. 
The surface area was determined using the Brunauere 
Emmere Teller (BET) model, and the pore size distributions 
was calculated from the adsorption branch of the isotherm 
using the Barrette Joyner Halenda (BJH) model.

Animals Experiment Design
The Animal Care and Use Committee of Municipal Affairs 
Bureau of Macau approved all studies described herein 
(approval number AL010/DICV/SIS/2018), and experi-
ment was conducted under the guidance of NIH Guide 
for the Care and Use of Laboratory Animals (8th edition). 
Neonatal Sprague-Dawley (SD) rats were purchased from 
the University of Hong Kong.

Forty male Sprague Dawley rats were housed in a 12 
h light-dark cycle facility, and all the rats had free access 
to food and water. Rats were randomly divided into 4 
groups, which were control, MCM-41 treated group, 
SBA-15 treated group and DMSN treated group, respec-
tively. Each group containing of 10 healthy 8-weeks-old 
rats weighting 200 ± 20 g, housed in 2 different cages (5 
rats in one cage). All the rats were daily intragastrically 
with 50 mg·kg−1 MSNs for 7 days, dosage was consistent 
with reference published.10 The CO2-based euthanasia of 
rats was conducted under the American Veterinary 
Medical Association guidance.

Pro-Inflammation Effects Examination
Body weights of rats were recorded every day, and at the 
7th day, rats were sacrificed, the colon samples were col-
lected and thoroughly washed with PBS buffer to remove 
the residual intestinal content, and fixed in 10% phosphate- 
buffered formalin acetate, then embedded in paraffin for 

histological observation. The pathological change of rats 
after ingestion of MSNs was examined by H&E staining.

Blood was collected on the same day from all groups, 
and serum samples were obtained by centrifuging and 
stored at −40 °C until use. Serum TNF-α and IL-1β levels 
were measured using ELISA kits according to the manu-
facturer’s instructions.

DNA Extraction
Total community genomic DNA extraction was performed 
using an E.Z.N.A. Soil DNA Kit (Omega, USA), follow-
ing the manufacturer’s instructions. The concentration of 
the DNA was measured using a Qubit 2.0 (Life, USA) to 
ensure that adequate amounts of high-quality genomic 
DNA had been extracted.

16S rRNA Gene Amplification by PCR
Our target was the V3–V4 hypervariable region of the bacterial 
16S rRNA gene. PCR was started immediately after the DNA 
was extracted. The 16S rRNA V3–V4 amplicon was amplified 
using KAPA HiFi Hot Start Ready Mix (2×) (TaKaRa Bio Inc., 
Japan). Two universals bacterial 16S rRNA gene amplicon 
PCR primers (PAGE purified) were used: the amplicon PCR 
forward primer (CCTACGGGNGGCWGCAG) and amplicon 
PCR reverse primer (GACTACHVGGGTATCTAATCC). The 
reaction was set up as follows: 2 μL of microbial DNA (10 ng/ 
μL); 1μL of amplicon PCR forward primer (10 μM); 1μL of 
amplicon PCR reverse primer (10 μM); 15 μL of 2× KAPA 
HiFi Hot Start Ready Mix. The plate was sealed, and PCR 
performed in a thermal instrument (Applied Biosystems 9700, 
USA) using the following program: 1 cycle of denaturing at 95 
°C for 3 min, which including first 5 cycles of denaturing at 95 
°C for 30 s, annealing at 45 °C for 30 s, elongation at 72 °C for 
30 s, then 20 cycles of denaturing at 95 °C for 30 s, annealing at 
55 °C for 30 s, elongation at 72 °C for 30 s and a final extension 
at 72 °C for 5 min. The PCR products were checked using 
electrophoresis in 1% (w/v) agarose gels in TBE buffer stained 
with EB and visualized under UV light.

