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Abstract

High efficiency of anti-inflammatories for anti-inflammatory drugs has enormous room for improvement, aiming to reduce
side effects. Herein, molecular-modified biomimetic mesoporous silica xerogel was applied to establish a superior carrier for
delivering nimesulide (NMS). Small molecules of chiral threonine and chiral malic acid, as well as a polymer of
hydroxypropyl methylcellulose K250 (HPMC), were used to respectively obtain LT-MSX, DT-MSX, LM-MSX, DM-MSX,
BMSX, L-BMSX, M-BMSX, and H-BMSX. Morphology and porous structure of the obtained carriers were analyzed, and
properties of NMS-loaded carriers were studied by focusing on drug crystal form and molecule interactions. In vitro carrier
degradation and drug release, as well as in vivo anti-inflammatory effects of drug-loaded carriers, were evaluated. The results
demonstrated that the addition of molecules significantly impacted the porous properties of carriers. In addition, all these
carriers improved drug release by converting the drug crystal form to an amorphous state. The swelling inhibition rate of
NMS-loaded LT-MSX and NMS-loaded DT-MSX was the best, owing to their fast drug release and silica degradation,
which can be of great value for the application of anti-inflammatory drugs.
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1 Introduction

Among all available drug biomaterials, mesoporous silica
has been studied in many research works due to its unique
properties. (1) Large surface area and pore volume provide
great potential for adsorption and loading of drug molecules
into pore channels; (2) The excellent mesoporous structure
and adjustable pore size enable better control of drug
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loading and release kinetics; (3) Easily modified surfaces
for controlled and targeted drug delivery enhance ther-
apeutic efficacy and reduce toxicity; (4) In vivo biosafety
evaluations of cytotoxicity, biodegradation, biodistribution
and excretion have yielded satisfactory results; (5) Combi-
nations with magnetic and/or luminescent compounds allow
simultaneous applications of drug delivery and bioimaging;
(6) Superior surface properties and porosity have been
proven to be attractive candidates as bioactive materials for
bone regeneration [1-5]. Based on these advantages, the
studies on mesoporous silica materials have increased dra-
matically, especially in the field of intelligent drug delivery
systems. It has been reported that mesoporous silica nano-
particles, as a safe oral drug carrier, have no toxicity to the
simulated intestinal cells Caco-2 [6]. Current animal
experiments have shown that mesoporous silica nano-
particles have two main in vivo excretion pathways: one is
excreted by urine through renal filtration, the other is
excreted by the liver into bile and feces, and urine excretion
is the main excretion pathway of mesoporous silica nano-
particles [7].

Biomimetics usually refers to the technology that mimics
or uses the structure, biochemical function, and biochemical
process of the organism [8—10]. The cell wall of diatoms
and the bone needle of sponges have exquisite nano-silica
structures, and the formation of these structures can be
guided by amino-rich molecules (amino acids, polyamines,
peptides, polysaccharides, etc.). The use of biomimetic
methods to construct mesoporous silica has attracted much
attention in recent years. The biomimetic synthesis tech-
nology requires mild conditions. First, a self-assembly of
organic matter is formed, and the inorganic precursor che-
mically reacts at the phase interface between the self-
assembled aggregate and the solution. Under the action of
the self-assembly template, an inorganic-organic complex is
established [11-15]. Since mesoporous silica can flexibly
modify molecules to regulate drug delivery, it is of great
interest to study the effects of small molecules and polymers
on the properties of biomimetic mesoporous silica.

Inflammation is defined as a vascular defense response of
living tissues to resist the cumulative damage caused by
inflammatory factors. Consequently, inflammation can lead
to the occurrence and aggravation of many diseases, such as
osteoarthritis (OA) and inflammatory bowel disease, etc.
OA is the most common type of arthritis, which can affect
major joints throughout the body, including the knee and
elbow joints. In severe cases, it can even result in disability
and is often referred to as “undying cancer.” Acute gouty
arthritis is a frequently encountered condition in emergency
and outpatient settings. Its clinical symptoms include red-
ness, swelling, heat, and pain in the affected joint. The
incidence of this disease is increasing, and the age of
patients is becoming younger. Clinical studies have found
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that this disease can directly impair joint function [16-22].
Nimesulide (NMS), a non-steroidal anti-inflammatory drug
[4], is a selective cyclooxygenase-2 inhibitor, which is
primarily used to treat chronic arthritis and other inflam-
matory conditions. After oral administration, it exerts
analgesic, antipyretic, and anti-inflammatory effects. How-
ever, NMS has poor absorption and low bioavailability due
to its low solubility, which significantly limits its clinical
application. Therefore, enhancing the anti-inflammatory
efficacy of NMS is highly necessary [23-26].

