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KEYWORDS Abstract This study focuses on creating a green drug release system using a food-grade titanium
Surface molecularly dioxide (TiO,) material through surface molecular imprinting. Salidroside (SD) was chosen as the
imprinted polymer; template molecule to synthesize molecularly imprinted polymers (SDT-MIP) utilizing TiO,-doped
Salidroside; chitosan oligosaccharides as the functional monomer. The SDT-MIPs were characterized using
Novel functional monomer; multiple techniques, and their effectiveness was evaluated through an in vitro release study. Addi-
Diethylene glycol tionally, the affinity of SDT-MIPs toward the template molecule was examined using Langmuir and
dimethacrylate; Freundlich adsorption models. The Langmuir model revealed a maximum capacity of 170.41 mg/g

Sustained release and an imprinted factor of 3.4. The study demonstrated that drug release from the SDT-MIPs in

simulated gastrointestinal fluid primarily occurred through pure Fick diffusion. The release kinetics
exhibited diffusion coefficients ranging from 3.38 x 10~ cm?/s to 2.78 x 10~ cm?/s, indicating their
biocompatibility and potential application in drug delivery. Furthermore, the SDT-MIP demon-
strated no adverse impact on cell viability even at concentrations as high as 1000 pg/mL. The sur-
vival rate of cells cultivated in the presence of SDT-MIP solution exceeded 120 + 12.46%,

* Corresponding author.
E-mail addresses: mxb1984612(@126.com (X. Ma), abdelaty44@hotmail.com (A.M. Abd El-Aty).
! Xingbin Ma and Zijie Liu contributed equally to this paper.

Peer review under responsibility of King Saud University.

ELSEVIER Production and hosting by Elsevier

https://doi.org/10.1016/j.arabjc.2023.105130
1878-5352 © 2023 Guangdong Ocean University. Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2023.105130&domain=pdf
mailto:mxb1984612@126.com
mailto:abdelaty44@hotmail.com
https://doi.org/10.1016/j.arabjc.2023.105130
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2023.105130
http://creativecommons.org/licenses/by-nc-nd/4.0/

Z. Liu et al.

providing evidence of the excellent biocompatibility and absence of cytotoxicity associated with
SDT-MIP. The SDT-MIP possesses favorable sustained-release properties and lacks toxicity, allow-
ing novel drug delivery systems to be created.

© 2023 Guangdong Ocean University. Published by Elsevier B.V. on behalf of King Saud University. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0)).

1. Introduction

Surface molecularly imprinted polymers (SMIPs) have recognition
sites located on the surface of the polymer or solid phase matrix, which
simplifies their manufacturing process compared to traditional molec-
ularly imprinted polymers (MIPs). The surface location of the recogni-
tion sites in SMIPs provides several advantages, such as improved
recognition selectivity, higher binding capacity, and improved reaction
efficiency (Liang et al., 2019). This positioning helps overcome some of
the limitations of MIP, such as compensating for template molecules
that are deeply embedded in the polymer matrix or difficult to elute
and addressing the uneven distribution of recognition sites in MIP
(Ma et al., 2018). The unique combination and selection of character-
istics in SMIPs have attracted significant research attention across
multiple fields. SMIPs have been found to be useful in solid-phase
extraction of specific target molecules (Ma et al., 2022), chromato-
graphic separation (Ma et al., 2020), drug delivery systems for sus-
tained release of drugs (Yuksel and Tektas 2022), environmental
detection (Bai et al., 2022), and chemical composition enrichment
and separation (Ma et al., 2019a, 2019b). An efficient and reliable
method for synthesizing MIPs with high selectivity and specificity for
the target molecule is crucial. It is also important to ensure the stability
and durability of MIPs and their compatibility with different biological
environments, particularly in drug delivery systems. Optimization of
the imprinting process, including the selection of the template mole-
cule, functional monomer, and polymerization conditions, is essential
for successful MIP applications in various fields. Developing new func-
tional monomers and enhancing imprinting techniques are necessary
for the practical application of molecular imprinting technology, espe-
cially in the pharmaceutical industry. The specific recognition and
selective adsorption capabilities of MIPs make them excellent drug car-
riers, and their ability to delay drug release and increase drug loading
can significantly enhance patient compliance and treatment efficacy
(Karthika et al., 2018). Among them, molecularly imprinted polymer
microspheres have gained widespread use due to their various benefits,
including high selectivity, uniform particle size, and good dispersion.
Molecular imprinting technology has also been combined with hydro-
gel materials to produce molecularly imprinted hydrogel microspheres
that offer significant advantages, such as improved drug release and
increased drug loading (Bakhshizadeh et al., 2017). n addition, the
specific recognition ability of molecularly imprinted polymers can also
be applied in the development of targeted drugs. Specifically, MIPs can
be synthesized using specific receptors on body tissues or cells as tem-
plate molecules (Vaneckova et al., 2020). These MIPs can selectively
recognize the corresponding receptors in the body (Wang et al.,
2022) and subsequently release drugs upon binding to the receptors,
meeting the requirements of targeted drug delivery.

