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Molecularly functional drug delivery systems possessed huge potentials to realize novel drug administration. To
explore small molecules modified drug delivery, a series of small molecules modified mesoporous silica nano-
particles (L-Mal-MSNs, D-Mal-MSNs) were established by grafting small molecules. Poorly water-soluble indo-
methacin (IMC) was chosen to load into these small molecules modified carriers as well as corresponding control
carrier, and further to study characteristics and delivery effects of drug loaded carriers. The results indicated that
all these small molecules modified carriers formed hydrogen bonds with drugs and can successfully convert drug
crystal phase to amorphous state so as to enhance drug dissolution compared to raw drug. In vivo rat intestinal
perfusion demonstrated that IMC loaded L-Mal-MSNs performed the fastest drug absorption while analgesic and
anti-inflammatory effects of IMC loaded D-Mal-MSNs turned out to be the best, giving hints that D-malic acid
exhibited best synergic functions for IMC. The herein small molecules modified delivery system is an effective
solution strategy for the current application of analgesia and anti-inflammatory drugs with outstanding

significance.

1. Introduction

Inflammation is defined as the resistance of the vascular defence
response tissue in the organism to the cumulative damage of inflam-
matory factors. Therefore, inflammation can lead to many diseases, such
as osteoarthritis (OA) and inflammatory bowel disease (IBD), etc. OA is
the most common type of arthritis, which can occur in all major joints of
the body such as knee joint and elbow joint, and even cause disability in
severe cases. It is known as the "deathless cancer" (Quicke et al., 2022;
Sanchez-Lopez et al., 2022). It can be seen that inflammation has
become the top "killer" of national health. Currently, the most widely
used non-steroidal anti-inflammatory drugs in patients with inflamma-
tion, such as ibuprofen, flubiprofen, diclofenac, celeoxib, indomethacin,
meloxicam, piroxicam and naproxen, are effective in inhibiting
inflammation, pain and joint stiffness, and slowing or preventing disease
progression. However, long-term use of these drugs may result in un-
intended accumulation of non-target organs, tissues or cells and lead to
toxic effects resulting in serious adverse reactions. In addition, most
anti-inflammatory drugs are dissoluble and their oral bioavailability is
limited (Zhou et al., 2018). Therefore, urgent development of specific,
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effective and safe drugs has important clinical significance.

At the site of inflammation, inflammatory mediators are released
after activation of inflammatory cells, resulting in increased local
vascular permeability, plasma exosmosis and edema. At the same time,
metabolic activity of cells at the site of inflammation increases, leading
to hypoxia and inducing anaerobic glycolysis and lactation transition.
Currently, 14 biomarkers related to acute inflammation have been
identified, including lactic acid, malic acid, citric acid, tartaric acid,
trans dehydroandrosterone, aldosterone, etc. (Zhang et al., 2015; Lee
et al., 2019; Hernandez-Baixauli et al., 2022). Malic acid, for example,
has anti-oxidation and anti-fatigue effects. Related studies have shown
that L-malic acid has recognition and induction effect because of its
chiral structure. It can inhibit the cycle progression of HaCaT cells in
GO0/G1 and have anti-proliferation effect. On the other hand, adding
malic acid to a drug can increase its stability and promote the absorption
and diffusion of the drug through tissues. L-malic acid can also improve
the anti-inflammatory and antioxidant capacity of jejunum, improve
digestion and absorption function, affect barrier function, and thus
improve intestinal health. At present, there are a large number of studies
and noteworthy reports on the anti-inflammatory effects of malic acid
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and other inflammatory biomarkers. However, few studies have re-
ported on linking inflammatory biomarkers to drug carriers to improve
the anti-inflammatory efficacy of drugs. Therefore, in this study, in-
flammatory biomarkers (represented by malic acid and tartaric acid)
were connected to the carrier to construct a new "pre-carrier". The
grafted biomarkers fell off after targeted delivery, giving full play to the
anti-inflammatory effect of synergistic drugs, and the two sides were
combined to cause the rapid destruction of inflammatory lesions,
creating an efficient drug delivery system for inflammation treatment.