16S Gene Library Construction, 
Quantification, and Sequencing
AMPure XP beads were used to purify the free primers 
and primer dimer species in the amplicon product. 
Samples were delivered to Sangon BioTech (China) for 
library construction using universal Illumina adaptor and 
index. Before sequencing, the DNA concentration of each 
PCR product was determined using a Qubit® 2.0 Green 
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double-stranded DNA assay and it was quality controlled 
using an Agilent 2100bioanalyzer (Agilent, USA). 
Depending on coverage needs, all libraries can be pooled 
for one run. The amplicons from each reaction mixture 
were pooled in equimolar ratios based on their concentra-
tion. Sequencing was performed using the Illumina MiSeq 
system (Illumina, USA), according to the manufacturer’s 
instructions.

Sequence Processing
After sequencing, data were collected as follows: (1) 
The two short Illumina readings were assembled by 
PEAR (v0.9.6) software according to the overlap and 
fastq files were processed to generate individual fasta 
and qual files, which then be analyzed by standard 
methods. (2) Sequences containing ambiguous bases 
and any longer than 480 base pairs (bp) were dislodged 
and those with a maximum homopolymer length of 6 bp 
were allowed,16 while those with sequence short than 
200bp were removed. (3) All identical sequences were 
merged into one. (4) Sequences were aligned according 
to a customized reference database. (5) The complete-
ness of the index and the adaptor was checked and 
removed all the index and the adaptor sequence. (6) 
Noise was removed using the Pre.cluster tool. 
Chimeras were detected by using Chimera UCHIME. 
All the software was in the mothur package. The effec-
tive sequences of each sample were submitted to the 
RDP Classifier again to identify archaeal and bacterial 
sequences. The modified pipeline was described on the 
mothur website. Finally, all effective bacterial sequences 
without primers were submitted for downstream 
analysis.17

Bacterial Diversity and Taxonomic 
Analysis
Bacterial diversity and richness were determined by sam-
pling-based OTUs analysis and presented by the Chao1 
index, ACE index, Shannon index, and Simpson index, 
which were calculated using R program package “vegan”. 
Bacterial taxonomic analyses and comparison at bacterial 
phylum level were conducted between groups using 
Wilcoxon rank sum test. Stool microbial characterization 
was analyzed by linear discriminant analysis (LDA) effect 
size (LEfSe).

Statistical Analysis
Statistical analyses of gut microbiome samples were per-
formed using SPSS and GraphPad Prism (version 6.0) 
software packages. Differences in the pro-inflammatory 
cytokines among groups were determined using Student’s 
t-test. Unpaired Mann–Whitney rank sum test (two-tailed) 
was used for comparisons of continuous variables between 
two groups. Violin plots were used to represent the data’s 
mean at the center values, with error bars to indicate SD 
values. Spearman’s rank correlation tests (two-tailed) were 
used to find significant correlations between two continu-
ous variables. LEfSe was used to identify differentially 
abundant features between classes of samples. 
Unadjusted P-values 0.05 were considered significant for 
the Mann–Whitney rank sum test and Spearman’s rank 
correlation tests. Statistical analyses were performed 
using SPSS V.20.0 for Windows.

Results
Characterization of MSNs
As shown in Figure 1, the bulk-shaped MCM-41 (Figure 1A), 
the rod-like shapes SBA-15 (Figure 1C) and the spherical 
morphology of DMSN (Figure 1E) could be observed under 
SEM, and the TEM further confirmed the pore channels in 
MCM-41, SBA-15 and DMSN (Figure 1B, D and F). 
Especially in the DMSN group, the central radially pore 
channel could be observed (Figure 1F). According to the N2 

adsorption−desorption isotherms, the prepared MCM-41 
(Figure 1G, red line) and SBA-15 (Figure 1G, blue line) 
exhibited a typical type-IV isotherm containing H1-type hys-
teresis, suggesting the mesoporous structure. Meanwhile, 
a capillary condensation step around 0.2 < P·P0