TiO,, particularly its anatase form, is a widely used material due to
its low cost, environmental friendliness, and high photocatalytic activ-
ity. This has led to its potential use in various applications, such as
photocatalytic degradation of pollutants, antimicrobial agents, and
drug delivery systems (Shklover et al., 1997). However, its selectivity
can be improved by methods such as doping, surface modification,
or adding a metal (Zhu et al., 2019). For drug delivery applications,
TiO, and its complexes have demonstrated high efficiency as drug car-
riers (Zheng et al., 2019). Enhancing the adsorption of the complex is
essential for improving release efficiency (Salahuddin et al., 2021). By
combining TiO, and its composite with MIP, researchers have created

molecularly imprinted TiO, and its composite, which exhibit excellent
photoelectric performance (Al-Nemrawi et al., 2022) and improved
selectivity. This combination can coexist with a variety of drugs in
the system (Hasanzadeh Kafshgari et al., 2019) and can increase the
antibacterial properties and degradation efficiency of drugs (Lee
et al., 2021). A hydrothermal silica etching method was successfully
employed to synthesize TiO, hollow spheres with controllable sizes.
Notably, the SiO, cores could be easily removed without the use of
any toxic reagents. This process further confirms that the resulting hol-
low TiO, material is relatively safe for medical applications (Di and
Yong-guang, 2019). Chitosan, a natural polysaccharide, offers numer-
ous advantages, such as nontoxicity, biodegradability, excellent bio-
compatibility, and wide availability. Chitosan oligosaccharides,
which are partially deacetylated products, have found extensive usage
in medicine, biology, and other related fields (Ailincai et al., 2022).
These materials effectively improve the release systems and expand
the application range of TiO, and its composites with MIP.

Salidroside has drawbacks, such as a short half-life, rapid metabo-
lism, wide variation in blood concentration, and low bioavailability
(He Lili and Yunzhu, 2013). Although it is highly soluble in water,
conventional slow and controlled-release nanoparticles have low
encapsulation efficiency (Luo et al., 2015). Salidroside is mainly admin-
istered in oral dosage forms, which can cause gastrointestinal reactions
related to the drug’s cholinergic activity (Zhong et al., 2010). To reduce
side effects and improve patient compliance, developing a better
dosage form is a popular research direction (Ceglowski et al., 2022,
Zhang et al., 2022). Sustained and controlled-release drug delivery sys-
tems are being investigated to reduce the frequency of administration
and fluctuations in blood concentration. Molecularly imprinted micro-
spheres present a hopeful solution as drug carriers, providing advanced
formulations for sustained and controlled drug release. This offers the
potential to enhance patient convenience and compliance.

This study combines biocompatible TiO, microspheres with molec-
ular imprinting technology, utilizing the common structural properties
of their active compounds. A series of SDT-MIPs were synthesized
through precipitation polymerization. The drug loading and release
mechanisms were analyzed, and the molecular recognition mechanism
of the polymer was investigated. The most favorable synthesis system
for SDT-MIPs was selected to develop slow-release microspheres with
high molecular recognition capability, class specificity, and selectivity.
Various techniques, including scanning electron microscopy (SEM), X-
ray diffraction (XRD), transmission electron microscopy (TEM), and
Fourier transform infrared spectroscopy (FT-IR), were employed to
confirm the successful synthesis of SDT-MIP on the surface of TiO,-
chitosan oligosaccharide nanoparticles (TiO,-COS). The aim was to
create a drug carrier with desirable characteristics, such as enhanced
drug loading, controlled drug release, oral administration safety, and
in vitro drug stability. Additionally, the improved drug loading capac-
ity of molecularly imprinted polymers introduces a novel approach for
medication delivery.

2. Experimental

2.1. Materials

Chitosan oligosaccharide (molecular weight: <3000 Da; poly-
merization degree is approximately 160; degree of acetylation
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is 90%) was provided by Shanghai Yuanye Bio-Technology
Co., Ltd. (Shanghai, China). TiO, (average pore size 100—
300 nm), sodium dodecyl sulfate (SDS), and (3-aminopro
pyl)-trimethoxysilane (APS) were purchased from Aladdin
(Shanghai, China). N-Hydroxy succinimide (NHS), 1-ethyl-3-
(two methyl-aminopropyl)-carbon (EDC), diethylene glycol
dimethacrylate (EGDMA), and azobisisobutyronitrile (AIBN)
were obtained from Alfa Aesar (Heysham, UK). Salidroside
(purity > 98%) was obtained from Chengdu Ruiphens
Biotechnology Co., Ltd. (Chengdu, China). Intestinal pig
epithelial cells (IPEC-J2) were obtained from Guogiang Zhu
of China Yangzhou University. All other materials were of
analytical reagent grade and acquired from Beijing Chemical
Reagent Factory (Beijing, China).

