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ABSTRACT: Mesoporous silica (MPS), a carrier for active pharmaceutical
ingredients, has a wide range of particle and pore morphology. A thorough
understanding of ingredients used in MPS synthesis is an important prerequisite
for optimizing its physicochemical characteristics. The present study aimed to
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evaluate the effect of glycerol and hydrochloric acid on the characteristics of [CEEEEER R Y formation sica

synthesized MPS. Ordered MPS materials were synthesized using the pluronic
P123 template and tetraethyl orthosilicate (TEOS) precursor. A three-level
factorial design was employed to study the interaction between glycerol and
hydrochloric acid. The optimized MPS particles were reasonably uniform in shape %

(short and rod-shaped) and < 1 ym in size with a smooth surface morphology. The 0 . .
nitrogen adsorption—desorption analysis revealed that the uniform cylindrical

pores of the prepared MPS had a diameter > 5 nm and a total surface area > 500
m?/g. With increasing acid and glycerol concentrations, the particle size of MPS
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decreased. However, while the glycerol increased the heterogeneity of the synthesized particles, the acid decreased it. The developed
MPS was successfully loaded with a biological drug (insulin) with a 21.94% encapsulation efficiency. The MPS prepared in this study
exhibits potential applications as a drug delivery carrier for drugs with a large molecular weight.

1. INTRODUCTION

Mesoporous silica (MPS) is a silica particle with uniform pores
having diameters ranging from 2 to 50 nm." MPS particles are
commonly formed as rods and spheres, with pore structures
varying according to the synthesis method, such as hexagonal,
cubic, or lamellar arrays of pores.” MPS was first developed in
1990 by Yanagisawa, Shimizu, Kuroda, and Kato in Japan.’ In
recent years, MPS has gained the attention of formulation
scientists due to its unique designable features." As an
advantage, MPS particles possess a high surface area where
their particle size and pore size are tunable and customizable
by adjusting the synthesis conditions or employing different
surfactants in their synthesis preparation.™

It has demonstrated excellent properties of enhancing the
bioavailability of poorly water-soluble drugs and improving
drug loading due to it large surface area and ability to load the
active pharmaceutical ingredients (API) within its nano-
channels.® Many studies have shown that MPS as a drug
carrier can improve the in vitro and in vivo dissolution of water-
insoluble API by enhancing the trans-epithelial intestinal
transport and thereby increasing the medication’s oral
bioavailability as a result.”® Hence, customizing the particle
size, pores, and surfaces of MPS has been carried out actively
in pharmaceutical research to obtain the optimum MPS carrier
for the API of interest during drug delivery.”> MPS is reported
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as being nontoxic, biocompatible, and thermally, hydro-
thermally, and hydrolytically stable.”

Owing to the rapid technological advancements, various
MPS types with a vast array of particle shapes and pore
architectures have been produced and are widely used
today.”' Common varieties of MPS are Santa Barbara
Amorphous type materials (SBA 1S and SBA 16), Mobil
Composition of Matter (MCM 41 and MCM 48), Syloid
materials, and Sylysia materials.'""*

MPS with ordered pores can be prepared using the Stober
sol—gel process developed by Stober and Fink in 1968.”
Tetraethyl orthosilicate (TEOS) is one of the most frequently
used silica precursors. Other silica precursors, such as sodium
silicate, amino silanes, and 3-mercaptopropyl trimethoxysilane,
have also been utilized in MPS preparation.'”"> The silica
precursor forms polymer crosslinking in the surfactant
template along with condensation events. In the presence of
water, ethanol, and an acidic or basic catalyst [e.g., ammonia
water, sodium hydroxide, and hydrochloric acid (HCI)], a
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Figure 1. Basic flow chart of MPS synthesis.

silica network (Si—O=Si links) is constructed by converting
TEOS to ethoxysilanols."> The hydrolysis reaction of TEOS
silica precursor molecules and silica network formation can be
simplified as mentioned in the following equations, eqs 1—3.”