In this study, polyethylene imine (PEI) was employed as
a biomimetic template, with chiral threonine and hydro-
xypropyl methylcellulose (HPMC) introduced as modulat-
ing groups to construct an NMS drug delivery system based
on a biomimetic mesoporous silica framework. Threonine is
a white rhomb or crystalline powder with odorless and taste
slightly sweet, and it is mainly used in medicine, chemical
reagents, food fortifiers, feed additives, and other aspects.
Malic acid, also known as 2-hydroxybutanedioic acid, has
two stereoisomers due to an asymmetric carbon atom in its
structure. In nature, it exists in three forms: D-malic acid,
L-malic acid, and their mixture, DL-malic acid. Malic acid
is mainly used in the food and pharmaceutical industries.
HPMC is a cellulose ether widely used in drug formulations
due to its biocompatibility, uncharged nature, solubility in
water, and thermoplastic behavior, and HPMC K250
belongs to one type of HPMC. By investigating the changes
in drug properties before and after drug loading, in vitro
drug release, and anti-inflammatory efficacy, the critical role
of molecular groups in the delivery of drugs via biomimetic
mesoporous silica carriers was elucidated. It was found that
a series of mesoporous silica xerogel carriers showed
similar characteristics in structure, all of which were com-
posed of silica particles with internal pore structure, and had
good drug loading performance. During drug loading, drug
molecules could be converted into amorphous states,
effectively improving the solubility and release of drugs,
and the anti-inflammatory effect of drug-loaded carriers was
better than that of the raw drug. The present study has
important implications for the development of novel anti-
inflammatory drug delivery systems.

2 Materials and methods
2.1 Materials

L-malic acid (299%), D-malic acid (299%), L-threonine
(299%), D-threonine (299%), tetramethyl orthosilicate
(TMOS) (299%), PEI (299%) were purchased from Dalian
Meilun Biological Co., Ltd (China). Other chemical
reagents are purchased from Tianjin Damao Chemical
Reagent Factory (Tianjin, China). Deionized water was
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prepared by the ion exchange method. All animal experi-
ments in this study were conducted according to the
Guidelines for the Care and Use of Laboratory Animals,
that was authorized by the Ethics Review Committee for
Animal Experimentation of Shenyang Medical College
(Shenyang, Liaoning, China).

2.2 Synthesis of drug carriers

An appropriate amount of polyethylene imine (PEls) was
weighed and dissolved in distilled water to obtain a PEIs
aggregate solution with a concentration of 0.5 wt%. A
certain dosage of HPMC K250 was used and dissolved in
distilled water to prepare solutions with concentrations of
0.001 g/mL, 0.025 g/mL, and 0.05 g/mL, respectively.

Two milliliters of the PEIs aggregate solution was placed
in a 10 mL vial, and 5 mL of the absolute ethanol mixture of
TMOS was added, and then 1 mL of each of the three
different concentrations of HPMC solution was added in the
corresponding group. At room temperature, it was sealed,
left to stand, dried, ground into fine powder, and sieved
through a 100-mesh sieve to obtain BMSX, L-BMSX, M-
BMSX, and H-BMSX.

Specific masses of LT-MSX, DT-MSX, LM-MSX, and
DM-MSX were separately dissolved in distilled water to
prepare 0.1 g/mL solutions of chiral threonine and chiral
malic acid. 2 mL of the PEI aggregate solution was added to
2.5mL of tetramethoxysilane (TMOS) anhydrous ethanol
mixture. The above solution was homogeneously mixed at
25 °C to form a wet gel and finally dried to get a xerogel.
Next, TMOs anhydrous ethanol mixture, PEI aggregate
solution, and solutions of L-threonine, L-malic acid, D-
threonine, and D-malic acid were respectively added. The
mixture was shaken at 25 °C to yield the wet gel. Finally,
the wet gel was dried, ground, and sieved to obtain NC-
MSX, LT-MSX, DT-MSX, LM-MSX, and DM-MSX.