Nanomaterials can effectively solve the damage to non-target organs,
showing significant advantages in targeting, immunogenicity, biocom-
patibility and other aspects (Hartwig et al., 2021; Bannister et al., 2020;
Xu et al., 2022; Li et al., 2023; Zhang et al., 2023; Li et al., 2023). With
the development of nanotechnology, materials developed on the nano-
scale have attracted more and more attention in the fields of drug de-
livery, diagnosis, medical imaging and engineering, and are mainly
applied in the treatment of diseases such as tumor and inflammation
(Chagri et al., 2022). Among all available nanomaterials, many studies
have been conducted on mesoporous silica nanoparticles due to their
unique properties: (1) large specific surface area and pore volume pro-
vide great potential for adsorption and loading of drugs in pores; (2)
Excellent mesoporous structure and adjustable pore size enable better
control of drug load and release;(3) Easily modified surfaces for
controlled and targeted drug delivery enhance therapeutic efficacy and
reduce toxicity; (4) The biosafety evaluation of cytotoxicity, biodegra-
dation, distribution and excretion in vivo has obtained satisfactory re-
sults; (5) Combinations with magnetic and/or luminescent compounds
allow simultaneous drug delivery and bioimaging; (6) Excellent surface
properties and porosity can be used as candidate materials for bone
regeneration bioactive materials (Vallet-Regi et al., 2022; Feng et al.,
2023; Shah et al., 2022; Vallet-Regi et al., 2022; Djayanti et al., 2023;
Carvalho et al., 2022). Based on the above unique advantages (Yang
et al., 2022; Pan et al., 2021), mesoporous silica nanoparticles have
become a research hotspot in the field of medicine.

Surface modified mesoporous silica nanoparticles have been widely
studied in recent years since surface modification provides vital ad-
vantages for achieving specific aims (Michailidis et al., 2017; Kankala
et al., 2020; Heydari et al., 2023). To explore contributions of chiral
small molecules modified mesoporous silica nanoparticle for
anti-inflammatory drug delivery, the present paper constructed small
molecules modified mesoporous silica nanoparticle indomethacin (IMC)
delivery system using chiral malic acid grafted silica, which was
different from current studies with chiral tartaric acid (Liu et al., 2021;
Gou et al., 2021). The herein drug delivery system developed by this
project, which integrates targeting, anti-inflammatory effect and drug
bioavailability enhancement, is an effective solution strategy for the
current application of anti-inflammatory drugs, which has important
significance.

2. Materials and methods
2.1. Materials

L-malic acid (>99%), D-malic acid (>99%), 3-ammonia propyl
triethoxy silane (APTES, >99%), cetyltrimethyl ammonium bromide
(CTAB, >99%), indomethacin (IMC, >99%), tetraethoxysilane (TEOS,
>99%) were purchased from Dalian Meilun Biological Co., Ltd (China).
Other chemical reagents are reagent grade, purchased from Tianjin
Damao Chemical Reagent Factory (Tianjin, China). Deionized water was
prepared by ion exchange method. All animal experiments in this study
were conducted according to the Guidelines for the Care and Use of
Laboratory Animals that was authorized by the Ethics Review Com-
mittee for Animal Experimentation of Shenyang Pharmaceutical Uni-
versity (Shenyang, Liaoning, China).
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2.2. Synthesis of L-Mal-MSNs, D-Mal-MSNs and blank MSNs

The preparation method of L-Mal-MSNs and D-Mal-MSNs was as
follows. In the first step, chiral malic acid (L-Mal and D-Mal) was reacted
with silane coupling agent (APTES) to synthesize chiral silane coupling
agent (L-Mal-APTES and D-Mal-APTES). Next, 1.2 g L-malic acid or D-
malic acid was weighed and dissolved in 80 ml anhydrous ethanol under
stirring on 60°C water bath. Afterwards, 2 ml APTES was added and
stirred continuously for 4 h before stopping to collect the white pre-
cipitate. The above precipitates were washed with anhydrous ethanol,
centrifuged and dried to obtain chiral silane coupling agents (L-Mal-
APTES and D-Mal-APTES). In the second step, small molecules modified
mesoporous silica nanoparticles were synthesized. In detail, 1.50 g of
CTAB was weighed and added to a mixture of 160 ml redistilled water
and 48 ml anhydrous ethanol. Under the condition of 25°C water bath,
1.4 ml ammonia water and 1.00 g chiral silane coupling agent were
added to the above solution in sequence. 4 ml TEOS was gradually
dropped into the solution under intense stirring. After 4 h, the agitation
was stopped and left for 24 h before centrifugation. The precipitates
obtained after centrifugation were washed twice with water and ethanol
respectively and dried in a 45°C oven. The dried precipitate was placed
in 200 ml 0.01 mol/L HCl-methanol solution and refluxed for 12 h. After
reflux, the mixture was centrifuged, washed and dried to obtain small
molecules modified mesoporous silica nanoparticles (L-Mal-MSNS and
D-Mal-MSNS). Blank MSNs was prepared in almost the same way as
previous steps without adding chiral silane coupling agents in the sec-
ond step (Wu et al., 2020).