2.2. Instruments and chromatography

Characterization of the polymers was performed using Fourier
transform infrared spectroscopy (FT-IR), employing the atten-
uated total reflection (ATR) technique with a diamond crystal
material. The measurements were carried out using a PU9800
instrument from PANalytical, based in Almelo, The Nether-
lands. The selectivity and affinity of a molecularly imprinted
polymer (MIP) were assessed using high-performance liquid
chromatography (HPLC) with an Agilent Infinity II 1260 sys-
tem (Agilent, Waldbronn, Germany) and a PAD detector set
to operate at 274 nm. Separation was achieved on a C18 col-
umn (COSMOSIL C18; 2.1 mm x 150 mm, 5 pum) obtained
from Nacalai Tesque (Kyoto, Japan) and maintained at
30 °C. The mobile phase comprised acetonitrile (A) and ultra-
pure water (B), and the injection volume was 60 pL with a flow
rate of 1 mL/min.

Scanning electron microscopy images were captured with a
Gemini-300 scanning electron microscope (Zeiss, Oberkochen,
Germany) at 3 kV. Transmission electron microscopy images
were taken with a JEM-2100F transmission electron micro-
scope (JEOL, Tokyo, Japan) at 200 kV. The X-ray diffraction
patterns were obtained using a DS8-Advance (Bruker, Ger-
many). The following equipment was utilized: Miller-Q ultra-
pure water filter (Milli hole), 1/10,000 electronic balance
(Mettler, Switzerland), low-temperature high-speed centrifuge
(Thermo Technologies) and Milli-Q ultrapure water machine
(Milli-Q, France).

2.3. Preparation of TiO>@OH

Following the procedures outlined in previous research,
20.00 g TiO, was utilized and activated by heating at 373 K
for 12 h. After activation, it was immersed in a solution of
3.0 mol/L HNOj; at room temperature for 18 h. The resulting
product was suction-filtered using a circulating water multi-
purpose vacuum pump, washed with ultrapure water until neu-
tral, eluted with 98% methanol, and then vacuum
(—0.09 MPa) and dried at 333 K for 8 h to obtain TiO,@OH.
The sample was sealed and stored for subsequent use.

2.4. Preparation of TiO,@SiO>-NH,

The Si-OH-containing treatment solution was obtained by
adding 50 mL of 95% ethanol to the mixture, adjusting the
pH to 4.5-5.5 with acetic acid, slowly adding 1 mL of APS,

and stirring well. The mixture was left to hydrolyze for
5 min. Next, 10.00 g TiO,@OH was dispersed in 50 mL of
10% hydrochloric acid solution and ultrasonicated. The mix-
ture was refluxed at 353 K for 4 h and subsequently washed
multiple times with ethanol and ultrapure water. The obtained
mixture was then vacuum-dried at 353 K to yield solid materi-
als. Next, the solids were dispersed in 50 mL of acetonitrile
using ultrasonic treatment. To this dispersion, 6 mL of a solu-
tion containing Si-OH was added. The reaction system was
then purged with nitrogen gas and sealed for a reaction dura-
tion of 5 h. Finally, the resulting mixture was vacuum-dried at
353 K, resulting in a solid material weighing 7.75 g, corre-
sponding to a yield of approximately 77.46%. This solid mate-
rial is referred to as TiO2@SiO2-NH,.

2.5. Preparation of TiO,- chitosan oligosaccharide microspheres

The method described in (Karzar Jeddi and Mahkam 2019) was
used to prepare water-soluble TiO,-chitosan oligosaccharide
microspheres (TiO,-COS). Chitosan oligosaccharide (approxi-
mately 0.30 g) was gradually added to 300 mL of 2% acetic acid
solution, followed by the addition of 5 mL of Span-80 and stir-
ring at low speed for 30 min until it was fully soluble, resulting in
a chitosan-oligosaccharide suspension. Next, 0.30 g of TiO,@-
SiO,-NH, powder was added to the suspension and stirred con-
stantly for 1 h. Then, 1 mL of 20% SDS was added and mixed
thoroughly, and the pH was adjusted with 0.5 mol/L HCI to 6.0—
6.5 with stirring for an additional hour. Following the comple-
tion of the reaction, the mixture underwent centrifugation. The
supernatant was discarded, and the resulting precipitate was col-
lected. Subsequently, the collected precipitate was vacuum-dried
at 353 K under a pressure of —0.09 MPa. The dried solid mate-
rial weighed 0.48 g, corresponding to a yield of approximately
79.33%. These solid materials are identified as TiO,-COS-
microspheres.