Si(OC,H,), + H,0 — Si(OC,H,),0H + C,H,OH

(1)
Si(OC,H,),;OH + H,0
- Si(OC,Hy),(OH), + C,H,OH )
2Si(OC,H;);0H — (C,H;);Si — O — Si(OC,Hy),
+ H,0 3)

The general flow of MPS synthesis steps can be illustrated as
shown in Figure 1. The MPS synthesis process starts with
forming a template by the structure-directing agents: anionic,
cationic, or a mixture of surfactants.'® Surfactants such as
cetyltrimethylammonium bromide (CTAB), dodecyl trimethy-
lammonium bromide (DTAB), pluronic P123, sodium dodecyl
sulfate, and glycerol are commonly employed.” The surfactant
is dissolved in a selective solvent (e.g, water, ethanol, and
glycerol—water mixture) to form self-arranging micelles as the
backbone frame structure for the silica precursor.” In the last
step, the surfactants can be removed from the MPS by
calcination at a high temperature (> 500 °C) or by dissolving
in an acidic solution at a specific pH to obtain the mesoporous
structure.”"”

Apart from the silica precursor and surfactant template, the
morphological characteristics of MPSs can also be influenced
by many factors such as solvents, cosolvents, salts, catalysts,
temperature, acidity, and stirring time. As a result of the
synergetic influence of the components in the process, MPSs
with a uniform particle size distribution can be developed.”
Swelling agents such as ethyl acetate and 123 trimethyl
benzene are typically utilized as co-templates to stabilize the
silica condensation. Higher surfactant concentrations result in
greater pore volume, whereas higher catalyst concentrations
result in larger pore diameters, larger particle sizes, and lower
pore volume.'>'”*®

Glycerol, also known as 1,2,3-propanetriol, is a polar triol
having three hydroxy groups. It has a molecular weight of
92.094 g/mol, a melting point of 20 °C, and a boiling point of
290 °C."” Glycerol is a viscous liquid with a dynamic viscosity
of roughly 1300 mPa-s at 20 °C, making it significantly more
viscous than water. It also has a higher density (1.25 + 0.1 g/
cm?®) than water (0.9982 g/cm?®). As a result, adding glycerol as
a cosolvent would influence the formation of MPS particles
since the density of the reaction medium will be higher.

HCl was commonly used during the MPS synthesis for
providing an acidic reaction medium with low pH.””*" The
concentration of HCI can affect the particle size, shape, and
pore size of the MPS. In the synthesis where pluronic P123
was used as the template, the smaller short rod-shaped MPS

was derived at high HCI concentration.””** Furthermore, HCI
also plays a crucial role during the hydrothermal treatment in
MPS synthesis, where the pore formation and expansion occur.
Several reports have described the role of polar or nonpolar
solvents and cosolvents during the MPS synthesis.'**™>
However, there are fewer reports describing the impact of their
concentration on the MPS morphology. Hence, in this
research, we aimed to study the effect of the glycerol amount
and HCI concentration on MPS characteristics. This research
has become unique as it sought to tune the size and
polydispersity of MPS with a 3” factorial experimental design
using Design of Expert (DOE) software, proceeding with
insulin loading. Insulin is an antidiabetic polypeptide hormone
that belongs to the biopharmaceutical classification system
(BCS) class IIL It is prescribed to type 1 and type 2 diabetic
patients if their bodies can no longer produce insulin.”” Hence,
human insulin was used for loading in the optimized MPS in
this research as it is still one of the most challenging biologics
in the pharmaceutical research industry for oral delivery.””*’

2. RESULTS AND DISCUSSION

2.1. Optimization of MPS Synthesis Components.
2.1.1. Fitting the Variables and Optimization Model. The
relationship between the variables (concentrations of glycerol
and HCIl) and their responses were analyzed using a response
surface model, a 3-level 2-factor factorial design. The design
has generated nine randomized experiments comprising five
replicates of center points. The independent variables were
investigated, and the desired response variables are described
in Table 1. Particle sizes varied from 739 to 1460 nm. The