2.3. Porous structure

Morphology of L-Mal-MSNs, D-Mal-MSNs, blank MSNs were char-
acterized using SURA 35-field emission scanning electron microscope
(ZEISS, Germany). The sample was pasted on a metal cylinder and
sputtered with gold under vacuum. Nitrogen adsorption/desorption of
L-Mal-MSNs, D-Mal-MSNs, blank MSNs, were determined by V-sorb
4800P (app-one, China). All samples were vacuum dried and degassed at
80°C to remove residual moisture.

2.4. Drug loading process

A certain amount of IMC was placed in L-Mal-MSNs, D-Mal-MSNs
and blank MSNs by the adsorption drug loading method. The acetone
solution of IMC (20 mg/ml) was obtained by placing 20 mg IMC in 1 ml
acetone. After complete dissolution of IMC, 60 mg carrier (L-Mal-MSNs
D-Mal-MSNs, blank MSNs were added into the drug solution to obtain a
mixed solution (mass ratio of drug to carrier 1:3). The mixture was
stirred overnight at room temperature. After the stirring was completed,
the mixture was dried in a vacuum drying oven at 40°C. The dried
precipitated product was washed with a pH 7.4 phosphate buffer solu-
tion to remove the unloaded drug to obtain IMC loaded blank MSNs, IMC
loaded L-Mal-MSNs, IMC loaded D-Mal-MSNs. The drug loading capac-
ity can be determined by accurately weighing the mass of drug loaded
carrier. Under ultrasonic, the loaded IMC was completely extracted with
methanol, and finally drug content was measured at 318 nm by UV-2600
(Shimazu, Japan), and the absorbance was measured three times and the
average value was calculated.

Drugloadingcapacity(%) = (Wangincarrier | Wa

earrier) X 100

2.5. Fourier transform infrared spectroscopy (FTIR)

FTIR (FTIR-650, Gangdong, Tianjin, China) was used to obtain
spectra in the spectral region of 400-4000 em L. Drug, carriers, and drug
loaded carriers were measured by drying each sample and pressing into
tables with KBr.
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Fig. 1. A, SEM images of L-Mal-MSNs, D-Mal-MSNs and blank MSNs; B, nitrogen desorption diagram and pore size distribution diagram of L-Mal-MSNs, D-Mal-MSNs

and blank MSNs.

2.6. Differential scanning calorimeter (DSC)

The heat flow diagrams of drug, drug loaded carriers were measured
by DSC (HSC-4, Hengjiu, Beijing, China). The sample was placed in an
aluminum dish and heated from 25°C to 200°C at a rate of 5°C/min.
Before measuring, samples were dried in vacuum oven to remove

residue moisture completely.

2.7. Drug release in vitro

The paddle method (50 rpm, 37°C) was used with 200 ml pH 6.8

phosphate buffer solution as dissolution medium, and the test was
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carried out on RC806D dissolution tester. 5 mg drug or drug loaded
carrier containing 5 mg IMC was precisely weighed and put into 200 ml
of dissolution medium respectively. At predetermined time points (5
min, 10 min, 15 min, 20 min, 30 min, 40 min, 1 h, 1.5h,2h,3h,4h,6h,
8 h), 5 ml sample was withdrawn and after each sampling, 5 ml of
dissolution medium at 37°C was replenished to maintain a constant
volume. After the sample was filtered through a 0.45 pm water-based
microporous membrane, UV-2600 was used to measure the absor-
bance at a wavelength of 320 nm to calculate the cumulative release
amount and draw dissolution curves.