2.6. Synthesis of SDT-MIP

To synthesize the molecularly imprinted polymers, precipita-
tion polymerization was employed. The 0.30 g of TiO,-COS-
microspheres prepared in the previous step were dispersed in
30 mL of acetonitrile using ultrasonication. Next, a solution
containing 1 mL (10 mg/mL) of salidroside, 15 pL of EDC,
and 5 mg of NHS was prepared, shaken, and stored at 4 °C
for 30 min before prepolymerization. Then, 0.3 mL of
EDGMA was added sequentially and dissolved using ultrason-
ication. After nitrogen gas was added, the mixture was sealed
and stored in a water bath shaker at a constant temperature
for 18 h. The resulting solid was then cooled to room temper-
ature and subjected to suction filtration. It was washed several
times in succession with acetonitrile, tetrahydrofuran, and ace-
tone, and finally, 0.14 g of salidroside- TiO,-MIP (SDT-MIP)
was obtained (with a yield of approximately 45.87%) after vac-
uum (-0.09 MPa) drying at 353 K.

2.7. Study on the swelling and drug loading properties of SDT-
MIP

2.7.1. Swelling capacity

To investigate the difference in hydrophilicity between SDT-
MIP and SDT-NIP, the swelling capacity of the polymer in
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an aqueous solution was evaluated. First, specific masses of
SDT-MIP and SDT-NIP were weighed accurately and placed
into a clean solid-phase extraction column (5 mL). The total
mass was then measured, and the column was washed with
0.9% NaCl solution at room temperature (1 mL/min). Excess
solution was removed by applying appropriate pressure. The
column was subsequently dried at room temperature, and
the mass was recorded every 30 min. The swelling ratio (SR)
was calculated using the following formula:

Wi W 100% (1)
m

SR =
where W, is the mass of the polymer at time t after swelling,
W, is the mass of the initial polymer, and m is the mass of
the weighed polymer.

2.7.2. Drug loading performance

The experimental procedure was similar to the polymer
adsorption performance test, except that ultra-pure water
was used as the adsorption environment. A centrifuge tube
was filled with 1 mL of aqueous salidroside solution of varying
concentrations (50, 100, 200, 400, 600, and 1000 pg/mL). SDT-
MIP (2 mg) was added, thoroughly shaken, and placed in an
oscillator at room temperature and 120 rpm for 2 h. The mix-
ture was allowed to stand for 10 min before centrifugation at
high speed (9000 r/min). The supernatant was collected, passed
through a 0.22-pm filter, and analyzed using HPLC. SDT-NIP
was analyzed in the same manner. All experiments were per-
formed in triplicate, and the average values were calculated.
The adsorption capacity Q (mg/g) was determined using the
following equation:

(CO - Ce)
0= p xV (2)
where Cy is the initial concentration, C, is the concentration of
the solution after adsorption, V is the volume of the solution,
and m is the mass of the polymer.

In this experiment, the data were fitted using the Langmuir
(3) and Freundlich (4) adsorption models (Langmuir 1916,
Zhang et al., 2014). The former is suitable for saturated and
uniform adsorbents such as molecularly imprinted polymers,
while the latter assumes that adsorption takes place on hetero-
geneous surfaces and that there is an interaction between the

adsorbed molecules. The following formulas were used:

AC,

Q:m+q)

(3)
where C, is the concentration of the solution after adsorption,
and A and K are constants.

0 =KC! )

where C, is the solution concentration after adsorption, K is a
constant, and n is the adsorption index.

The selectivity of the polymer was evaluated using the
imprinting efficiency (Ie) in this experiment, which was calcu-
lated using the following formula:

Q.MIP
I, =2 5
QNIP ( )

where Q,,,, and Q,, represent the respective adsorption
capacities.

2.8. In vitro sustained release performance evaluation and kinetic
fitting

2.8.1. Artificial gastric fluid (AGF) and artificial intestinal fluid
(AIF) preparation

First, 7.0 mL of 36.5% HCI and 2.0 g of NaCl were dissolved
in a suitable amount of ultrapure water. The solution was then
brought to a volume of 1000 mL and mixed by sonication to
obtain AGF. For AIF, 0.1 g KCl, 4.0 g NaCl, 3.4 g KH,POy,,
and 0.72 g Na,HPO, were dissolved in 400 mL ultrapure
water. The resulting solution was sonicated and mixed with
0.5 mol/L HCI to achieve a pH of 7.4.