Table 1. Data of Variables for Optimization of MPS
Synthesis with 3> Factorial Design

Dependent Variables

Sample Glycerol HCI conc:  Particle Size Dy, Polydispersity

No. Amount (g) (M) (nm) Index
1 0.9 1.5 1460 0.542
2 0.9 2 1190 0.389
3 0.9 2.5 1000 0.355
4 1.8 1.5 1180 0.555
S 1.8 2 863 0.554
6 1.8 2.5 807 0.513
7 2.7 1.5 1150 0.747
8 2.7 2 816 0.642
9 2.7 2.5 739 0.592

smallest particle size was measured at the composition with the
highest glycerol content and the highest HCI concentration,
whereas the lowest polydispersity index (PDI) (0.355 to
0.747) was observed with the lowest glycerol content and the
highest HCI concentration.

For each level of factors, A and B, average values of R, and
R, were calculated by comparing the reports on percent
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Table 2. ANOVA Results of the RSM after Implementation of 3> Factorial Design

Responses Experimental Design Model p value
particle size Dy, (R;) quadratic < 0.0001
polydispersity index (R,) linear < 0.0001

F value R? Adjusted R? Predicted R* Adequate Precision
73.97 0.9898 0.9825 0.9053 38.713
56.59 0.9188 0.9026 0.8315 24.571
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Figure 2. Three-dimensional RSM plot illustrating the effect of glycerol and HCI (A) on the particle size Dy, of synthesized MPS particles and (B)

on the PDI of the synthesized MPS particles.

increase or decrease, respectively. The particle size was
decreased from an average of 1216 to 950 nm (21.92%)
when the glycerol amount was increased from 0.9 to 1.8 g for
different Hcl content. However, only a 5.09% size decrease
could be achieved if the glycerol was increased further from 1.8
to 2.7 g. Similarly, increasing HCI concentration from 1.5 to 2
M caused a reduction in average particle size of synthesized
MPS, from 1263 to 956 (24.30%). Still, when it was increased
to 2.5 M, only an 11.26% size reduction was achieved. Hence,
it can be concluded that the effect of these two variables on
MPS particle size becomes less significant above a certain
concentration level.

When the glycerol content was increased from 0.9 to 1.8 g,
the PDI increased from 0.429 to 0.541 (26.13%). The same
increment in the PDI (22.13%) was observed when the
glycerol content was increased further to 2.7 g. In contrast,
increasing the HCI concentration from 1.5 to 2 M resulted in
the reduction of the PDI from 0.615 to 0.528 considering
different glycerol content (14.05%). However, only a 7.89%
PDI reduction was achieved when HCI concentration was
increased to 2.5 M.

The fit summary of the model analysis (Table 2) showed
that the experimental design models of both responses had an
insignificant lack of fit with F values > 0.0S. Hence, the models
employed were considered adequate and well-fitting to
proceed with the next step of the optimization process.

2.1.2. Effect of Independent Variables on MPS Particle
Size. The influence of the independent variables on MPS
particle size (R;) was observed through the quadratic model
since it had the best fit among all models with a probability > F
value of less than 0.05. Summary of descriptive statistics
obtained from analysis of variance (ANOVA) was used as a
secondary check for the model’s usefulness. Results are
presented in Table 2.

Table 2 shows that the coeflicient of determination values
(R*) of both responses were more than 0.9, which indicated
that the data input was close enough to the fitted regression

27128

line. The predicted R* value (0.9053) was reasonable with the
adjusted R* value (0.9825). Subtraction of the predicted R*
from the adjusted R* gave the difference of 0.0772 (cutoff <
0.2), indicating that the model fitted the input data and can
reliably be used to interpolate.’” Adequate precision was also
checked to measure the signal-to-noise ratio. A ratio greater
than 4 is considered desirable. Thus, the ratio of 38.713
indicated an excellent signal, and the model can be used to

navigate the design space.”’