2.3 Properties of drug carriers
2.3.1 Scanning electron microscope(SEM)

The morphology of the carrier was characterized by SEM
(JSM-7610FPlus, Japan); the sample was pasted onto a
metal stigma and sputtered with gold under vacuum
conditions.

2.3.2 Fourier-transform infrared (FT-IR)

Potassium bromide (KBr) pellets were fixed on a sample
holder. Clear spectral graphs were obtained by using an FT-
IR spectrometer (WQF-530, China). Then BMSX, L-
BMSX, M-BMSX, H-BMSX, NC-MSX, LT-MSX, DT-
MSX, LM-MSX, and DM-MSX were measured respectively

in the spectral region of 400—4000cm™' to obtain the

characteristics and absorption peaks of the samples.
2.3.3 Analysis of specific surface area and pore size

Nitrogen adsorption/desorption of BMSX, L-BMSX, M-
BMSX, H-BMSX, NC-MSX, LT-MSX, DT-MSX, LM-
MSX, and DM-MSX were measured using a specific sur-
face area analyzer (Autosorb-iQ-MP, USA) to study their
specific surface area and pore structure. All samples were
degassed by vacuum drying at 150°C to remove the
adsorbed moisture.

2.3.4 Degradation of drug carriers

The degradation of the carrier is mainly determined by the
silicon molybdenum blue colorimetric method. 5 g ammo-
nium molybdoate was dissolved in 100 mL deionized water
to prepare a 0.05 g/mL ammonium molybdoate solution.
One gram citric acid and 5 g of ascorbic acid were mixed
into 100 mL of deionized water to prepare the mixed acid
solution. The carrier was degraded in vitro using the paddle
method (100 rpm, 37 °C). 2 mg, 4 mg, 6 mg, 8§ mg, 10 mg,
15 mg, 20 mg, and 30 mg of BMSX, L-BMSX, M-BMSX,
and H-BMSX were respectively put into small cups, and
then 200 mL of the dissolution medium with pH 6.8 phos-
phate buffer solution (PBS) was added to each small cup. At
15 min, 30 min, 45min, 1h, and 2h, SmL of dissolved
samples were taken out for measurement, and then 5 mL of
ammonium molybdate solution and 5mL of mixed acid
solution were added to these samples at the same time. After
1 min, the color change of the solution was observed, fol-
lowed by the quick measurement of absorbance at 838 nm.
Similarly, the carriers of NC-MSX, LT-MSX, DT-MSX,
LM-MSX, and DM-MSX were degraded by the paddle
method (100 rpm, 37 °C). 2 mg, 4 mg, 6 mg, 8 mg, 10 mg,
15 mg, 20 mg, 30 mg NMS, NC-MSX, LT-MSX, DT-MSX,
LM-MSX, DM-MSX were put into a small cup, and
200 mL of dissolved medium (pH 6.8) was added. Five
milliliters of the dissolved sample were taken out at 15 min,
30 min, 45min, 1h, and 2h, respectively. Subsequently,
SmL of ammonium silicate solution and 5 mL of mixed
acid solution were added to these samples at the same time
point. Color changes were observed after 1min, and
absorbance was rapidly measured using a UV spectro-
photometer (UV-1801, China) at 838 nm.

2.4 Preparation of the drug-loaded carrier
0.05 g/mL. NMS was prepared using chloroform. 0.15g
BMSX, L-BMSX, M-BMSX, and H-BMSX were, respec-

tively, added into 1 mL. NMS solution, which was placed on a
magnetic stirrer and stirred for 12h (avoid light). The
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obtained drug solution was first dried in a vacuum drying
oven at 40°C. After washing and centrifuging the drug
solution twice, it was dried in an electric heating drying oven
at 60 °C to obtain NMS loaded BMSX, NMS loaded L-
BMSX, NMS loaded M-BMSX, and NMS loaded H-BMSX.

0.5 g of NMS was dissolved using chloroform to get a
0.05 g/mL. NMS solution. NC-MSX, LT-MSX, DT-
MSX, LM-MSX, and DM-MSX (0.3 g) were added to
2mL of NMS chloroform solution and stirred with a
magnetic stirrer for 12h (avoid light). After vacuum
drying for 4 h, the materials were washed with water,
centrifuged, and dried at 60 °C to obtain NMS loaded
NC-MSX, NMS loaded LT-MSX, NMS loaded DT-
MSX, NMS loaded LM-MSX, and NMS loaded DM-
MSX.