2.8.2. In vitro sustained release

Fifty milligrams of the previously prepared SDT-MIP was
placed in 10 mL of either AGF (pH = 1.5) or AIF
(pH = 7.4) and shaken thoroughly in a constant temperature
water bath shaker at 37 °C and 180 rpm. The system was then
sampled at 1,2, 3,4, 5,and 6 hand at 1, 3, 6, 9, 18, 24, 30, and
36 h by centrifuging 1 mL of the supernatant and adding 1 mL
of fresh AGF or AIF to continue the experiment.

2.8.3. Evaluation of sustained release effect

A salidroside standard with a concentration of 1 mg/mL was
obtained by reconstituting in acetonitrile. HPLC was used
for analysis under the following conditions: column tempera-
ture of 30 °C; flow rate of 1 mL/min with 60% acetonitrile
(A) and 40% ultrapure water (B); and detection at 275 nm.
To establish a standard curve, salidroside was determined at
five different concentrations (50, 100, 200, 400, 600, 800, and
1000 mg/L), and the peak area was recorded. The supernatant
was then centrifuged at 2.8.2 and filtered using a syringe filter
(0.45 pm) before determining the salidroside content by
HPLC. All experiments were carried out in triplicate, and
the results were averaged. The cumulative percent release
(DS%) of salidroside was calculated as follows:

M, VX'C+,.G,
M, M,

DS% = x 100% (6)
where V, is the volume of the release medium at each sampling
time, Ci represents the concentration of salidroside in the
release medium at time i, ¥, is the total volume of the release
medium, C, is the concentration of the release medium after
collecting the nth sample, and M, is the content of salidroside
in SDT-MIP. The experiment was performed in triplicate, and
the average value was used for analysis.

2.8.4. In vitro drug release kinetics

This study utilized the zero-order kinetic model (7), first-order
kinetic model (8), Higuchi’s plane diffusion equation (9), and
the Ketger-Peppas (K-P) kinetic equations (10) to delve deeper
into the drug release process of SDT-MIP and SDT-NIP and
to explain their release laws and mechanisms. The Higuchi
equation was used to assess whether the drug release kinetics
were purely Fick diffusion release or not. Moreover, the value
of n in the K-P equation could represent different release
mechanisms. The threshold value for the globular structure
was a pure Fick diffusion release index (n) of 0.43. For
n < 0.45, pure Fick diffusion occurred, 0.45 < n < 0.89 repre-
sented diffusion combined with the framework corrosion
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mechanism, and n > 0.89 represented the framework corrosion
mechanism. The corresponding model equations are as
follows:

D, = Kt + D, (7)

where D, is the cumulative drug release rate at time t, K is the
zero-order release constant, Dy is the initial drug concentra-
tion, and t is the release time.

A .
D, :Doc(l ——e’k[) =A(l —e™) (8)
Dy,
where D, is the cumulative drug release rate at time t, K is the
first-order release constant, D, is the percent maximum cumu-
lative release, and A is a constant.

S, =Kp (9)

where S, is the amount of drug released at time t and K is the
release rate constant.

D, = K,1" (10)

where D, is the cumulative drug release rate at time t, K, is the
kinetic constant and n is the release exponent.

2.9. Cytotoxicity test

The IPEC-J2 cells were seeded in 96-well plates (density
1 x 10 cells/well) in logarithmic growth phase and treated
with various concentrations of SDT-MIP (200 pg/mL,
400 pg/mL, 600 pg/mL, 800 pg/mL, and 1000 pg/mL) for
24 h. The experiment included blind control and negative con-
trol groups, and each treatment group had 6 replicates. The
experiment was repeated three times, and the results were aver-
aged. After 24 h of treatment with SDT-MIP, 10 uL CCK-8
solution was added to each well and incubated in a CO, incu-
bator for 2 h. The absorbance was measured at 490 nm using a
microplate reader. The cell viability (CV) was calculated as fol-
lows to determine cytotoxicity:

Gl‘l
CV =—x100% (11)

A

where 4 is the average value of the normal control group, and
G, is the measured value of each group.

3. Results and discussion

3.1. Synthesis of TiO,@NH,-C and SDT-MIP

The preparation process of SDT-MIP is illustrated in Fig. I,
which involves several key steps. First, TiO, was activated
and modified on the surface. Second, the amination of TiO,
was completed by the formation of O-Si bonds. Third, the
numerous hydroxyl groups present on the chitosan oligosac-
charide reacted with the amino groups in TiO,-SiO,-NH, to
produce polymer spheres wrapped around TiO,. Finally, sali-
droside in TiO,-COS was subjected to the influence of cross-
linkers and initiators, resulting in the creation of specific recog-
nition sites followed by the removal of the template. The reac-
tive silane coupling agent (3-aminopropyl)trimethoxysilane
(APS) is susceptible to hydrolysis and cross-linking reactions
(Kuei et al., 2015). In the presence of water, APS undergoes

hydrolysis, wherein the ethoxy group is first converted to
hydroxyl groups and subsequently reacts with the hydroxyl
groups present on the surface of TiO,-OH, leading to the for-
mation of an O-Si bond through dehydration (Oh et al., 2007,
Zhengming et al., 2023).