R, = 869.38 — 157.50A — 207.33B + 12.25AB
+ 117.67A* + 108.17B* 4)

The quadratic equation (eq 4) and three-dimensional
response surface methodology (RSM) plot (Figure 2A)
derived using the DOE software represented the relationship
between the independent variables and their responses. The
significance of model terms was observed. The equation
exhibited that both factors [glycerol amount (A) and HCI
concentration (B)] affected the particle size of MPS during
synthesis. The size of MPS can be significantly reduced (p <
0.05) if a gradual or double increase in the glycerol amount or
HCl concentration occurs individually (Table 3). However, the
equation indicated that increasing both factors simultaneously
will not have a significant effect as the p value of AB was
0.4065 (p > 0.0S).

2.1.3. Effect of Independent Variables on the PDI of MPS.
The impact of two factors, glycerol amount (A) and HCI
concentration (B), on the PDI (R,) of the synthesized MPS
particles was observed through the linear model. The linear
model was the most suitable model compared to the other
models, with a probability > F value of less than 0.0S. The
summary of ANOVA results is presented in Table 2.

Similar to R,, the coefficient of determination (R*) of R, was
higher than 0.9, indicating the linearity of the data. The
difference between the adjusted R* and predicted R* values was
0.0711 (cutoff < 0.2), which stated that the model was fit and
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Table 3. Effect of Independent Variables (Factors) on the
Dependent Variables (Responses) and Their Respective p
Values

Particle Size Dg, (R,) Polydispersity Index (R,)

Factors Effect p value Effect p value
A —157.50 < 0.0001 0.12 < 0.0001
B —207.33 < 0.0001 —0.064 0.0004
AB 12.25 0.4065
A? 117.67 0.0002
B? 108.17 0.0003

reliable to be used.’” The adequate precision ratio was more
than 4, indicating an excellent signal for the chosen
experimental model.

R, = 0.55 + 0.12A — 0.064B ()

The relationship between the independent variables and
their responses was presented by the linear equation (eq 5)
and three-dimensional RSM plot (Figure 2B) generated using
the DOE software. From the R, model, it was observed that
the glycerol amount (A) had a significant favorable influence
(p < 0.0001) on the PDI of MPS particles, whereas HCI
concentration (B) had a significant negative influence (p =
0.0004), indicating that the lower the glycerol content and the
higher the HCL concentration during synthesis, the more
uniform the MPS particles that could be produced. This could
be because the higher acidity of the synthesis medium will
cause a faster reaction, forming/creating smaller particles
where the PDI result could appear uniform, but the particles
might not have ordered shape or pores. The analysis results
suggested that factors A and B had to be adjusted accordingly
to optimize MPS synthesis for the desired responses.

2.1.4. Verification of the Optimized Solution Generated
by RSM Analysis. Three possible compositions (checkpoints)
and their predicted responses were chosen from the possible
solutions generated using DOE software. These three
checkpoints were prepared in triplicate and evaluated for two
responses (R, and R,), as described in Table 4. The percentage
error between each of the predicted and corresponding actual
responses was calculated to observe the closeness. All three
checkpoint batches exhibited a low percentage error for R;.
However, a high percentage error (20.31%) was seen for the
composition of 1.7 g of glycerol and 2 M HCL. Out of the three
checkpoints, the composition with a glycerol amount of 1.5 g
and a HCI concentration of 2 M showed the best closeness
between predicted and actual responses with a lower
percentage error. Hence, this composition was considered as
an optimized solution and further characterized using Fourier
transform infrared (FTIR) spectroscopy, scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
and the Brunauer—Emmett—Teller (BET) method.

2.2. Characterization of the MPS Synthesized with
the Optimized Glycerol-HCl Composition. 2.2.1. Func-
tional Group Analysis. Attenuated total reflection (ATR)
spectra of starting materials of synthesis and MPS particles are
presented in Figure 3. In addition, fumed silica was also tested
and compared with synthesized MPS. In the glycerol spectrum,
(O—H) stretching vibration showed a peak at 3292 waves/cm.
The bands at 2934 and 2880 waves/cm represent (C—H)
stretching, while the vibrations from the glycosidic linkage
wer;e2 ggen as broad bands in the range of 850—994 waves/
cm.”