−1 < 0.4 
could be observed, which indicated a mesopore size distribu-
tion (Figure 1G, green line). The pore size of MCM-41, SBA- 
15 and DMSN was calculated as (3.54 ± 0.15) nm, (3.48 ± 
0.21) nm, and (3.45 ± 0.17) nm, while surface area was 
calculated as 417.85 m2·g−1, 477.31 m2·g−1, and 
565.31 m2·g−1 according to the BET & BJH model, respec-
tively (Figure 1H). The particle size of MCM-41, SBA-15 and 
DMSN was around 209.2 nm, 1349.56 nm, and 244.4 nm, 
respectively (Figure 1I). The zeta potential of the prepared 
MSNs (Figure 1J) indicated MCM-41, SBA-15, and DMSN 
with a negatively charged surface, and their absolute values 
were all around 25, which indicated a good dispersity of the 
prepared MSNs.
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Potential Pro-Inflammation Effects After 
Oral Administration of MSNs
The body weight, pro-inflammatory cytokines, and H&E 
staining examination were used to evaluate the side effects 
of a 7-day oral administration of MSNs in rats. The body 
weight of rats in 4 different groups showed a similar 
increase tendency indicated a low toxicity effect 

(Figure 2A). In the study of cytokines levels in serum, 
no significant difference was found among groups 
(p>0.05), which revealed possibly a low pro- 
inflammatory effects of a 7-day oral administration of 
these three different MSNs (Figure 2B and C). To further 
investigate the potential pro-inflammatory effects after oral 
administration, the H&E examination of rats’ colons was 

Figure 1 The characterization of MCM-41, SBA-15, and DMSN. (A, C and E) The representative SEM images and (B, D and F) TEM images of MCM-41, SBA-15, and 
DMSN. (G) The nitrogen adsorption−desorption isotherms and (H) the pore size distribution were measured according to the BET & BJH model. (I) The particle size and 
(J) zeta potential were measured.

Figure 2 The potential pro-inflammation effects after various treatments within 7 days. (A) The body weight changes and the serum level of (B) TNF-α and (C) IL-1β were 
measured. (n=10, mean ± SD). (D–G) The histology examination of colon via H&E staining. Black arrow indicated the potential site of inflammation.
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conducted (Figure 2D–G). As shown, no severe inflamma-
tory symptom observed in control, SBA-15 treated and 
DMSN treated groups, while interestingly, a slight inflam-
mation could be observed in the MCM-41 treated group. 
To further reveal the potential pro-inflammatory effects of 
MCM-41 after oral administration, the gut microbiota of 
different treated group was then investigated.

Microbiota Diversity
A database consisting of 6,378,091 total sequences were 
generated with a mean of 79,726 ± 3678 reads per sample. 
The range of the number of the reads for the samples was 
from 47,827 to 127,235. There were up to 87,969 OTUs 
among all subjects. As shown in Figure 3, Chao1 index 
and Abundance-based Coverage (ACE) index were mea-
sured for microbial richness assessment, and no significant 
difference was found between groups during the 7-day 
experimental period. Meanwhile, the Shannon and 
Simpson diversity indices were measured to compare the 
diversity of the gut microbiome between groups. Similarly, 
no significant difference was observed. Accordingly, no 
significant difference of the indices was observed at dif-
ferent time points (day 3 vs day 7) in each group. These 
results suggested that daily oral administration of neither 
MCM-41, SBA-15, nor DMSN showed no significant 
alteration of the richness and diversity of rats’ gut micro-
biota within the 7-day experimental period.