2.5 Properties of drug-loaded carrier
2.5.1 Determination of drug loading amount

Five milligrams each of NMS loaded BMSX, NMS
loaded L-BMSX, NMS loaded M-BMSX, NMS loaded
H-BMSX, NMS loaded NC-MSX, NMS loaded LT-
MSX, NMS loaded DT-MSX, NMS loaded LM-MSX,
and NMS loaded DM-MSX were precisely weighed and
placed in a 10 mL volumetric flask using absolute etha-
nol, then sonicated in an ultrasonic washer for 20 min.
The obtained solution was filtered through a 0.45 ym
organic filter membrane, and the absorbance was used to
calculate the drug loading capacity.

Drug loading capacity (%)
= (Wdrugcomained in carrier/Wcarrier) x 100

2.5.2 Differential scanning calorimeter (DSC)

Under the protection of nitrogen, the heat flow maps of
NMS, NMS loaded BMSX, NMS loaded L-BMSX, NMS
loaded M-BMSX, and NMS loaded H-BMSX were mea-
sured by DSC (HSC-4, China) with the samples placed in
an aluminum disk and heated from 70 °C to 300 °C at a
heating rate of 5 °C/min.

The heat flow diagrams of NMS, NC-MSX, LT-MSX,
DT-MSX, LM-MSX, DM-MSX, NMS loaded NC-MSX,
NMS loaded LT-MSX, NMS loaded DT-MSX, NMS
loaded LM-MSX, and NMS loaded DM-MSX were
measured by DSC (HSC-4, China). The samples were
placed in aluminum pans and heated from 25°C to
300°C at a heating rate of 5°C/min under nitrogen
protection.
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2.5.3 FT-IR

The spectra of NMS, NMS loaded BMSX, NMS loaded L-
BMSX, NMS loaded M-BMSX and NMS loaded H-BMSX
were obtained in the spectral region of 400-4000cm ', The
potassium bromide was prepared, fixed on the sample rack, and
the clear spectral map was obtained by a Fourier infrared
spectrometer (WQF-530, China). Then, NMS loaded NC-MSX,
NMS loaded LT-MSX, NMS loaded DT-MSX, NMS loaded
LM-MSX, and NMS loaded DM-MSX were respectively
measured to obtain the characteristics and absorption peaks of
the samples.

2.5.4 In vitro drug release

The in vitro drug release was carried out by the stirring method
(RC806D, China). Firstly, 5 mg of NMS, NMS loaded BMSX,
NMS loaded L-BMSX, NMS loaded M-BMSX, and NMS
loaded H-BMSX containing 5 mg of NMS were precisely
weighed and then put into 300 mL pH 6.8 PBS, respectively.
Then, the mixtures were stirred at 100 rpm. After each sam-
pling, 5 mL pH 6.8 PBS (same temperature and same volume)
was supplemented. Next, the sample was filtered, the absor-
bance was measured, the cumulative release percentage was
calculated, and the dissolution curve was finally drawn.

The release of NMS loaded NC-MSX, NMS loaded LT-
MSX, NMS loaded DT-MSX, NMS loaded LM-MSX, and
NMS loaded DM-MSX were also studied using the stirring
method. 300 mL of pH 6.8 PBS was added to small cups,
and the experiment was carried out in an isothermal dis-
solution apparatus at 37 °C and 100 rpm. Five milligrams of
NMS and NMS loaded NC-MSX, NMS loaded LT-MSX,
NMS loaded DT-MSX, NMS loaded LM-MSX, and NMS
loaded DM-MSX containing 5 mg of NMS were separately
poured into small cups containing 300 mL pH 6.8 PBS. At
the designed time points, a 5 mL sample was removed from
the small cup, and the 5mL sample was filtered by a
0.45 um water system microporous filter membrane. The
absorbance was measured by UV with pH 6.8 PBS as the
reference. The cumulative release percentage was calcu-
lated, and the dissolution curve was plotted.

2.6 Anti-inflammatory experiment in rats

A number of male SD rats weighing 200 +20 g were ran-
domly divided into five groups:

Group 1: normal saline group

Group 2: NMS group

Group 3: NMS loaded L-BMSX group

Group 4: NMS loaded M-BMSX group

Group 5: NMS loaded H-BMSX group
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1% carrageenan saline solution was selected as the
inflammatory inducer. Before administration, the rats
were fasted for 12h while being allowed free access
to water.