The pluronic P123 spectrum (Figure 3A) exhibited a strong
peak at 1099 waves/cm, representing the C—O—C stretching
of the ether bond, a characteristic feature of the pluronic
copolymer. IR peaks at 1242, 1372, and 2970 waves/cm were
assigned to C—N stretching, CH; bending, and =C—H bonds,
respectively.”*>* This bond, along with other distinctive peaks
related to the PEO structure of pluronic P123, faded out after
calcination. This result validated that P123 and glycerol, which
were the template construction components, were successfully
removed at the end of the synthesis to generate the pores of
MPS.*

In the spectrum of TEOS, asymmetric and symmetric (CH;)
stretching were accountable for the bands found at 2974 and
2889 waves/cm, respectively, while the band located at 1167
could be due to (C—OH) stretching.37_39 Bands at 1099, 961,
and 475 waves/cm were due to asymmetric stretching
vibration of (Si—0O), (Si—O) pending vibration of non-
condensed silanol groups, and (Si—O) bending vibration.
The bands at 2974, 2889, and 1167 waves/cm faded after
calcination, and only the bands at 1099, 961, and 475 waves/
cm remained in the MPS spectrum, representing the
characteristic features of MPS.

The spectrum of pure fumed silica was compared with the
synthesized MPS spectrum in order to confirm the presence of
a silica network in MPS particles. The weak band centered at
3667.5 waves/cm in the fumed silica spectra corresponded to
the stretching vibration of the OH group, representing the
hydrogen bonding between adsorbed water and the silica
surface.””** The small peak at 1632 waves/cm was due to OH
group bending. The asymmetric stretching vibration of (Si—O)
of the silica network produced a robust and broad band at
approximately 1084 waves/cm. The peak at 809 waves/cm was
due to symmetric stretching of Si—O—Si vibration, while the
peak at 462.69 waves/cm was due to silica network (Si—O)
bending vibration.

In the MPS spectrum (Figure 3B), the three functional
regions at 1066, 959, and 446 corresponded to asymmetric
stretching of the (Si—O) group, symmetric stretching of the
(Si—O—-Si) group, and (Si—O) bending vibrations, respec-
tively.””*”*" These features represented the silica network,
which again confirmed the successful synthesis of the MPS
particles. The absence of characteristic absorption peaks

Table 4. Optimized Factors and Their Predicted and Experimental Responses with the Percentage Error

Percentage
Solutions of Factors Particle Size Dg, in nm (R;) Polydispersity Index (R,) Error (%)
Glycerol Amount (g) HCI Conc: (M) Predicted Dg, Mean Actual Dy = SD (n = 3) Predicted PDI Mean Actual PDI + SD (n =3) R, R,
1 2.5 959 940 + 156 0.419 0.462 + 0.0S 1.98 10.18
1.5 2 964 941 + 151 0.510 0.548 + 0.05 2.39 7.5
1.7 2 874 921 + 65 0.522 0.628 + 0.02 5.38 20.31
27129 https://doi.org/10.1021/acsomega.2c01386
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Figure 3. ATR spectra of (A) pure pluronic P123 polymer and (B) calcined MPS synthesized with the optimized composition.

related to surfactants clearly indicated that the template was
successfully removed upon calcination.*>**

2.2.2. Scanning Electron Microscopy. The MPS particles
before optimization (Figure 4A) were elongated and rod-

Figure 4. SEM image of MPS synthesized with (A) 1 M HCI without
glycerol and (B) optimized glycerol-HCI composition.

shaped. The particles were highly aggregated and existed in
chunks where some of the long rods were folded. Hence,
precise size measurement of the individual particle was not
possible. Their length seemed to be > 2 ym, and the width was
< 400 nm. When the SEM image of improved MPS (Figure
4B) was evaluated using Image] version 1.49, the particles were
found to be ordered, short, and rod-shaped with a length of
909 + 134 nm and a width of 580 + 112 nm with lesser
aggregation. This result confirmed that the glycerol and HCI
significantly affect the MPS particle shape and size during

synthesis. The surface of the particles appeared smooth, but
the pores were not visible using SEM. Thus, TEM and BET
analysis were carried out to confirm the presence of
mesopores.