Impact of MSNs on Rat Gut Microbiota
A database consisting of 6,378,091 total sequences were 
generated with a mean of 79,726 ± 3678 reads per sample. 
The range of the number of the reads for the samples was 
from 47,827 to 127,235. There were up to 87,969 OTUs 
among all subjects. As shown in Figure 3, Chao1 index 
and Abundance-based Coverage (ACE) index were mea-
sured for microbial richness assessment, and no significant 
difference was found between groups during the 7-day 
experimental period. Meanwhile, the Shannon and 
Simpson diversity indices were measured to compare the 
diversity of the gut microbiome between groups. Similarly, 
no significant difference was observed. Accordingly, no 
significant difference of the indices was observed at dif-
ferent time points (day 3 vs day 7) in each group. These 
results suggested that daily oral administration of MCM- 
41, SBA-15 and DMSN showed no significantly alteration 
of the biodiversity in rats’ gut microbiota within the 7-day 
experimental period.

In taxonomy study, a total of 22 phyla were found, 
while two of the phyla, Bacteroidetes and Firmicutes, 
were predominant in the gut microbiota of all subjects. 
Meantime, the smaller populations included 
Verrucomicrobia, Cyanobacteria, Proteobacteria, etc., 
were also detected. Circos graph, as shown in Figure 4, 
is effective in visualizing differences of microbiota 
between groups, not only reflecting the proportion of the 
dominant phyla in each group, but also reflecting the 
distribution of each dominant phylum in the different 
groups with different width of each side of the connecting 
bands between the sample groups and microbiota compo-
sitions. Herein, the Circos graph showed the alteration of 
the gut microbiota in each group was not obviously notice-
able. Interestingly, weighted UniFrac principal coordinate 
analysis (PCoA), a β-diversity measure using phylogenetic 
information to compare environmental samples, showed 
the control group clustered away from other groups 
at day 7 whereas no dramatic separation between control 
and other groups was observed at day 3 (Figure 5).

To further investigate whether there is an alteration in 
some specific phyla at day 7, based on the taxonomy data, 
distinguished taxa between groups were identified by per-
forming Linear discriminant analysis Effect Size (LEfSe). 
At phylum level, as shown in LEfSe circular cladogram 
(Figure 6A) and LDA score (Figure 6B), Verrucomicrobia, 
Candidatus Saccharibacteria were shown to be predomi-
nant in control and MCM-41 groups, respectively.

As shown in Figure 7, one-way ANOVA bar plot was 
made to demonstrate the alteration of the predominant 
phyla between groups. Significantly higher 
Verrucomicrobia was detected in control group, and sig-
nificantly higher Candidatus Saccharibacteria was 
detected in MCM-41 group.

Discussion
MSNs have been demonstrated to be an excellent drug 
delivery system due to their adjustable pore size, various 
particle size and large surface area, and they have also 
been reported to be a potential candidate drug carrier in the 
treatment of bacterial infection.18–20 Although MSNs have 
been proved to be biocompatible and biodegradable, 
owing to MSNs’ various characteristics, the conclusions 
of their systematic toxicity in previous studies were found 
varied. Hence, it is still controversy whether the use of 
MSNs as drug carrier is safe. Most of the reports showed 
that the MSNs preferentially accumulated in the liver and 
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Figure 3 The diversity of gut microbiota. Results were shown as violin plot, the width of the shaded area represents the proportion of the data. (A) The Chao1 index; (B) 
ACE index; (C) The Shannon index; (D) Simpson index at day 3 and day 7. (n=10, mean ± SD).
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Figure 4 The differences of microbiota between groups. The Circos graphs at day 3 and day7, while the left semicircle represents the phyla composition of each group, and 
the right semicircle indicates the distribution of each phylum in the different groups. (n=10).
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spleen after oral administration,21,22 but its influence on 
gut microbiota after oral administration remains unclear.

In this study, we successfully prepared three different 
MSNs, which were MCM-41, SBA-15, and DMSN, and 
further demonstrated for the first time that the impact of 
orally administration of MSNs with various size and 
shapes on the gut microbiota. A total of 22 phyla, 42 
classes, 69 orders, 139 families and 265 genera were 
identified in all fecal samples. Meanwhile, we found that 
the diversity and richness of the rats’ gut microbiota did 
not differ greatly at different time point (day 3 and day 7) 
in each group. Moreover, no significant changes in the 
diversity and richness were found between groups, while 
Verrucomicrobia and Candidatus Saccharibacteria (for-
merly known as candidate phylum TM7) varied. To the 
best of our knowledge, this was the first study to investi-
gate the influence of MSNs with various size and shape on 
gut microbiota of rats.