3.2. Characterization and particle size determination of SDT-
MIP

3.2.1. FT-IR

Fourier transform infrared spectroscopy is a useful technique
for detecting and characterizing the structure of chemical sub-
stances (Jingjing et al., 2022). Fig. 2 shows the FT-IR spectra
of TiO,, TiO,@NH,, chitosan oligosaccharides, TiO,@NH,-
chitosan oligosaccharides, and SDT-MIP. The preparation
method and ultrastructure of the materials may have caused
some changes in the internal structure of the molecule, leading
to the suppression of the characteristic absorption peaks of
TiO,. The characteristic absorption peak of TiO, was observed
at approximately 2360 cm~'. Bending vibrations were
observed between the H—N—H bonds in TiO,@NH,, and a
strong absorption peak was observed at approximately
1650 cm ™. In the infrared spectrum of COSs, the broad peaks
at approximately 3400 cm ™! were due to superimposed absorp-
tion peaks of hydrogen bonds, hydroxyl groups, and amino
stretching vibrations within and between COSs (Shang et al.,
2011, Wei et al., 2018). The absorption peaks at approximately
1620 cm ™", 1515cm ™", and 1379 cm ™" were the amide I, amide
II, and amide III bands of chitosan oligosaccharide, respec-
tively (Cai et al., 2015, Sohan et al., 2020). The stretching
vibration of the sugar ring backbone oxygen bridge (C—0O—C)
of chitosan oligosaccharide was observed at approximately
1095 cm™! (Bo et al., 2012). The amide and oxygen bridge
absorption peaks of COSs were somewhat weakened due to
the binding effect of TiO,@NH,-C. The methyl absorption
peak of SDT-MIP was strengthened at approximately
2940 cm ™! due to the formation of a recognition site by sali-
droside binding. This provided initial evidence that the target
product was successfully synthesized, i.e., SDT-MIP.

3.2.2. SEM and TEM

Fig. 3 displays the scanning electron microscopy (SEM)
results, while Fig. 4 presents the transmission electron micro-
scopy (TEM) results. The smooth globular-like morphology
of SDT-MIP is clearly visible in Fig. 3, suggesting that the
encapsulation of the target product is more successful. How-
ever, some particles appeared to stick together, which could
be due to the presence of oily substances in the synthetic
reagents that were not completely eluted. On the other hand,
the TEM images in Fig. 4 show that the SDT-MIPs have a
more regular shape and an average diameter of approximately
170 nm. The dark regions in the center correspond to the TiO,
molecules that are wrapped by the SDT-MIP, while the
brighter regions at the periphery correspond to the chitosan
oligosaccharide molecules that are also wrapped around the
TiO,; core. These results further confirm the successful synthe-
sis of the target product.

3.2.3. XRD

Fig. 5 displays the X-ray diffraction (XRD) outcomes for
TiO,, TiO,@NH,, TiO,@NH,-COS, and SDT-MIP. The
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crystallinity percentages of TiO, and SDT-MIP were deter-
mined to be 46.81% and 21.50%, respectively, utilizing Jade
6 software for analysis and calculation. Previous studies have
shown that TiO, primarily exists in an anatase structure
(Bakhshizadeh et al., 2017), which exhibits a strong diffraction
peak at approximately 25° (1875) and three smaller peaks
between 25 and 40°, as well as a diffraction peak at 47.88°
(445). During the preparation of SDT-MIP, there was a grad-
ual decrease in crystallinity, suggesting that chitosan oligosac-
charides were being grafted onto TiO, but not fully covering
its surface. These findings align with the results obtained from

> @i
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/
CO O 0N,
qc O~0)
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— Cell Measuring

Scheme representing the procedure for preparing and testing SDT-MIP.

FT-IR analysis, providing further confirmation of the success-
ful synthesis of SDT-MIP.

3.3. Swelling capacity

Fig. 6 depicts the swelling behavior of SDT-MIP and SDT-
NIP in an aqueous solution. Both materials exhibited an
increase in swelling ratio over time, with a decreasing growth
rate observed after 120 min. Notably, the swelling behavior
of SDT-NIP reached a more noticeable saturation state with
a gradual leveling-off trend. In contrast, the SDT-MIP, which
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Fig. 2 FTIR spectra of TiO,, TiO,@NH,, TiO,@NH,-C
chitosan oligosaccharides, and SDT-MIP.

involves crosslinking between the polymer and salidroside
molecule, displayed a higher swelling rate due to its ability to
absorb a larger amount of solvent with higher permeability.
This distinction suggests that the SDT-MIP possesses a greater
potential for a larger drug adsorption area and a stronger drug
loading capacity, as reported by Ma et al. (Ma et al., 2023).