2.2.3. Transmission Electron Microscopy. The TEM image
of optimized MPS (Figure S) showed the MPS structure with a

Figure 5. TEM image of the synthesized MPS with the optimized
glycerol—HCI composition.

pore order. The estimated diameter of the pore was
approximately 5 nm with a center-to-center pore distance of
9 nm. Elongated pores are visible in the TEM image. As the
drug is to be loaded into the pores, the more the pores, the
better the encapsulation. BET analysis was carried out later to
provide more dimensional information about MPS pores.
2.2.4. Surface Area and Pore Volume Analysis. The
presence of mesopores in the optimized MPS was confirmed
from the adsorption—desorption diagram derived using the
BET nitrogen adsorption technique. In the adsorption—
desorption diagram of the optimized MPS derived using the
BET nitrogen adsorption technique, the presence of
mesopores was noticed (Figure 6A,B). In Figure 6A, a type
IV isotherm was observed due to multilayer adsorption
followed by capillary condensation in mesopores.”* The
vertical H1 hysteresis loop can be interpreted as the pores
being in an array order and having a cylindrical shape with a
highly uniform size. This pore arrangement was comparable to
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Figure 6. (A) Nitrogen adsorption/desorption isotherms and (B) BJH pore volume and pore size distribution of the synthesized MPS with the

optimized glycerol-HCI composition.

that of the SBA 15 MPS type. The results showed a surface
area of 543.9 + 3.21 m?/ g, a BJH cumulative pore volume of
0.66 + 0.04 cm®/g, and an average pore width of 53.57 +
25.80 (5.36 + 2.58 nm).

2.3. Insulin Loading in MPS (Encapsulation Effi-
ciency). The insulin was loaded in the pores of the optimized
MPS. The high-performance liquid chromatography (HPLC)
method, used to study the encapsulation efficiency, showed a
good linearity (R* = 0.9997) within a concentration range of 2
to 120 pug/mL. The retention times of insulin peaks were 4.9 +
0.2 min. The encapsulation efficiency of insulin was
determined to be 21.94 + 0.24%. The amount of insulin
loaded onto MPS (50 mg) was found to be 0.198 + 0.021 mg.
The derived encapsulation efficiency is relatively lower.
Encapsulation efficiency depends on several factors, such as
pore dimension, molecular weight of the actives, and method
of encapsulation. We assume that the method of loading had a
significant effect on encapsulation. We have used simple
mixing of MPS and insulin for the minimum possible time to
avoid environmental exposure. The mixing could be more
intense using a mortar and pestle or stirring for longer time.
Another possible reason could be shrinkage of pores during
freeze-drying, forcing out insulin from the MPS. Therefore,
further research is necessary to develop a better encapsulation
method while keeping the dimension of the MPS same.

3. CONCLUSIONS

This study showed that glycerol and HCI reduced the particle
size up to a certain degree, especially the length of the
synthesized MPS. In the course of the present work, the
desired particle size and uniformity of MPS were achieved after
optimization the composition to 1.5 g of glycerol and 2 M
HCI. With the increasing glycerol concentration, the MPS
particle size decreased primarily in length. However, the
increase in glycerol content could have caused more
polydispersity in the MPS. The pH of the synthesis medium
affected the particle size. The increase in molarity of HCI
reduced the particle size and its uniformity. With the glycerol
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and HCI, the resulted MPS particles were less agglomerated
and more uniform in shape. The optimized MPS had short
rod-shaped particles with cylindrical pore arrangements like
the SBA-1S type. It also had a relatively high surface area and
the required pore size. The developed MPS was able to load a
high molecular weight drug (insulin) with 21.94% encapsula-
tion efficiency. Although the drug loaded was only 0.198 mg or
5.7 1U, biologics such as insulin is very potent and its human
equivalent dose needed is only 0.3 to 1 IU/kg of body
weight. "’

