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ABSTRACT

Molecular imprinting materials can successfully improve the efficacy and safety
of drugs, thus showing good potential in the field of drug delivery. However,
some difficulties in imprinted materials, such as the deep embedding of
imprinting sites and poor accessibility, limit their application. Herein, we have
developed porous designed molecularly imprinted polymers (MIPs) based on
cleavage hyperbranched polymers for thiamine hydrochloride controlled
release. By introducing hyperbranched polymers with terminal double bonds
and sensitive disulfide bonds, the resulting porous MIPs (PMIPs) can expose
more effective recognition sites and improve the drug-controlled release
behavior, where significantly improved the drug loading (101.25 mg g ")
compared with the porous non-imprinted polymers (PNIPs, 16.57 mg g™ ").
Moreover, under the optimized conditions of pH 1.7 and 25 °C, the whole drug
release time was increased from 16 h (PNIPs) to 32 h (PMIPs). As a result, this
porous structure of MIPs designed approach provides an insight to fabricating
improved imprinted constituents with higher adsorption capacity and faster
recognition kinetics, which not only inspires more brilliant work in the future
but also paves the way for the application of MIPs in the field of drug delivery.
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Introduction

In recent times, there has been augmented interest in
controlled drug release systems based on nanomate-
rials because of their sustained release properties and
large loading capacity [1-3]. Due to its unique
advantage, controlled release nanomaterials can
effectively overcome the problems caused by tradi-
tional drug administration, such as the concentration
of drugs in vivo can only be maintained for a short
time, resulting in the loss of efficacy [4, 5]. It not only
prolongs the drug’s duration but also makes its
release smarter [6, 7]. Among the nanomaterials
identified as carriers, molecularly imprinted poly-
mers (MIPs) have predetermined selectivity of target
molecules, attracting wide attention in developing
drug delivery systems [8]. For instance, the redox-
responsive molecularly imprinted nanoparticles
based on biodegradable silica were designed to
exhibit desirable targeted protein delivery and
enhance tumor inhibition in cancer treatment [9].
MIPs is an artificial polymer with recognition sites
complementary to target molecules [10], and the
characteristics of controlled drug release triggered by
imprinting sites of MIPs make them ideal for drug
delivery research [11]. The interactions between
template drug and imprinted sites are entirely dif-
ferent from that of traditional drug carrier models,
such as physical adsorption or embedding, because
of the affinity of the template to the functional
monomer which is conducive to improving drug
loading capacity and sustained release ability of MIPs
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[12]. With the development of molecular imprinting
technology, there is wide applications of MIPs in
fields such as sensing [13-15], chemical purification
[16, 17], and delivery [18]. For instance, novel
imprinted poly(methacrylic acid) nanoparticles for
the controlled release of Rivastigmine Tartrate (RVs)
were developed, which have the potential for RVS
drug delivery to alleviate Alzheimer’s and other
diseases [19].

However, the MIPs prepared by conventional
polymerization methods suffer from problems such
as high crosslinking, the deep and tight embedding of
imprinted sites, poor accessibility, and slow recog-
nition kinetics, which affect the elution and resorp-
tion of template molecules, thus limiting the drug
loading capacity of MIPs and its application in drug
delivery systems [20]. To solve these problems and
obtain better applicability, previous studies have
revealed that MIPs with porous structures show
superior advantages, which can expose the imprinted
sites inside the materials; thus, faster recognition
kinetics and higher adsorption capacity can be
obtained [21]. We previously also reported porous
MIPs with hyperbranched polymers for doxorubicin
drug release [22]. The introduction of reversible
covalent bonds into hyperbranched polymers can
induce the cleavage and degradation of hyper-
branched polymers under external stimulation,
forming a porous MIPs structure that dramatically
improves the recognition and sustained release
properties of target molecules [23]. Hyperbranched
polymers, with typical dendritic topology, have been
found to have many unique properties, such as high
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solubility, low chain entanglement, and numerous
terminal functional groups [23-25]. Moreover, the
easy functionalization promoted by these terminal
groups on the backbone has attracted a lot of research
activities [26]. Hence, introducing degradable
hyperbranched polymers and MIPs in one reaction
system is expected to be a reliable and feasible
approach for preparing MIPs with porous structures
to improve template drug loading and controlled
release performance.