3.4. Method verification of HPLC

According to the International Union of Pure and Applied
Chemistry(IUPAC) recommendation and previous reports
(Abbas et al., 2018, Elkins et al., 2019, Ma et al., 2019a,
2019b), the drug content was calculated using a standard curve
of salidroside established in section 2.8.3. The calibration
curve was good in the range of 50-1000 pg/mL for salidroside
at the seven concentration levels. The feasibility of MIP as a
new slow release agent for the determination of salidroside
in real samples using HPLC was evaluated in terms of linear
range, correlation coefficients (R?), limits of detection (LOD)
and quantification (LOQ). The correlation coefficient was
0.9999 for salidroside by determining the standard solution,
and the intraday accuracy was assessed by analyzing the same

concentration of salidroside on the same day (n = 7) (Yiet al.,
2013). The calculated RSD ranged from 0.64 to 1.03%. The
limits of detection and quantification were 3.0007 and
10.0022 pg/mL, respectively (Table 1).

3.5. Drug loading properties

Fig. 7 illustrates that SDT-MIP had better drug adsorption
properties than SDT-NIP over a drug concentration range of
0-1000 pg/mL, exhibiting extremely high adsorption capacity.
At a drug concentration of 1000 pg/mL, the adsorption capac-
ity of SDT-NIP was only 50.18 mg/g, whereas that of SDT-
MIP reached 170.41 mg/g. This is attributed to the presence
of salidroside recognition sites on the surface of SDT-MIP,
allowing for selective adsorption of more drug molecules,
while SDT-NIP was only able to mechanically adsorb drug
molecules due to surface molecular polarity and reticular holes
formed by chitosan oligosaccharide. As shown in Fig. §, the
Langmuir and Freundlich equation models were employed
and exhibited a good fitting effect, and the Langmuir model
is more suitable, which indicates the saturation and homogene-
ity of the adsorption capacity of SDT-MIP and strong adsorp-
tion intermolecular interactions. The specific parameters of the
equation are shown in Table 2. Furthermore, Fig. 9 illustrates
that the imprinting efficiency of SDT-MIP increased linearly
within a drug concentration range of 0-600 pg/mL, plateauing
at a drug concentration of 1000 pg/mL, achieving an imprint-
ing efficiency of 3.4. These results suggest that SDT-MIP has a
strong drug loading performance within a specific drug
concentration.

3.6. In vitro sustained release effect

The in vitro sustained-release behavior of SDT-MIP in artifi-
cial gastric fluid (AGF) is depicted in Fig. 10. The figure indi-
cates that the SDT-MIP achieved the highest degree of drug
release at 4 h and gradually decreased thereafter, with a slower
decline indicating decomposition of the drug. Fig. 11 displays
the in vitro sustained-release behavior of SDT-MIP in artificial
intestinal fluid (AIF). The cumulative degree of drug release
gradually increased with time within 24 h, with a relatively
rapid increase rate in the first 1-3 h and a slow increase there-
after, indicating a good sustained-release effect. Combining the
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Fig. 3 Scanning electron microscopy images of SDT-MIP.
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Fig. 5 X-ray diffraction results of TiO,, TiO,@NH,, TiO,@-
NH,-COS, and SDT-MIP.

results of Fig. 10 and Fig. 11, it can be concluded that the peak
of the cumulative degree of drug release in AGF was much lar-
ger than that in AIF. The drug concentrations released by
SDT-MIP in artificial intestinal fluid (AIF) and artificial gas-
tric fluid (AGF) were measured using high-performance liquid
chromatography (HPLC) at different time intervals. Fig. 12
illustrates that the drug release performance of SDT-MIP in
AIF was considerably superior to that in AGF. The authors
suggested that the acidic environment and lower pH of gastric
fluid may have damaged the structure of SDT-MIP, leading to
rapid drug release in the first 4 h, whereas the weakly basic pH
of intestinal fluid was more conducive to a slow-release effect.
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Fig. 4 Transmission electron microscopy images of SDT-MIP.
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Fig. 6 The swelling ratio of SDT-MIP and SDT-NIP (25 °C,
pH = 7).

Therefore, it can be inferred that the sustained-release effect of
SDT-MIP in the animal intestine is superior to that in the
stomach.