Firstly, 1% carrageenan saline solution was obtained,
and four normal saline suspensions containing the same
amount of NMS and four normal saline suspensions
containing the same amount of IMC were prepared.
Next, the first group with the same amount of normal
saline and the other groups with the prepared drug saline
suspensions were orally administered. Thirty minutes
later, 1% carrageenan saline solution was sub-
cutaneously injected into the right hind toe of each rat.
Subsequently, the ankle circumference of the right hind
foot was measured at intervals of 30, 60, 90, 120, and
180 min to calculate the swelling degree, swelling rate,
and swelling inhibition rate.

Swelling degree = circumference after treatment

—circunference before treatment

Swelling rate(%)

= Swelling degree/circumference before treatment x 100

Swelling inhibition rate(%) = (circumference of model group

—circunference of drug group)/circumference of model group x 100

1% carrageenan saline solution was used as an inducer in
a rat model of inflammation. Fourteen male SD rats
weighing 200+20g were randomly divided into seven
groups:

Group 1. NMS raw material group

Group 2. NMS L-malic acid carrier group

Group 3. NMS D-malic acid carrier group

Group 4. NMS L-threonine carrier group

Group 5. NMS D-threonine carrier group

Group 6. NMS blank carrier group

Group 7. Saline control group

Rats were fasted for 12 h before administration and
had free access to water. Five different drug-loaded
normal saline suspensions (NMS, 32 mg/kg) were pre-
pared. The rats in the normal saline group were given
2 mL of normal saline by gavage, and the rats in the other
groups were orally given 2 mL of the drug, and the cir-
cumference of the right hind ankle was measured at
determined time points. 1% carrageenan solution was
subcutaneously injected into the right hind toe of each
rat, and the ankle circumference of the right hind foot
was measured at predetermined time intervals, including
30, 60, 90, 120, and 180 min.

3 Results and discussion
3.1 Properties of the carrier
3.1.1 SEM

According to the SEM result in Fig. 1, BMSX, L-BMSX,
M-BMSX, and H-BMSX were accumulated by silica par-
ticles because PEISs, as a biomimetic template, increased the
speed of the deposition of silicon source, and therefore the
particles were in a stacked state to construct pores. As seen
in Fig. 2, the silica stacking of NC-MSX was stronger than
that of several chiral carriers, and the silica stacking of LT-
MSX was stronger than that of DT-MSX, which can make
more gaps for drug loading. After grinding, the particle size
of NC-MSX was relatively uniform, while the particle size
of the hand-type carrier was relatively uneven due to
grinding.

3.1.2 FT-R

Figure 3 shows that PEIs and HPMC were successfully used
in the carrier. In addition, L-BMSX presented Si—-O-Si
bending vibration peak, Si—-O-Si symmetric stretching
vibration peak, and Si—-O-Si asymmetric stretching vibra-
tion peak at 460.90 cm™!, 794.52 cm™!, and 950.73 cm ™!,
respectively, indicating that L-BMSX was successfully
synthesized.

Since the synthesis of several carriers was similar, LT-
MSX was used as an example. There was a carbonyl
stretching vibration peak at 1641.1cm™! for LT-MSX.
Additionally, there was a bending vibration peak of
Si—O-Si at 484.4 cm ™!, a symmetric stretching vibration
peak of Si—O-Si at 790.7 cm ™', an asymmetric stretching
vibration peak of Si—-O-Si at 1415.2 cm™!, and a
hydrogen bond vibration peak formed by Si—-OH and
N-H at 3369.2 cm™~'. From these characteristics, it can
be inferred that LT-MSX was a synthesized silica
material.