2.8. In vivo rat intestinal perfusion

Twelve Wistar male rats weighing 200+-20 g were randomly divided
into four groups on average, named IMC, IMC loaded blank MSNs, IMC
loaded L-Mal-MSNs, IMC loaded D-Mal-MSNs. 1.35 mg IMC or drug
loaded carrier containing 1.35 mg IMC was weighed, and added to 300
ml of Krebs-Ringer buffer (K-R buffer) containing 50 mg of phenol red
respectively to prepare the test solution. Before the experiment, the rats
were fasted (normal drinking water) for 12 h, anesthetized (20% ure-
thane 5ml/kg), and fixed. The abdominal cavity was incised along the
abdominal midline of the rat, and a small slit was cut at the upper and
lower ends of the duodenum, and the cannula was fixed to obtain a rat
model. The thermostatic peristaltic pump was connected to the rat
model, then peristaltic pump was turned on to equilibrate at a constant
flow rate (5 ml/min) for 10 min, and then perfuse at 2.5 ml/min. At the
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predetermined time points (0 h, 0.25h,0.5h,0.75h, 1 h, 1.5h,2h, 2.5
h, 3 h), 3 ml of samples were taken out, and after each sampling, 3 ml of
Krebs-Ringer buffer containing phenol red was added. The experiment
was stopped after the constant temperature peristaltic pump circulated
for 3 h (Xiao-Ying et al., 2019). The peak area of drug was measured
with HPLC (Waters e2695), and the absorbance of phenol red was
measured with UV-2600. After the sample was filtered by microporous
membrane, 0.3 ml sample was added into 3 ml sodium hydroxide so-
lution, and the content of phenol red was determined at 558 nm.

HPLC analysis working conditions were as follows. Chromatographic
column: C;g (5 microns, 4.6 x 250 mm), mobile phase: acetonitrile: 0.1
mol/L acetic acid (70:30, v/v), column temperature: 30°C, analytical
wavelength: 228 nm, velocity: 1.0 ml/min. The absorption rate constant
(K,) was calculated for each trial.

2.9. In vivo pharmacodynamic studies

2.9.1. Hot plate analgesia test

Fifty KM mice were randomly divided into model group (normal
saline), IMC group (100mg/kg), IMC loaded L-Mal-MSNs group, IMC
loaded D-Mal-MSNs group, IMC loaded blank MSNs group. The drug was
administered continuously for 7 days. After the last dose, adjusted the
water bath to 55°C.The mice were then placed on a hot plate and the
time was counted when they were placed on the hot plate. The day
before the formal test, the pain response time of mice should be detected
in advance, and the mice with pain response time between 10-30s were
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Fig. 2. A, DSC diagram of IMC, IMC loaded L-Mal-MSNs, IMC loaded D-Mal-MSNs and IMC loaded blank MSNs; B, FTIR curves of IMC, L-Mal-MSNs, D-Mal-MSNs,
blank MSNs, IMC loaded L-Mal-MSNs, IMC loaded D-Mal-MSNs and IMC loaded blank MSNs; C, Cumulative drug release in vitro of IMC, IMC loaded L-Mal-MSNs, IMC

loaded D-Mal-MSNs and IMC loaded blank MSNs.
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Fig. 3. Schematic diagram of drug loaded carrier absorption in intestinal transmembrane.

qualified. The normal pain response time (post-licking foot) of qualified
rats was measured twice, each time with an interval of 5min.The
average value was calculated as the pain threshold before administra-
tion. On the test day, pain response time was measured at 30min, 60min,
90min, 120min, 180min, 240min and 360min after administration.

2.9.2. Acetic acid twisting experiment

Fifty healthy KM mice (18-22g) were randomly divided into model
group (normal saline), IMC group (100mg/kg), IMC loaded L-Mal-MSNs
group (100mg/kg), IMC loaded D-Mal-MSNs group (100mg/kg), IMC
loaded blank MSNs group (100mg/kg). The drug was administered
continuously for 7 days. 0.6% acetic acid solution was prepared in
advance and preheated with 37°C water bath. On the test day, 0.2ml/
piece of 0.6% acetic acid solution preheated at 37°C was injected
intraperitoneally 30 min after the last administration. The time (latent
period) and the number of writhing reaction were observed and recor-
ded within 20 min. Stimulation of the peritoneum caused a lasting pain
response, resulting in a twisted body reaction in mice. Writhing reaction
was based on the behavior criteria of abdominal contraction and
concave, extension of hind limbs, hip elevation and peristaltic crawling
of mice. In this study, Oneway ANOVA and Dunnet’s t test were used for
statistical significance difference analysis (SPSS19.0 version).

2.9.3. Mouse ear swelling induced by xylene

Fifty healthy KM mice (18-22g) were randomly divided into model
group (normal saline), IMC group (100mg/kg), IMC loaded L-Mal-MSNs
group (100mg/kg), IMC loaded D-Mal-MSNs group (100mg/kg), IMC
loaded blank MSNs group (100mg/kg). 1h after the last administration,
xylene 0.05 ml was applied to the right ear of mice in each group. 30 min
later, the mice were sacrificed for cervical dislocation. Ear slices of the
same area were placed on the same part of both ears with a 6 mm
perforator and weighed with an electronic balance. Swelling degree and
inhibition rate were calculated.