4. MATERIALS

Sigma-Aldrich (St. Louis, USA) supplied the poly(ethylene
glycol)—poly(propylene glycol)—poly(ethylene glycol) poly-
mer (pluronic P123), TEOS 98%, and glycerol 99.5%. Merck
(Darmstadt, Germany) supplied potassium dihydrogen
phosphate (KH,PO,), orthophosphoric acid (85%), HCI
fuming (37%), absolute ethanol, acetonitrile (HPLC grade),
and methanol (HPLC grade). Shaanxi Dideu Medichem Co.
Ltd. (Shaanxi, China) provided lyophilized human insulin
powder (99.2% with 23 IU/mg).

5. METHODS

5.1. MPS Synthesis. MPS particles were synthesized using
the pluronic P123 polymer template and TEOS through the
Stober sol—gel process in the presence of glycerol and an acidic
environment. The surfactant template was prepared by
constant stirring of 1.8 g of P123, glycerol (at various weights
of 09, 1.8, and 2.7 g), and 69 mL of HCI (at varying
concentrations of 1.5, 2, and 2.5 M) at 35 °C for 12 h till the
solution turned clear. Then, 3.87 g of TEOS was added
dropwise to the prepared solution under vigorous stirring. The
stirring was continued for 5 min, followed by a static condition
for 24 h at 35 °C and then aging at 100 °C for 24 h. The
resultant solid particles were collected through centrifugation
after repeated washing with distilled water. The product was
dried at 80 °C for 24 h and calcined at 550 °C for 6 h in a
furnace for template removal.
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5.2. Optimization of MPS Synthesis. The optimized
components of MPS were determined by a three-level factorial
design (3% using the Design-Expert 6.0.10 (Stat-Ease Inc.)-
mediated RSM. The variables (dependent and independent)
and their levels are described in Table S. The amount of

Table S. Variables and Their Coded Level Values Used for
Optimization”
Coded Levels

Independent Variables
(Factors) -1 0 1

A: Glycerol Amount (g) 09 18 27

B: HCI Concentration 1.5 2 2.5
M)

Dependent Variables
(Responses)

R;: Particle Size Dy, (nm)
R,: Polydispersity Index

“The amount of pluronic P123 was kept constant at 1.8 g against
independent variables.

glycerol in grams (A) and concentration of HCI in Mole (B)
were selected as independent variables as they can significantly
affect the shape, size, and uniformity of MPS particles. The
levels of the factors were determined based on the preliminary
studies before the optimization. As the size and uniformity of
carrier particles significantly influence the drug dissolution
release and the bioavailability of drugs, the mean particle size at
50% diameter percentile aka Dy, (R;) and PDI (R,) were taken
as responses. The relationship between the factors and
responses was studied and is reported.

The best fitted experimental model was chosen based on the
lack of the fit test result (F values > 0.05) from the linear, two-
factor interaction (2FI) and quadratic, cubic, and residual
models. The significance of the model equation was also
observed through ANOVA, multiple correlation coefficients
(R*), predicted R® values, and adjusted R*> values. The
optimization target criteria were set as < 1000 nm for the
mean particle size Dgy (R;) and < 0.55 for the PDI (R,). Small
particles such as nanoparticles have the advantage of crossing
barriers without causing embolic phenomena.”® At the same
time, larger particles will achieve higher drug loading and take
longer durations to complete drug release and degrade.
Generally, a smaller particle size is desired due to a higher
surface area leading to higher solubility and enhanced
bioavailability."” On the other hand, the larger particles can
achieve higher drug loading and take longer durations to
complete drug release and degrade. The lower the PDI, the
higher the particle size uniformity. High PDI values near 1.0
indicate the polydisperse nature of the sample with multiple
particle size populations.**

Three checkpoint batches were prepared following the
predicted optimized compositions generated by the software,
while the best-optimized composition formulation was chosen
from the closeness of comparison. Percentage errors between
the predicted and actual values of responses were calculated
using eq 6.