3.1.3 Specific surface area and pore size

According to Fig. 4A, C, it was clear that all drug carriers
presented a hysteresis loop, confirming their mesoporous
structure [27-30]. The addition of small molecules or
polymers can significantly reduce specific surface area and
pore volume evidenced by the reduction of specific surface
area and pore volume shown in Table 1. Furthermore, the
specific surface area and pore volume of LM-MSX and
DM-MSX were obviously lower than those of LT-MSX and
DT-MSX, demonstrating that different small molecules can
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Fig. 1 SEM images of A and
B, BMSX; C and D, L-BMSX;
E and F, M-BMSX

have varied effects on specific surface area and pore
volume. The main chemical structure difference between
threonine and malic acid can be concluded as threonine
contains an amino group, while malic acid consists of an
extra carboxyl group, and an amino group catalyzes the
hydrolysis and silica condensation during the formation of
silica frame, resulting in a larger specific surface area and
pore volume of LT-MSX and DT-MSX. However, the mean
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pore diameter of carriers was not regularly impacted by
adding small molecules or polymer in the system. The pore
size of carriers can be obviously affected by introducing
small molecules or polymer, both for BMSX and NC-MSX

(BMSX: 6.669nm, L-BMSX: 3.502nm; M-BMSX:
3.837 nm; H-BMSX: 3.878 nm; NC-MSX: 6.220 nm; LT-
MSX: 3.119nm; LM-MSX: 3.010nm; DT-MSX:
3.557nm; DM-MSX: 3.010nm), indicating that the
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NC-MSX

DM-MSX

Fig. 2 SEM images of A and B, NC-MSX; C and D, LT-MSX; E and
F, DT-MSX; G and H, LM-MSX; I and J, DM-MSX

introduction of small molecules or polymer in MSX mainly
lowered pore size because these molecules were stored in
the pores.
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Fig. 3 IR spectra of A, BMSX, L-BMSX, M-BMSX, and H-BMSX;
B, NC-MSX, LT-MSX, DT-MSX, LM-MSX, and DM-MSX

3.1.4 Degradation

With the time passed, the darker blue of the solution led to
greater measured absorbance, indicating that the three carriers
were gradually degraded. Figure 5 shows that the initial
degradation of NMS loaded BMSX was higher than that of
NMS loaded L-BMSX, NMS loaded M-BMSX, and NMS
loaded H-BMSX, showing that HPMC can delay silica
degradation owing to reduced specific surface area and pore
volume. Among these carriers, the silica degradation at
120 min of NMS loaded L-BMSX was the least, which may
relate to the property that most pore size of L-BMSX was the
smallest Fig. 6. On the contrary, the addition of threonine in
MSX significantly accelerated silica degradation, possibly
(see Fig. 7) because the amino group on MSX for LT-MSX
and DT-MSX enhanced silica degradation rate. The absor-
bance value of NMS loaded LM-MSX was lower than that of
NMS loaded NC-MSX, so NMS loaded LM-MSX had an
inhibitory effect compared with NMS loaded NC-MSX. The
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Fig. 4 A Nitrogen adsorption/desorption curves of BMSX, L-BMSX,
M-BMSX, and H-BMSX; B pore distribution curves of BMSX, L-
BMSX, M-BMSX, and H-BMSX; C nitrogen adsorption/desorption

Table 1 Porous structure results of carriers

Sample Specific surface area (m* Pore volume Pore diameter
) (em’/g) (nm)
BMSX 449.546 0.544 3.813
L-BMSX 341.428 0.325 3.502
M-BMSX 245.392 0.243 3.409
H-BMSX 336.692 0.334 3.831
LT-MSX 163.583 0.167 3.406
DT-MSX 201.181 0.238 3.398
LM-MSX 41.555 0.058 3.825
DM-MSX 40.150 0.041 3.055
NC-MSX 427.875 0.511 3.829
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D pore distribution curves of NC-MSX, LT-MSX, DT-MSX, LM-
MSX, and DM-MSX

reason was that the steric hindrance induced by levorotatory
carboxyl group modification, which prevented direct contact
between the silica and the dissolution medium, while the
dextral carboxyl group can have faster silica degradation for
MSX. Since LM-MSX and DM-MSX had quite low specific
surface area and pore volume, the modified groups presented
important effects on silica degradation.