Rightearswelling(mg) = Rightearweight(mg) — Leftearweight(mg)

The paraffin blocks were cut into Spm thick sections and stained with
hematoxylin-eosin (HE). The pathological changes of ear tissues,
including the degree of epidermal and dermal edema and lymphocyte
infiltration, were observed under an optical microscope. Mouse eyeballs
were taken for 1.0 ml of blood, and centrifuged at 3000 r/min for 10 min
after natural coagulation. Serum was taken out and placed in EP tube
and stored in refrigerator at -20°C for later use. Serum values of IL-1f
and TNF-a were determined by ELISA according to the instructions of
the kit. In this study, Oneway ANOVA and Dunnet’s t test were used for
statistical significance difference analysis (SPSS19.0 version).

3. Results

3.1. Characteristics of small molecularly modified mesoporous silica
nanoparticles

According to SEM images (Fig. 1A), blank MSNs were spherical
nanoparticles with rough surface with diameter of about 100 nm. On the
contrary, L-Mal-MSNs and D-Mal-MSNs were nanoparticles with irreg-
ular morphology of spherical or rodlike with diameter in the range of
200 nm to 500 nm after small molecular modification. According to
Fig. 1B, nitrogen adsorption/desorption isotherms belonged to type IV,
indicating that L-Mal-MSNs, D-Mal-MSNs and blank MSNs all had
mesopores. The specific surface area of blank MSNs was 458.16 m%/g
and pore volume was 0.451 cm®/g, which were bigger than L-Mal-MSNs
(specific surface area of 168.46 m2/g, pore volume of 0.250 cm®/g) and
D-Mal-MSNs (specific surface area of 184.38 m?/g, pore volume of 0.197
cm®/g), demonstrating that small molecular modification significantly
lowered specific surface area and pore volume.

3.2. Characterizations after drug loading

Drug loading capacity of IMC loaded D-Mal-MSNS (12.64%) and IMC
loaded L-Mal-MSNS (10.57%) was higher than that IMC loaded blank
MSNs (8.94%). It was obvious that the larger pore diameter of L-Mal-
MSNs and D-Mal-MSNs contributed to its higher drug loading capacity

Inhibitionrate(%) = (averageswellingdegreeofmodelgroup — averageswellingdegreeofadministrationgroup) /averageswellingdegreeofmodelgroup x 100%
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Table 1
Analgesic response time of mice after orally administered different samples.
Sample 0 min 15 min 30 min 45 min 60 min 75 min 90 min
Model 12.73+3.63 12.254+1.95 13.35+2.19 9.99+1.30 13.76+2.15 15.194+4.59 13.67+2.60
IMC loaded blank MSNs 14.21+2.33 16.194+5.34* 14.08+4.27 13.39+4.46 13.19+£1.35 14.43+3.19 15.79+45.76
IMC loaded D-Mal-MSNs 11.89+1.77 15.96+4.54 13.66+3.98 17.84+5.59** 14.04+7.10 15.95+8.27 14.79+4.50
IMC loaded L-Mal-MSNs 12.56+2.71 17.03+3.48* 16.56+5.97* 13.28+3.12* 16.39+4.62* 15.824+6.77 15.90+5.69
IMC 14.58+4.14 18.84+5.88* 15.75+5.70 14.26+4.66 13.28+2.54 11.03+1.80 14.25+4.94
**p<0.01; ***p<0.001 v.s. Model
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Fig. 4. A, analgesic response time of mice after orally administered different samples; B, writhing times of mice after orally administered different samples; C, ear
swelling degree (%) of mice after orally administered different samples; D, Concentration of TNF-a in serum of mice in xylene-induced ear swelling model; E,

Concentration of IL-1f in serum of mice in xylene-induced ear swelling model.

compared with blank MSNs. As shown in the Fig. 2A, an endothermic
peak appeared in the IMC heat flow diagram at 163.5°C, which was
basically consistent with the melting point temperature of IMC. As the
synthesis method of L-Mal-MSNs and D-Mal-MSNs was similar, L-Mal-
MSNS was taken as an example. The FTIR diagram (Fig. 2B) of L-Mal-
MSNS showed that the antisymmetric stretching vibration absorption