Thiamine hydrochloride (THC) is a vitamin B
compound that may effectively prevent kidney dis-
ease in patients with type II diabetes [27]. THC
deficiency can lead to conditions such as beriberi,
resulting in fluid accumulation (swelling), pain,
paralysis, and death. Vitamins from food are some-
times not entirely absorbed by the human body, so it
is necessary to use a controlled drug release system to
release it in the intestine [28]. In this contribution,
porous designed MIPs have been developed based on
hyperbranched polymers with sensitive cleavage
bonds for THC controlled release. We designed and
synthesized double bond-terminated hyperbranched
polymers containing disulfide bonds via an A, + B;
Michael addition method. The introduction of disul-
fide bonds into the hyperbranched polymers makes it
easy to degrade and then be removed to form porous
MIPs (PMIPs). Firstly, The A, monomer with sensi-
tive disulfide and terminal double bond was syn-
thesized as many active terminal functional groups
reacted with cross-linked agents. Then, THC was
selected as the template molecule, and the as-pre-
pared double bond-terminated hyperbranched poly-
mers were used as the matrix for preparing PMIPs.
Due to the porosity and accessibility of recognition
sites, the prepared PMIPs materials not only achieve
the easily removal of template molecules, but also
exhibited good adsorption performance and selec-
tivity to template molecule THC versus other drugs.
Finally, the PMIPs also possess sufficient drug load-
ing capacity and responsive drug release, which
proposes the benefits of using degradation hyper-
branched polymers as a new matrix for designing the
porous structure of MIPs to get the sustained release
of drugs. The strategy of PMIPs provides a new idea
for improving the effective utilization of imprinted
sites and is also beneficial to the development of drug
delivery systems.

Experiment section
Materials and reagents

Bis(2-hydroxyethyl) disulfide, N,N-dimethyl for-
mamide (DMF), polystyrene (PS), 1-(2-aminoethyl)-
piperazine (AP), and ethylene glycol dimethacrylate
(EGDMA) were from Alfa Aesar Chemical Co., Ltd.
(Tianjin China). Dithiothreitol (DTT), THC, theo-
phylline, caffeine, indomethacin, and methyl acrylic
acid (MAA) were from Aladdin Reagent Co., Ltd.
(Shanghai, China). Acryloyl chloride, 2,2-azobi-
sisobutyronitrile (AIBN), trimethylamine (TEA), and
tetrahydrofuran (THF) were from J&K Scientific Ltd.
(Beijing China). THF was used after strict water
removal. Briefly, Added THF and sodium tablets in a
two-row Schlenk device under the atmosphere of
argon gas, which was then heated at 90 °C until the
solvent changed from colorless to blue, where the
chromogenic agent was diphenylketone.

Instrumentation

The infrared spectrum of the obtained materials was
measured by a Nicolet IS10 Fourier transform infra-
red spectroscopy (FI-IR) spectrometer (Madison,
USA). A Bruker Advance nuclear magnetic resonance
(NMR) apparatus was applied to characterize the 'H-
NMR of A,. The molecular weight and distribution of
hyperbranched polymers were determined by a
Waters 1515 gel permeation chromatography (GPC)
apparatus (Massachusetts, USA). DMF and PS were
used as a solvent and standard polymer, respectively.
The elemental analysis was performed on a Thermo
Fisher Scientific ESCALAB 250Xi X-ray photoelectron
spectrometer (XPS, Waltham, USA) wusing a
monochromatic Al K RX X-ray source. The external
microstructure was observed on a ZEISS SUPRA 55
scanning electron microscope (SEM, Carl Zeiss Jena,
German). Nitrogen sorption isothermal analysis was
conducted on a Micromeritics Tristar II 3020 surface
area analyzer (Georgia, USA). The data of ultraviolet—
visible (UV) absorption were recorded on a Shi-
madzu UV-2250 spectrophotometer (Kyoto, Japan),
and similar analytical procedures were previously
reported by several works [29, 30].
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Preparation of hyperbranched polymers