3.2 Properties of drug-loaded carriers
3.2.1 Drug loading

According to the results of drug loading in Table 2, all
these carriers exhibited relatively high drug loading
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Fig. 5 Silica degradation of BMSX, L-BMSX, M-BMSX, and H-BMSX

capacities. NMS loaded L-BMSX had the lowest drug
loading capacity, which can be ascribed to its smallest
pore size. Moreover, the order of drug loading capacity
was NMS loaded L-BMSX < NMS loaded M-BMSX <
NMS loaded BMSX < NMS loaded H-BMSX, demon-
strating that the addition of HPMC with a high amount
can improve drug loading, possibly because the proper
pore size of 3.878 nm can be favorable for loading NMS.
In addition, it also reflected that the drug loading capa-
city result (NMS loaded L-BMSX < NMS loaded
M-BMSX < NMS loaded H-BMSX) was directly related
to the pore size of carriers (L-BMSX: 3.502 nm; M-
BMSX: 3.837 nm; H-BMSX: 3.878 nm). As for another
group of drug loading results, it was obvious that LT-
MSX and DT-MSX loaded more NMS than LM-MSX
and DM-MSX owing to the fact that LT-MSX and DT-
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MSX had higher specific surface area, pore volume, and
pore size. Therefore, it revealed that the porous structure
of MSX was crucial for obtaining the desired NMS
loading capacity, among which pore size was the most
important parameter. Furthermore, the introduction of
threonine or a proper amount of HPMC can contribute to
achieving high NMS loading.

3.2.2 DSC

As seen in Fig. 8, the results of DSC showed that the
melting point peak of NMS was at about 152 °C, show-
ing its crystal form. After loading into MSX carriers,
only a quite small peak can be observed, demonstrating
that most NMS was in an amorphous form in carriers
[31-35]. It should be noted that the small peak of NMS
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Fig. 6 Silica degradation image
of NC-MSX, LT-MSX, DT-
MSX, LM-MSX, and DM-MSX
with the same carrier weight

— p— =] —_— T.

f

LM-MSX LT-MSX

i

was observed because a quite small amount of NMS was
absorbed on the outer surface of the carrier, and this
condition did not impact drug release because the small
portion of NMS can be dissolved and released first.

3.23 FT-R

Herein, NMS loaded L-BMSX was explained as an exam-
ple for Fig. 9A. NMS presented its characteristic peaks, and
typical peaks included the asymmetric stretching vibrations
of nitro occurring between 1520 and 1590 cm ™!, symmetric
stretching vibrations of nitro in the range of 1340-1380 cm
~!1 and N-H stretching vibration (sulfonamide) around
3300cm ™. After loading into carriers, most drug peaks
were covered, and the typical characteristic peaks of
asymmetric stretching vibrations of nitro and symmetric
stretching vibrations of nitro displayed a wavenumber shift.
For example, the asymmetric stretching vibrations of nitro
for NMS were displayed at 1589.6 cm™!, while NMS loa-
ded LT-MSX appeared at 1527.3 cm ™", and the peak moved
to the short wave direction, which can indicate that a
hydrogen bond was formed between LT-MSX and NMS.

@ Springer
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3.2.4 In vitro drug release

According to the results of drug release in Fig. 10, the
release of drug-loaded carriers was higher than that of
the raw drug because the two model drugs were crys-
talline drugs and the drug-loaded carriers were amor-
phous, and the conversion of drug form resulted in
greater solubility and faster release than the raw
drug [36—-40]. It was obvious that the drug release of
NMS loaded L-BMSX, NMS loaded M-BMSX, and
NMS loaded H-BMSX was faster than NMS
loaded BMSX, which demonstrated that the addition of
HPMC in MSX assisted drug release, possibly because
HPMC belonged to a water-soluble polymer. Also,
the drug release of NMS loaded LT-MSX, NMS loaded
DT-MSX, NMS loaded LM-MSX, and NMS loaded
DM-MSX was faster than NMS loaded NC-MSX,
which was also related to the reason that small molecules
belonged to water-soluble molecules. Based on
the above results, it was revealed that water-soluble
molecules in MSX can be favorable for drug release
Fig. 11.
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Fig. 7 Silica degradation of NC-MSX, LT-MSX, DT-MSX, LM-MSX, and DM-MSX