peak of Si-O-Si bond located at 1076.0 cm ™, the symmetric stretching
vibration absorption peak of Si-O-Si bond was at 790.6 cm™, and the
bending vibration absorption peak of Si-O bond located at 460.9 cm L.
The stretching vibration absorption peak of carbonyl of amide was at
1639.1cm ! and -OH was at 3434.6 cm ™, indicating that L-Mal-MSNs
successfully achieved small molecularly modification. Further, IMC
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Table 2
Writhing times of mice after orally administered different samples.
Sample Model IMC loaded IMC loaded IMC IMC loaded
(times) D-Mal- L-Mal- (times) blank MSNs
MSNs MSNs (times)
(times) (times)
Twisting 30.46 7.08 7.83 14.64 7.50
times +10.35 +4.54%* +6.63""* +8.65"* +6.71%%*
" p<0.01;
" p<0.001 v.s. Model
Table 3
The swelling degree of the mouse ear caused by xylene.
Sample Leftear wt.  Right ear Swelling Inhibitory
(mg) wt. (mg) degree (mg) rate(%)
Control 12.35 14.554+2.51 2.2+1.87
+1.58
Model 9.91+2.09 20.85+3.34 10.94
+4.00"""
IMC loaded D- 9.15£1.08 11.58+2.45 2.43£2.08%"* 77.83
Mal-MSNs
IMC loaded L- 9.494+2.17 13.47+3.25 3.9943.17** 63.56
Mal-MSNs
IMC 8.51+0.98 12.53+3.11 4.01+£3.11%* 63.32
IMC loaded 8.76+1.20 11.444+1.92 2.69+2.127%%* 75.42
blank MSNs

#H## p<0.001 v.s. Control;
~ p<0.01;
" p<0.001 v.s. Model

loaded blank MSNs, IMC loaded L-Mal-MSNs and IMC loaded D-Mal-
MSNs presented similar result, so IMC loaded L-Mal-MSNS was discussed
as an example. In the FTIR diagram of IMC, the two spectral peaks at
1589.0 cm™! and 1479 cm™! were the skeleton stretching vibration
absorption peak of benzene ring in IMC structure, the characteristic
absorption peak at 833.0 cm™! was the para-position substitution of
benzene ring, 1713.4 cm ! was the C=0 stretching vibration absorption
peak of carboxylic acid, and 1690.9 cm ™! was the C=0 stretching vi-
bration absorption peak of amide (Gou et al., 2021). However, in the
FTIR diagram of IMC loaded L-Mal-MSNs, the absorption peak of ben-
zene ring almost disappeared, and the stretching vibration absorption
peak of C=0 of carboxylic acid and amide moved to a low wave number
(red shift), indicating that IMC formed a hydrogen bond with
L-Mal-MSNs.

3.3. Drug release in vitro

As shown in Fig. 2C, the drug release rate of three drug loaded car-
riers were superior to IMC, indicating that the three carriers can improve
drug release because all drug remained amorphous state in carriers ac-
cording to DSC results. Moreover, release rate and maximum release
amount of IMC loaded blank MSNs, IMC loaded L-Mal-MSNs and IMC
loaded D-Mal-MSNs were similar, further confirming the above in vitro
release analysis that poorly water-soluble drug release was not deter-
mined by porous structure parameters of carriers when small molecules
modified mesoporous silica nanoparticle was applied as drug carrier.
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3.4. In vivo rate intestinal perfusion

The absorption rate constant of IMC loaded L-Mal-MSNs was the
largest among IMC (Ka: 5.24 x 10’4), IMC loaded blank MSNs (Ka: 5.35
x 10, IMC loaded L-Mal-MSNs (Ka: 6.43 x 10~*) and IMC loaded D-
Mal-MSNs (Ka: 2.36 x 10’4). Since blank MSNs, L-Mal-MSNs and IMC
loaded D-Mal-MSNs were nanoparticles that can pass through small
intestinal epithelial cells (see Fig. 3), and in vitro drug release result was
different from in vivo rate intestinal result, indicating that their ability to
deliver drugs through small intestinal epithelial cells turned out to be
the crucial step for oral administration.