The esterification reaction synthesized bis(2-acry-
loxyethyl) disulfide ester with a double bond (A,
monomer). The specific steps were as follows. Firstly,
the Schlenk device was successively filled with argon
gas, vacuumed, and heated so that no water or oxy-
gen existed. Secondly, 7.3 g bis(2-hydroxyethyl)
disulfide, 24.5 g TEA, and 200 mL anhydrous THF
was added to the reaction flask was in an ice bath
under an argon atmosphere. After adding the mix-
ture of 17.7 g acryloyl chloride and 50 mL anhydrous
THF drop by drop, the reaction occurred at room
temperature for 24 h. Finally, the solvent was
removed by vacuum distillation, and then the residue
was dissolved in 100 mL methylene chloride. After
successively washing with 100 mL NaCl solution and
100 mL deionized water three times, the appropriate
amount of anhydrous Na,SO, was added to the
mixture which was then stirred for 30 min. Removed
from the collected filtrate, which was further purified
by silica gel chromatography and yielded orange
viscous liquid as an A, monomer.

Hyperbranched polymer with disulfide linker and
double bond terminals (HBP-AP) was then synthe-
sized by the Michael addition method of “A, + B3”,
where AP was selected as a B; monomer. Briefly,
0.576 g A; monomer (2.2 mmoL) and 260 pL Bj
monomer (1 mmoL) were added to 4 mL chloroform.
After 24 h at 45 °C, the collected residuals were
added to acetone twice to precipitate the polymer,
and the yellow-colored viscous HBP-AP with cleav-
able disulfide linkers and alkene double bond ter-
minals was collected by removing acetone by
vacuum distillation.

Preparation of PMIPs

The PMIPs were prepared by precipitation poly-
merization using HBP-AP as a reaction substrate. The
specific steps are as follows. 34 mg THC (template
molecule) and 42 pl. MAA were dissolved in the
mixed solution of 9.6 mL acetonitrile and 2.4 mL
water, stirring at room temperature for 3 h. Then,
100 mg HBP-AP, 480 uL. EGDMA, and 30 mg AIBN
were added to the pre-polymerization solution. After
stirring for 20 min, the mixed solution was deoxy-
genated using argon for 15 min. The sealed flask was
then placed in a thermostatic water bath for precipi-
tation polymerization at 60 °C for 24 h. Subsequently,
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the solid particles in the reaction solution were col-
lected by vacuum filtration, which was then extracted
using a Soxhlet apparatus in methanol/water/acetic
acid solution (6:3:1, v/v/v) until detected no THC in
the solution. Afterward, the dried solid particles were
added to 25 mL DTT (0.02 g mL™') and stirred to
dissociate disulfide linkers from the cleavable HBP-
AP in PMIPs. Finally, the obtained PMIPs were
washed with water and dried at 60 °C.

In addition, non-imprinted polymers with HBP-AP
(PNIPs) were prepared by the same procedure
without THC. To be certain if improved the adsorp-
tion efficiency of the MIPs, MIPs and NIPs were
designed without adding of HBP-AP as the reference,
respectively.

Adsorption experiments

The adsorption properties of the obtained particles
were characterized by static, dynamic, and selective
adsorption experiments, where theophylline and
caffeine were selected as analogs, and indomethacin
was chosen as a reference compound. All tests were
conducted thrice in parallel.

In the static adsorption experiments, 20 mg PMIPs,
PNIPs, MIPs, or NIPs were dispersed in 3 mL THC
solution with different initial concentrations (20—
1200 mg L"), respectively. After stirring at 25 °C for
24 h, the supernatant was collected by centrifugation
(4000 rpm), where the residual amount of THC was
measured by a UV-vis spectrophotometer. The four
adsorbents (20 mg for each) were evenly dispersed in
3 mL THC solution (40 mg L™") for the dynamic
adsorption experiments. At the set stirring time (0-
90 min), the residual amount of THC was measured
by a UV-vis spectrophotometer. For the selective
adsorption experiments, the four adsorbents (20 mg
for each) were evenly dispersed in 3 mL THC, theo-
phylline, caffeine, and indomethacin solution (40 mg
L~ for each), respectively. After stirring at 25 °C for
24 h, the residual amounts of the four compounds
were measured by a UV-vis spectrophotometer
respectively. Adsorption amount (Q, mg g~') was
calculated by Eq. (1).