The parameters like surface charge,23 pore size,23,24 pore 
channel structure,15 particle shape,10,25 particle size,26 and 
even exposure routes9 all matters when investigating the 
toxicity of MSNs. Herein, we prepared three MSNs with 
same surface charge (negatively charged) and similar pore 
size (~3 nm), with further administrated with the same expo-
sure route (i.g.). Lower aspect ratio,10,25 irregular pore chan-
nel structure,15 and smaller particle size26 might have higher 
toxicity and induce inflammation as reported. Wherein, 
MCM-41 has the lowest aspect ratio, smallest particle size, 
and the most irregular pore channel structure among these 
three MSNs, that was the potential reason why the MCM-41 
could induce inflammation in colon.

As a large proportion of the mammalian intestinal 
microbes cannot be cultured using standard microbiological 

techniques, the 16S rRNA gene sequencing has been 
employed in our study for the V3–V4 regions of 16S rRNA 
gene could provide abundant available information for the 
taxonomic classification of microbial communities from 
mammalian intestinal flora samples, and were well applied 
in many previous studies.27–29

In previous studies, the toxicity of silica-based nano-
materials has been well studied.23,30–32 Many researchers 
demonstrated that nanoparticles with smaller size might 
increase the toxicity or change the mechanism by which 
they induce toxicity. Studies of the toxicity of MSNs are 
complex due to the size- and shape-dependent properties 
of MSNs which might show different levels of toxicity 
both in vitro and in vivo. Considering the MCM-41 and 
SBA-15 have been well studied as drug carrier, and their 
toxicity have been fully studied except for the influence on 
gut microbiota, we prepared MCM-41 and SBA-15 with 
similar pore size (around 3.5 nm), and at meantime, 
a DMSN with pore size around 3.5 nm was also prepared, 
the DMSN was chosen for its biodegradability as 
reported.15

Although the diversity and richness of different groups 
did not change significantly during the 7 days, the abun-
dance of less abundant Verrucomicrobia was found sig-
nificantly decreased and Candidatus Saccharibacteria was 
found significantly increased in MCM-41 treated group 
at day 7. For Verrucomicrobia, as reported, has been 
proposed to be a potential biomarker in many diseases 
and has a close correlation with mammalian metabolism. 
For example, a decreased abundance of Verrucomicrobia 
could be observed in accelerated aging rats and in obese 
type 2 diabetes patients. Additionally, a bloom of 
Verrucomicrobia was observed in mice treated with 

Figure 5 PCoA of the different treated groups at the OTU level at day 3 and day 7 (n=10).
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Figure 6 Specific taxa detection. Bacterial differences between (A) groups at day 7 were detected by LEfSe and (B) species with LDA score (log 10) >3.0 were 
plotted (n=10).
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cranberry extract, which protected mice from diet-induced 
obesity.

In the aspect of Candidatus Saccharibacteria, as 
reported, Candidatus Saccharibacteria was a phylum of 
gram-negative bacteria, which has been shown to be 
a cause of inflammatory mucosal diseases, particularly 
the periodontitis. Ferrari et al33 suggested that genetically 
determined antibiotic resistance of Candidatus 
Saccharibacteria contributes to early stage of inflamma-
tory bowel disease (IBD) progression, and they also found 
that Candidatus Saccharibacteria could act as a promoter 
of inflammation by adjusting the growth condition for 
competing bacterial populations. Interestingly, our study 
showed that the alteration of gut microbiota in MCM-41 
group was primarily due to the decrease of 
Verrucomicrobia abundance and increase of Candidatus 
Saccharibacteria, which further reaffirmed the potential 
pro-inflammation effects in MCM-41 group.