3.5. In vivo pharmacodynamic studies

The hot plate analgesia results were shown Table 1 and Fig. 4A.
Compared with model group, IMC loaded blank MSNs, IMC loaded L-
Mal-MSNs, IMC loaded D-Mal-MSNs, and IMC showed significant cen-
tral analgesic effects (*p < 0.05;**p < 0.01v.s. Model). Moreover, IMC
loaded blank MSNs, IMC loaded L-Mal-MSNs and IMC exerted the fastest
effect, showing significant analgesic effects 15 min after administration,
which was in agreement with in vivo rate intestinal perfusion result that
the absorption rate constant of IMC loaded L-Mal-MSNs, IMC loaded
blank MSNs and IMC loaded L-Mal-MSNs were higher than IMC loaded
D-Mal-MSNs. To further confirm analgesic effect of small molecules
modified mesoporous silica nanoparticles drug delivery system, the
acetic acid writhing analgesia results were displayed in Table 2 and
Fig. 4B. Compared with model group, IMC loaded blank MSNs, IMC
loaded L-Mal-MSNs, IMC loaded D-Mal-MSNs, and IMC could signifi-
cantly reduce the twisting times of mice in acetic acid twisting experi-
ment (**p < 0.01;***p < 0.001 v.s. Model), that is, all the above drugs
had significant analgesic effects, and IMC loaded D-Mal-MSNs presented
the best efficacy.

Anti-inflammatory test of small molecules modified mesoporous
silica nanoparticles drug delivery system was studied using the ear
swelling anti-inflammatory test, and these results were shown in Table 3
and Fig. 4C. It was obvious that compared with the control group, the
swelling degree of ear piece of mice in the model group was significantly
increased (###p < 0.001), indicating that the model was successfully
established. It demonstrated that single administration of IMC loaded
blank MSNs, IMC loaded L-Mal-MSNs, IMC loaded D-Mal-MSNs, and
IMC could reduce the degree of ear swelling induced by xylene (**p <
0.01;***p < 0.001 v.s.Model), showing their significant anti-
inflammatory effects. Furthermore, representative inflammatory factor
of TNF-a and IL-1p (pleas see Table 4) were analyzed after ear swelling
anti-inflammatory study. According to Fig. 4 D and E, the concentrations
of TNF-a and IL-1p in the model group were significantly increased
(###p<0.001), indicating that the inflammation model of ear swelling
in xylene mice was successfully established. Compared with model
group, single administration of IMC loaded blank MSNs, IMC loaded L-
Mal-MSNs, IMC loaded D-Mal-MSNs, and IMC significantly decreased
serum concentrations of TNF-a and IL-1p (**p<0.01;***p<0.001),
revealing their significant anti-inflammatory effects. Pathological sec-
tion images of ear swelling experiment were presented in Fig. 5.
Compared with the control group, the ear slices of mice in the model
group showed subcutaneous soft tissue congestion, edema, and scattered
inflammatory cell infiltration. The model of ear swelling induced by

Table 4

Inflammatory markers in serum after ear swelling experiment.
Sample Control Model IMC loaded D-Mal-MSNs IMC loaded L-Mal-MSNs IMC IMC loaded blank MSNs
TNF-a 295.33+44.61 721.374+45.60""7" 488.114+53.93*** 589.84+35.55%** 421.10+27.71
IL-1p 59.91+4.66 131.68+10.12" 77 92.25+6.70* 107.22+£9.92** 76.64+10.62*

## p<0.001 v.s. Control;
" p<0.01;
" p<0.001 v.s. Model
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Fig. 5. Ear slice of xylene induced ear swelling model mice of different samples.
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xylene was established successfully. Compared with ear tablets in model
group, administration of IMC loaded blank MSNs, IMC loaded L-Mal-
MSNs, IMC loaded D-Mal-MSNs, and IMC can significantly relieve
edema and inflammatory infiltration caused by xylene.

4. Discussion

4.1. Characteristics of small molecularly modified mesoporous silica
nanoparticles

It was obvious that particle diameter was significantly enlarged for
small molecules modified mesoporous silica nanoparticles after grafting
small molecules in the silica frame. Since the part grafted on the surface
of nanoparticles was small molecule, there were no significant differ-
ences in the surface morphology of L-type MSNs and D-type MSNs. It was
predicted that it was needed to have nanoparticles instead of disordered
mesoporous silica because surface modification effect may be better
after grafting molecules onto nanoparticles due to larger surface area of
nanoparticles than particles. Furthermore, both L-Mal-MSNs and D-Mal-
MSNs presented irregular shape, and chiral malic acid disturbed the
order of silica condensation owing to its large molecule. Pore diameters
of L-Mal-MSNs and D-Mal-MSNs were a little bigger than blank MSNs
(pore diameter of L-Mal-MSNs was almost 240% of blank MSNs, D-Mal-
MSNs was about 120% of blank MSNs), possibly because the introduc-
tion of malic acid modified silane coupling agent enlarged the size of
micelle template formed by CTAB owing to its electric charge.