Q= (G -C)V/m (1)

Ci (mg L™") and C. (mg L") are the initial and
equilibrium concentrations of the testing solution,
respectively. V (mL) is the volume of the solution.
m (mg) is the mass of the adsorbent.
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Study on influencing factors of drug loading

The influencing factors of drug loading were inves-
tigated, including the pH value of buffer, the mass of
adsorbent, and adsorption temperature. THC was
used as the model drug. Firstly, 20 mg PMIPs or
MIPs was evenly dispersed in 3 mL THC solutions
(40 mg L") with different pHs ranging from 1.7 to
8.0. After stirring at 25°C for 24 h, the residual
amount of THC was measured by a UV-vis spec-
trophotometer, respectively. Secondly, different
PMIPs or MIPs (5-30 mg) were evenly dispersed in
3 mL THC solutions (40 mg L"), where the pH
value of the solution was set as 7.4. The adsorption
and measurement processes were consistent with the
previous experiment. Finally, 20 mg PMIPs or MIPs
was evenly dispersed in 3 mL THC solutions
(40 mg LY pH =7.4). After stirring at different
temperatures (25-65 °C) for 24 h, the residual
amount of THC was measured by a UV-vis
spectrophotometer.

Study on drug release behavior

The dialysis method was used to evaluate the drug
release abilities of the four adsorbents. The specific
processes were as follows: 20 mg adsorbent loaded
THC was evenly dispersed in deionized water and
then placed into a dialysis bag with a molecular
interception weight of 2000. Then, the dialysis bag
was immersed in a phosphate buffer and incubated
in a constant temperature shaker. Different temper-
atures (25 or 37 °C) and buffer pH (1.7 or 7.4) were
investigated, respectively. At the predetermined
time, 3 mL release solution was collected, and added
the same volume of fresh buffer solution to the sys-
tem. The amount of THC in the release solution was
measured by a UV-vis spectrophotometer.

Results and discussion

Synthesis of degradable hyperbranched
polymers

The first step in preparing PMIPs is synthesizing
cleavable double bond hyperbranched polymers by
the Michael addition [3 + 2] of A, and B; monomers.
The A, monomer was synthesized by esterification
reaction of bis(2-hydroxyethyl) disulfide and acryloyl

chloride, which aimed to introduce the disulfide
bonds linker and the double bond groups. The
chemical structure of the A, monomer was charac-
terized by '"H-NMR (Fig. S1A) and FT-IR (Fig. S1B).
The signal peaks at 51 6.34 (a), o151 6.08 (b), and 01 5.79
(c) ppm corresponded to -CH=CH, protons of acry-
loyl chloride, and dy; 4.35 (d) and 6y 2.89 (e) corre-
sponded to the characteristic peaks of protons in —
CH,—, which was consistent with the structure of A,
monomer. In addition, the FTIR spectrum was used
to verify the functional groups of the A, monomer.
Compared to the reactant bis(2-hydroxyethyl) disul-
fide (Fig. S1 Ba), the disappeared peak at
3100-3500 cm ™' was assigned to the absorption peak
of -OH of bis(2-hydroxyethyl) disulfide, and the
appearance peaks of 3434, 1727, and 1635 cm ™' were
assigned to the absorption peak of-CO-O-, the
stretch and vibration peak of -C=0, and the absorp-
tion peak of -CH=CH, of A, monomer (in Fig. S1 Bb),
respectively. The above results demonstrated the
successful synthesis of the A, monomer [31].
Secondly, HBP-AP with disulfide bond and termi-
nal double bond was synthesized by the Michael
addition reaction of the A, and B; monomer, where
the molar ratio of A, and B; monomer was 2.2-1.0.
Four hyperbranched polymers were synthesized at
monomer concentrations of 0.4, 0.8, 1.2, and
1.6 moL L™, respectively, and GPC with M, mea-
sured their molecular weights and distributions ran-
ged from 1896 to 36,150 g moL ™', and PDI ranged
from 1.12 to 4.56 (Table S1). The element composition
of HBP-AP was characterized by XPS (Fig. S2A).
HBP-AP was mainly composed of C, O, N, and S
elements, the contents of which were 74.7%, 24.2%,
0.9%, and 0.2%, respectively. The disulfide bond in
HBP-AP can occur in mercapto-disulfide bond
exchange reactions in the presence of DTT to disso-
ciate and degrade the polymers (Fig. S2B), and the
experimental results showed that HBP-AP was
degraded entirely within 10 h in the presence of 4
times DTT, leading a fast degradation rate (Fig. S3).