There are several potential explanations for the lack of 
microbial alterations reported in our study, for example, 
some studies reported a longer administration period, higher 
administration frequency, and larger administration dosage 
compared with our study. Additionally, Williams et al34 

observed that 16S rRNA gene sequence-based evaluation 
of microbial communities was able to detect both live and 

dead bacteria. Hence, although the cultivable bacterial frac-
tion represents a portion of the total gut microbial commu-
nity, the non-cultivable fraction was still as high as 60–70%. 
In sense of this, 16S rRNA gene sequence-based evaluation 
might give a different result obtained from other methods like 
culture-based bacteria analysis.

Previous studies have attempted to elucidate the biologi-
cal effects after nanoparticle exposure, but many of these 
efforts have simply reaffirmed how greatly nanoparticle char-
acteristics such as surface charge, surface coating, particle 
shape, particle size and administration dosage might influ-
ence the biological effects. Because of these complicating 
variables, more work is needed to fully understand any 
potential adverse effects after oral nanoparticle exposure on 
the mammalian gastrointestinal tract. The present study com-
plemented the toxicity and safety evaluation of MSNs from 
a novel and crucial perspective, the gut microbiota. However, 
we still face a myriad of challenges in understanding whether 
and how the nanoparticles cause gut microbiota turbulence. 
Therefore, elucidating the interactions between nanoparticles 
and gut microbiota remains another interesting field and 
undoubtedly, would be one of the most challenging difficul-
ties in the field of nanotoxicology. This study laid a good 
foundation for the subsequent application of MSNs, espe-
cially for its further clinical evaluation. Besides, this study 

Figure 7 Multiple groups comparison at day 7. Specific phylum One-way ANOVA bar plot. (A) Verrucomicrobia: p value of Control and SBA-15<0.01, Control and MCM- 
41<0.01, Control and DMSN<0.01. (B) Candidatus Saccharibacteria: p value of MCM-41 and SBA-15<0.01, MCM-41 and DMSN<0.05, MCM-41 and Control<0.05.
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also opens a new avenue for the safety or toxicity evaluation 
of nanomaterials, which are expected of great potential in 
clinic.

Conclusion
Here in this passage, three different MSNs (MCM-41, SBA- 
15, and DMSN) were successfully prepared. The pore size of 
three MSNs was calculated similarly as (3.54 ± 0.15) nm, 
(3.48 ± 0.21) nm, and (3.45 ± 0.17) nm according to the BET 
& BJH model, respectively, while the particle size of MCM- 
41, SBA-15 and DMSN was around 209.2 nm, 1349.56 nm, 
and 244.4 nm, respectively. It was firstly observed that daily 
orally administration with the dosage of 50 mg·kg−1 of SBA- 
15 and DMSN for 7 days exerted no pro-inflammatory 
effects on colon of rats, while MCM-41 could induce slight 
inflammation on colon. To clarify the reason of this pro- 
inflammatory effect, the influence of MSNs on gut micro-
biota was then investigated. In accordance with previous 
studies,35–37 Bacteroidetes and Firmicutes were shown to 
be the most abundant populations of the rats’ gut microbiota 
among the 22 phyla bacterial identified in this study, and oral 
administration of these three MSNs showed no influence on 
Bacteroidetes and Firmicutes. As reported,38,39 with the 
decrease of Verrucomicrobia and increase of Candidatus 
Saccharibacteria could potentially induce inflammation. 
Herein, it was found that the abundance of Verrucomicrobia 
was found significantly decreased, and Candidatus 
Saccharibacteria was found significantly increased in 
MCM-41 treated group at day 7, which indicated the pro- 
inflammation effect of oral administration of 50 mg·kg−1 

MCM-41 was potentially through the Verrucomicrobia- 
Candidatus Saccharibacteria axis.
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