3.7. Release pharmacokinetic analysis

Table 3 presents the relevant parameters of the zero-order
kinetic model, first-order kinetic model, Higuchi’s plane diffu-
sion equation, and K-P kinetic equation for SDT-MIP and
SDT-NIP under different pH conditions. The results revealed
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Table 1 Linear range, linear regression equation, correlation coefficients (R°), detection limits of salidroside using HPLC.
Analytes Linearity Regression equation R? LOD LOQ
(ng/mL) (ng/mL) (n = 7) (ng/mL) (n = 7)
Salidroside 50-1000 y = 0.1174x + 0.0491 0.9999 3.0007 10.0022
200 4.0 -
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Fig. 7 Adsorption amounts of SDT-MIP and SDT-NIP (25 °C,
pH = 7).
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Fig. 8 Langmuir and Freundlich fit curves for SDT-MIP and

SDT-NIP.

Table 2 Langmuir and Freundlich model constants and
correlation coefficients.

Sample Mode K Aln R’ Equation

SDT-  Langmuir 18824 90.16 0.9955 Q = 188.24C./
MIP (90.16 + Co)
Freundlich  14.02  0.39 0.9707 Q = 14.02C>%
SDT-  Langmuir  50.65 30.48 0.9941 Q = 50.65C./
NIP (30.48 + Co)
Freundlich  10.56 025 0.9537 Q = 10.56C%%

0 200 400 600 800 1000 1200

Concentration (png/mL)

Fig. 9 Imprinting efficiency of SDT-MIP.
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Fig. 10  Sustained release effect of SDT-MIP in AGF.

that the SDT-MIP exhibited less effective fitting to the zero-
order kinetic equation and first-order kinetic equation
(R;H:Z = 0.9793, R;H:7:0.9194), indicating a nonlinear
mechanism of drug release. Conversely, SDT-NIP showed
good fitting to both zero-order and first-order kinetic equa-
tions at pH = 2 (R? > 0.99). Regarding Higuchi’s diffusion
equation, the SDT-MIP showed a weak fit, while the SDT-
NIP showed some correlation (Rlz)H:2 0.9434,
RﬁH:7 =0.9684). Discrimination was carried out based on the
drug release index n in the K-P kinetic equation. At pH = 2
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anism (n = 0.37; n = 0.12), while SDT-NIP exhibited a com- g
bination of diffusion and framework dissolution mechanisms & «S o —
(n = 0.65) at pH = 7 and irregular diffusion (n = 0.98) at —ﬁé i St
pH = 2. According to Fick’s first law (Vidinha et al., 2022), g + 4+ + +
the diffusion coefficients ranged from 3.38 x 10 cm?/s to 21 o ez
2.78 x 10 cm?/s. The authors speculated that this difference ERE: gleEne
was due to the complete dissolution of the framework under o ; A
acidic conditions (Fangfang et al., 2022, Yi et al., 2022). é N FaYaYala)
(]
-
3.8. Effects on cell viability %" -
o = o~ o~
(5}
Cytotoxicity testing was conducted, and the results are pre- ﬁ
sented in Fig. 13. Cell viability analysis using the CCK-8 assay - = 2
is shown in Fig. 14. The results indicate that TiO,, ranging o | = E E
from 0 to 1000 pg/mL, exhibited a cell survival rate of over E (:ie 2 2

120 £+ 12.46% in the presence of SDT-MIP solution. This
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Fig. 13  Cytotoxicity assessment process of SDT-MIP.

demonstrates that TiO, is nontoxic and does not hinder cell
growth, affirming its safety as a drug carrier. Salidroside at
600 pg/mL exhibited minor inhibitory effects but did not have
an overall impact on cell viability. The effects of SDT-NIP at
different concentrations on cell viability were comparable to
those of TiO,, indicating that the synthesis method is safe, with
TiO, being the only chemical involved in the synthesis that
may impact cell growth. In contrast, SDT-MIP exhibited some
growth-promoting effects on cells at various concentrations,
and the cell activity increased as the concentration of SDT-
MIP increased. The slow-release effect of SDT-MIP slowly
releases salidroside and maintains the cells at an acceptable
drug concentration environment, which is likely the reason
for their growth-promoting effect. These results demonstrate
the successful synthesis of SDT-MIPs and their potential as
a drug carrier with a slow-release effect.
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Fig. 14  Effect of TiO2, salidroside, SDT-MIP, and SDT-NIP on
IPEC-J2 cell viability.

4. Conclusions

In summary, the SDT-MIP possesses molecular-specific recognition
capabilities that enable the recognition and enrichment of salidroside.
The proposed HPLC method demonstrated a favorable sustained
release effect in intestinal fluid, following a pure Fick diffusion mech-
anism. Moreover, the study established the biocompatibility of SDT-
MIP and its potential application in drug delivery. These findings pro-
vide valuable insights to support the development and utilization of
sustained-release drugs.
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