Preparation of PMIPs

As shown in Fig. 1, we described a novel strategy for
PMIPs, the polymerization of functional monomer
and cross-linker using HBP-AP as a matrix where
hyperbranched polymers with redox stimulus
response were synthesized and introduced into the
preparation of PMIPs to improve adsorption
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Figure 1 Schematic illustration of the preparation of PMIPs.

performance. Firstly, the effect of molecular weight of
HBP-AP on the imprinting effect was investigated.
As shown in Fig. 2a, HBP-AP-2 with a molecular
weight of 11,450 g moL ™' had the best imprinting
effect. The reason was that utilized the reduction and
fracture characteristics of reversible disulfide bonds
in HBP-AP to form porous channels in MIPs, which
expose more effective identification sites and
improve adsorption performance. The HBP-AP with
low molecular weight had a small proportion of
disulfide bonds, resulting in the relatively low
adsorption capacity of PMIPs. However, the HBP-AP
with high molecular weight led to a high degree of
chain entanglement between molecular chains, which
hindered the formation of imprinted channels, thus
reducing the adsorption capacity of the material.
Hence, during the preparation of HBP-AP, the con-
certation of monomer at 0.8 moL L™ 'was selected.
Secondly, the mass of HBP-AP used as a matrix
was investigated. As depicted in Fig. 2b, when
100 mg HBP-AP was added, the adsorption capacity
of PMIPs was the best. However, as the amount of
HBP-AP increased, the adsorption capacity
decreased. It can infer that when the amount of HBP-
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AP was more than 100 mg, it was more likely to
cause chain entanglement in the system, which will
hinder molecular channels, thereby affecting the
adsorption capacity of MIPs. Therefore, 100 mg HBP-
AP was added in the preparation of PMIPs.

Finally, we also investigated the volume of the
solvent. The PMIPs should be prepared in a suit-
able solvent so that the HBP-AP and functional
monomer form a homogeneous solution to get good
molecular recognition. Acetonitrile is one of the typ-
ical solvents used for imprinting small molecules,
and considering the solubility of HBP-AP, the mix-
ture of water and acetonitrile (1:4, v/v) was selected
as the solvent. Too much volume of solvent can affect
the growth of PMIPs, resulting in incomplete
imprinted sites. At the same time, the too low volume
of solvent can cause aggregation of PMIPs, and affect
the reliability and stability of imprinted sites.
According to the experimental results, PMIPs pre-
pared in the mixture of 2.4 mL water and 9.6 mL
acetonitrile had the best adsorption capacity (Fig. 2c).
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Figure 2 a Effects of hyperbranched polymers with different
molecular weights on THC adsorption of the obtained materials;
b Effects of hyperbranched polymers with the different mass on
THC adsorption of the obtained materials; ¢ Effects of the volume
of the reaction solution on THC adsorption of the obtained
materials.

Characterization of PMIPs

The morphology of materials was observed by SEM.
The cavitation structures of PMIPs (Fig. 3a) and MIPs
(Fig. 3c) were more than those of PNIPs (Fig. 3b) and
NIPs (Fig. 3d), respectively, which demonstrated that
the template molecule has an influence on the for-
mation of microstructure in the process of synthesis.
Moreover, compared to the MIPs (Fig. 3c), the regu-
larity and average of PMIPs decreased, and the cav-
itation content of PMIPs increased (Fig. 3a) because
of the degradation of the additional HMP-AR. The
above results indicated the successful preparation of
imprinted materials containing hyperbranched poly-
mers with degradable disulfide bonds.