4.2. Drug loading abilities

Blank MSNs, L-Mal-MSNs and D-Mal-MSNs had no obvious endo-
thermic peak, indicating that they were in an amorphous state. IMC
loaded blank MSNs, IMC loaded L-Mal-MSNs and IMC loaded D-Mal-
MSNs showed no obvious endothermic peak, indicating that IMC was
successfully loaded into the pores of mesoporous silica nanoparticles
and existed in an amorphous state (Wang et al., 2019a; Wang et al.,
2019b; Liu et al., 2021). Though specific surface area and pore volume
of L-Mal-MSNs and D-Mal-MSNs were lower than blank MSNs, IMC
loaded L-Mal-MSNs and IMC loaded D-Mal-MSNs obtained similar
release effects compared to blank MSNs because small molecules
modified mesoporous silica nanoparticles loaded larger amount of
amorphous drug than mesoporous silica. The reason can be ascribed that
stronger hydrogen bonds formed by carboxyl groups of small molecules
and amino groups of drug than hydrogen bonds formed between hy-
droxyl groups of mesoporous silica and amino groups of drug.

4.3. In vivo drug delivery effects

According to in vivo absorption rate result, since the chemical con-
figurations of amino acids constituting proteins were mostly L-type, it
was speculated that the channel proteins of mucosal cells preferred to
absorb L-type drug carriers. The in vivo intestinal drug absorption result
of L-Mal-MSNs and D-Mal-MSNs demonstrated that L-type chiral mes-
oporous silica nanoparticles performed faster delivery rate than D-type.
Among IMC loaded blank MSNs, IMC loaded L-Mal-MSNs and IMC,
analgesic effect of IMC loaded L-Mal-MSNs performed longest analgesic
duration, indicating that IMC loaded L-Mal-MSNs with the highest in
vivo absorption rate contributed to obtain better analgesic effect. How-
ever, the analgesic effect of IMC loaded D-Mal-MSNs with the longest
analgesic duration at 45 min after administration (**p<0.01v.s.Model)
reflected that D-Mal-MSNs orally delivered IMC with lowest in vivo ab-
sorption rate but the best analgesic effect. Since silica degraded in bio-
logical environment (He et al., 2009; He et al., 2008), the above result
gave hints that D-malic acid that fell off from degraded silica frame
exhibited best synergic analgesia function for IMC.

Among these, IMC loaded D-Mal-MSNs exerted the highest swelling
inhibition rate to present the strongest anti-swelling and anti-
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inflammatory effect, which was in agreement with the above analgesia
results. Furthermore, representative inflammatory factor of TNF-a and
IL-1p were analyzed after ear swelling anti-inflammatory study. The
levels of TNF-a and IL-1f in serum of IMC loaded D-Mal-MSNs group
were lower than those of IMC loaded L-Mal-MSNs group, indicating that
IMC loaded D-Mal-MSNs had better anti-inflammatory effect. Mice ear
tablets with IMC loaded blank MSNs and IMC loaded L-Mal-MSNs still
had subcutaneous soft tissue edema, but no inflammatory cell infiltra-
tion. There was no subcutaneous soft tissue edema and inflammatory
cell infiltration in IMC loaded D-Mal-MSNs group. However, there was
still congestion and edema in the IMC group, but no inflammatory cell
infiltration. These results suggest that IMC loaded blank MSNs, IMC
loaded L-Mal-MSNs, IMC loaded D-Mal-MSNs all have significant anti-
inflammatory effects, among which IMC loaded D-Mal-MSNs per-
formed the best anti-inflammatory effect.

5. Conclusion

The present small molecules modified mesoporous silica nano-
particles belonged to nanoparticles with mesopores and malic acids.
Though the internal and outside grafted malic acids lowered specific
surface area and pore volume, their pore diameter was not influenced.
Herein, IMC loaded L-Mal-MSNs, IMC loaded D-Mal-MSNs and IMC
loaded blank MSNs can successfully convert IMC crystal state to amor-
phous phase and IMC formed hydrogen bond forces with these three
carriers. Drug release rate of the three drug loaded carriers were obvi-
ously faster than IMC, indicating that the three carriers can improve
drug release because all drug remained amorphous state in carriers ac-
cording to DSC results. The in vivo intestinal drug absorption result
indicated that L-Mal-MSNs performed faster drug absorption rate than
D-Mal-MSNs. However, analgesic and anti-inflammatory effects of IMC
loaded D-Mal-MSNs turned out to be the best, giving hints that D-malic
acid exhibited best synergic analgesia function for IMC. It is believed
that the present small molecules modified mesoporous silica nano-
particles can perform synergistic effect to enhance analgesia and anti-
inflammatory effects.
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