Percentage error = [(RActual - RPredicted) - Rpredicted]
X 100% (6)

where R = responses of the model (particle size Dg, and PDI).

5.3. Characterization of MPS. 5.3.1. Particle Size
Distribution and Aggregation Analysis. A Malvern nanosizer
(Worcestershire, UK) was used to determine the particle size
and PDI of the prepared MPS particles. At 25 °C, the MPS

particles (< 10 mg) were suspended in distilled water to check
their sizes.

5.3.2. Functional Group Analysis. The functional groups of
MPS particles, raw materials, and fumed silica powder were
investigated utilizing the FTIR spectrometer (PerkinElmer,
USA) using the ATR technique. The ATR diamond crystal
scanned each sample powder (10 to 20 mg) for 1S scan
accumulations at 2 waves/cm resolution within the IR
radiation range of 4000—400 waves/cm at < 90 units force.
The prominent peaks and bonds of resulting spectra were
compared.

5.3.3. Particle and Pore Morphology Analysis. The size,
shape, and surface morphology of the MPS particles were
observed after gold coating using a ZEISS EVO 50 (Germany)
scanning electron microscope. The particles were suspended in
ethanol, placed onto a copper grid, and dried in a 50 °C oven
for 30 min before being examined using a ZEISS Libra 120
(Germany) transmission electron microscope for their pore
arrangement.

5.3.4. Surface Area and Pore Volume Analysis. Utilizing an
Accelerated Surface Area and Porosimetry System 2020 Plus
adsorption analyzer (Micromeritics, USA), nitrogen gas
adsorption—desorption isotherms were investigated using the
BET theory for surface area analysis, as well as Barrett—
Joyner—Halenda (BJH) theory for pore size distribution.
During the sample preparation step, in order to obtain exact
specific surface area measurements, the samples (1 to 2 g) were
vacuum-pumped and outgassed to remove the physically
adsorbed gases and vapors. The samples were then dehydrated
using nitrogen purging, and the volume of gas adsorbed to the
surface of the particles was measured. At a relative pressure (P/
P,) of 0.97, the amount of adsorbed nitrogen gas and the total
surface area of the particles, including pore volume, were
correlated.

5.4. Insulin Loading of the Optimized MPS. The
prepared optimized MPS was loaded with insulin through the
physical sorption of API into the pores of the MPS using the
solvent impregnation method.””*” Lyophilized human insulin
(Insulin-P) was dissolved into a 100 pg/mL solution. Ten
milliliters of this solution was added dropwise to 50 mg of the
synthesized MPS carrier and mixed for 15 min. Then, the
resultant insulin-loaded MPS particles (IMPS) were collected
by centrifugation, gently washed three times with distilled
water, and freeze-dried (Alpha 1-2 LD plus Christ, Germany)
for 4 h.

5.4.1. Encapsulation Efficiency. During the collection
process of drug-loaded MPS particles, the supernatant liquid
was collected to determine the amount of free API that was not
being loaded. Insulin-P solution (100 yg/mL) was considered
as the amount of total API added. Both of the solutions were
subjected to the reverse-phase HPLC method (Shimadzu LC-
20AT, Japan) to determine the peak area of API. The mobile
phase consisted of a 30:70 ACN:0.1 M KH,PO, buffer with
isocratic elution, with the pH corrected to 3.1 using
orthophosphoric acid.’® A C18 HPLC column (Agilent,
California, USA) and a 0.8 mL/min flow rate were applied
for insulin separation and detection at 214 nm wavelength.
The encapsulation efficiency was calculated using the following
equation, eq 7.5%53
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Encapsulation efficiency
Amount of API added — free API
= X 100%
Amount of API added (7)
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