The degradation of the disulfide bonds in PMIPs
was characterized by XPS. Before degradation, PMIPs
were mainly composed of C, O, N, and S elements,
whose contents were 75.6%, 23.3%, 0.7%, and 0.4%,
respectively (Fig. S4a). After washing with DTT, the
HBP-AP in PMIPs was dissociated, N and S elements
disappeared, and the remaining C and O contents
were 75.7% and 24.3%, respectively (Fig. S4b). The
above results showed that the hyperbranched poly-
mers were introduced into imprinted materials,
where the disulfide bonds were successfully degra-
ded by DDT washing.

To study the microstructure of materials, the
porosity of the four obtained materials was charac-
terized by nitrogen adsorption-desorption isotherms.
For PMIPs (Fig. S5A), PNIPs (Fig. S5B), and MIPs
(Fig. S5C), when P/P, was lower than 0.4, the
adsorption capacities increased slightly, which indi-
cated a typical I type adsorption characteristic of
microporous materials. At this stage, it was observed
that multilayer adsorption of nitrogen molecules
occurs inside the material. Then, the adsorption
capacities changed little in the range of P/P, of 0.4 to
0.8, which indicated that the mesoporous existed in
the materials and capillary condensation of nitrogen
molecules occurred in mesoporous part of the mate-
rials. These results demonstrated that the meso-
porous existed in the above three materials derived
from the imprinting process or the cleavage of
disulfide bonds in hyperbranched polymers. For
NIPs (Fig. S5D), the adsorption capacity decreased
rapidly when P/P, was below 0.8. When P/P,
exceeded 0.8, the adsorption capacity increased sub-
stantially, which came from the adsorption of mate-
rial, demonstrating that no mesoporous existed in
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Figure 3 SEM images of
PMIPs (a), PNIPs (b), MIPs
(c), and NIPs (d).

Table 1 The data of nitrogen adsorption—desorption isotherms

Total pore volume (cm® g™')

Micro pore volume (cm® g™ ")

Pore size distribution (nm)  Specific surface area (m? g~")

PMIPs  0.0428 0.0032
MIPs 0.0134 0.0035
PNIPs  0.0059 0.0030
NIPs 0.0019 0.0029

4.64 33.23
7.91 16.04
10.53 431
83.82 291

NIPs. In addition, as listed in Table 1, PMIPs had the
highest total pore volume (0.0428 cm® g=') and
specific surface area (33.23 m® g~ '), indicating that
more mesoporous existed in PMIPs than MIPs,
derived from the cleavage of disulfide bonds in
hyperbranched polymers, which was conducive to
the mass transfer of adsorbents.

Analysis of adsorption isotherms

The adsorption isotherms of THC to PMIPs, PNIPs,
MIPs, and NIPs at concentrations of 20-1200 mg L™
were assessed and shown in Fig. 4a. For the presence
of imprinting sites in MIPs, both PMIPs
(10125 mg g~ ') and MIPs (39.86 mg g~ ') showed
better adsorption capacity for THC than PNIPs
(16.57 mg g~") and NIPs (10.92 mg g~ '). Moreover,
the adsorption capacity of PMIPs was more than that
of MIPs, which proves that the porous channels of
PMIPs from the cleavage of disulfide bonds in
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hyperbranched polymers can increase the chance and
probability of THC entering into the imprinted sites
inside the materials, thereby improving the adsorp-
tion capacity of PMIPs.