3.2.5 Anti-inflammatory experiment in rats

According to the anti-inflammatory results of rats, the
drug-loaded carriers of the two model drugs had good

anti-inflammatory effects, and the swelling degree of the
rats’ toes increased first and then gradually decreased,
indicating that the inflammatory model was successfully
induced [41]. When NMS was used as the model drug,
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Table 2 Drug loading capacity of drug-loaded carriers

the swelling inhibition rate of NMS loaded L-BMSX was

Sample Drug loading capacity (%) the highest. As shown in Table 3, the swelling inhibition
NMS loaded BMSX 20705204 rate.: of NMS loaded L-BMSX was 59.87% at. 18.0 .m.in,
NMS loaded L-BMSX 18.55 +0.62 while that of NMS was 31.79%. The swelling inhibition
NMS loaded M-BMSX 19214031 rate of NMS loaded L-BMSX, NMS loaded M-BMSX,
NMS loaded H-BMSX 23.72+0.59 and NMS loaded H-BMSX were respectively 1.8 times,
NMS loaded LT-MSX 21.26+0.04 1.3 times, and 1.6 times as much as NMS. The anti-
NMS loaded DT-M5X 24.66 +0.06 inflammatory effect of NMS loaded L-BMSX was the
Eﬁz :Oajej 11;11\\4/[1\1\?5))(( i;i?tg‘gj best among the three groups. The above result high-
oade: - 8 + 0. . . . .
NMS Toaded NC-MSX 24.33.£.0.06 hghte.d that. HPMC in MSX contributed to .obtam. a
superior anti-inflammatory effect of NMS owing to its
NMS loaded BMSX
Fig. 8 DSC curves of NMS as ﬁw\/
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Fig. 9 IR spectra of NMS as
well as NMS loaded carriers
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faster drug release rate. It also reflected that faster drug
release contributed by drug crystalline conversion and
water-soluble polymer shouldered more important roles
to achieve superior anti-inflammatory effect, though the
silica degradation of NMS loaded L-BMSX, NMS loa-
ded M-BMSX, and NMS loaded H-BMSX were a little
slower than NMS loaded L-BMSX.

As for NMS loaded NC-MSX, NMS loaded LT-MSX,
NMS loaded DT-MSX, NMS loaded LM-MSX, and

3000 2500 2000 1500 1000 500

Wavenumber (cm’)

B

NMS loaded DM-MSX, the swelling inhibition rate of
NMS loaded LT-MSX and NMS loaded DT-MSX was
better than that of NMS loaded NC-MSX because drug
release and silica degradation of NMS loaded LT-MSX
and NMS loaded DT-MSX were faster. However, NMS
loaded LM-MSX and NMS loaded DM-MSX presented
significantly weaker anti-inflammatory effect than NMS
loaded NC-MSX, which was mainly because the silica
degradation of NMS loaded LM-MSX and NMS loaded

@ Springer
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Fig. 10 In vitro release of NMS
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DM-MSX was slower than NMS loaded NC-MSX,
though their drug release was faster. NMS loaded LM-
MSX presented the worst anti-inflammatory effect
compared to NMS loaded DM-MSX owing to its slower
silica degradation. It was clear that for water-soluble
small molecules in MSX, silica degradation was the most

@ Springer

important factor for anti-inflammatory effect, and faster
silica degradation contributed to get better anti-
inflammatory function. Among all these carriers, LT-
MSX and DT-MSX turned out to be the best candidate
for NMS owing to their fast drug release and silica
degradation.
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Fig. 11 Swelling inhibition rate
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4 Conclusion

In the present study, MSX carriers either modified by small
molecules or a polymer were synthesized using a biomi-
metic method and applied for loading poorly water-soluble
NMS. All these carriers were composed of multiple silica
particles with pores and similar morphology and structure,
and no significant differences were observed. They

Time (min)

B

presented good drug loading effects. Compared with the
model drug, the melting point peak of the drug-loaded
carrier was largely decreased, and the crystalline form was
successfully converted to the amorphous form, leading to
obtain faster drug release. HPMC in MSX contributed to
obtain a superior anti-inflammatory effect of NMS owing to
its faster drug release rate. The swelling inhibition rate of
NMS loaded LT-MSX and NMS loaded DT-MSX was the
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Table 3 Swelling inhibition rate of drug-loaded carriers

other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative
Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

Sample Swelling inhibition rate (%)
NMS loaded BMSX 31.79
NMS loaded L-BMSX 59.87
NMS loaded M-BMSX 40.43
NMS loaded H-BMSX 50.77
NMS loaded LT-MSX 77.85
NMS loaded DT-MSX 75.68
NMS loaded LM-MSX 27.22
NMS loaded DM-MSX 48.82
NMS loaded NC-MSX 70.38

best, owing to their fast drug release and silica degradation.
All of the above can provide instruction for improving the
solubility of poorly soluble drugs and enhancing the effi-
cacy of anti-inflammatory drugs.
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