The equilibrium data were further analyzed using
the Freundlich and Langmuir isothermal model to
analyze the affinity distribution (Fig. 4b and Fig. 56).
By comparing the values of correlation coefficient
(r) in Table 2, the Freundlich isothermal model is
found to fit better the binding data of THC on PMIPs
and MIPs, and the values of » were 0.9923 and 0.9324,
respectively. These results demonstrated that the
adsorption process of imprinted materials to THC
conformed to a multilayer adsorption heterogeneous
system [32]. The amounts of THC bound to PMIPs
and MIPs increased along with its initial concentra-
tion, and the amount of THC attached to the PMIPs is
the highest (Fig. 4b). The results illustrated the
specific binding of PMIPs with template and the
success of the imprinting process. The better
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Table 2 Freundlich and
Langmuir fitting parameters Isotherm Parameter Materials
for the prepared materials PMIPs PNIPs MIPs NIPs
Freundlich K ((mg/g)-(L/mg)™") 16.1013 56.4299 32.5867 68.7927
1/n 1.1261 1.0342 1.1291 1.0427
R? 0.9915 0.9718 0.9843 0.9750
Langmuir R? 0.2236 0.7242 0.6281 0.3193

adsorption ability of PMIPs is attributed to the por-
ous structure and the cleavage of disulfide bonds in
hyperbranched polymers [33]. The above results
indicated the porous structure formed in PMIPs
facilitated the mass transfer and increased the
adsorption capacity.

Analysis of adsorption kinetics

The adsorption kinetics of THC to PMIPs, PNIPs,
MIPs, and NIPs were assessed at 0-90 min. As Fig. 4c
illustrated, the adsorption amount of THC increased
significantly in the first 10 min and then reached the
adsorption equilibrium for PMIPs, which is a shorter
adsorption time than MIPs. These results showed
that the adsorption sites of PMIPs can be quickly
occupied by template molecules, exhibiting fast mass
transfer. Moreover, the adsorption capacity of PMIPs

was higher than those of the other three materials.
This was due to the formation of porous channels in
PMIPs, which was conducive to the rapid interaction
between adsorbents and imprinted sites, thus
improving the adsorption capacity.

Furthermore, adsorption kinetics data are fitted by
the pseudo-first-order and pseudo-second-order
kinetic models (Fig. 4d and Fig S7). The results are
depicted in Table 3. The pseudo-second-order kinetic
model can better reflect the kinetic adsorption pro-
cess of the four materials to THC because of the high
values of r (0.9821-0.9987). Moreover, the fitted Q,,ca1
(1.73-4.39 mg g~') was closer to the experimental
data Qexp (1.64-4.47 mg g_l). The discussion indi-
cated that the adsorption rate was determined by the
concentration of adsorbents in solution and the
number of adsorption sites of the obtained materials,
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Table 3 Pseudo-first-order and pseudo-second-order kinetic models fitting parameters of four materials

Materials Qeexp 2nd-order kinetic model Ist-order kinetic model
HQ: = 1/(KQ.%) + 1/Q. log(Q. — Qp) = log(Qe) — (k1/2.303)t
Qecal (g/g)  Kp(x 10%) (g/(mg min) ~ R? Qeear (Mg/g)  Ky(x 10%) (g/(mg min) ~ R?
PMIPs 4.47 4.39 0.228 0.9959 0.51 0.012 0.1307
PNIPs 1.66 1.73 0.577 0.9948  3.33 0.004 0.8253
MIPs 3.12 3.08 0.325 0.9987 1.15 0.082 0.9161
NIPs 1.64 1.73 0.578 0.9821 1.11 0.077 0.7487
PMIPs similar chemical structure to THC. In comparison, the
1 w PNIPs imprinted materials showed similar and low
44 MIPs adsorption capacities to non-imprinted materials to
= NIPs indomethacin (1.48-1.65 mg g~'). The reason was
'3 3 : I that the structure of indomethacin was significantly
E I different from THC, which was not enough to fully
A 5 I match the imprinted sites of THC, resulting in weak
& L 1 I 1.1 binding and poor affinity. It indicated that PMIPs had
I L an excellent selectivity to THC and poor adsorption
14 ability to the compounds with noticeable structural
differences [36, 37].
0 . .
THC Caffeine  Theophylline Indometacin Drug loading influences factors

Figure S Specific selectivity of the obtained materials for THC,
caffeine, theophylline, and indomethacin.

which was controlled by the chemical adsorption
mechanism [34, 35].

Analysis of selective adsorption

TO investigate the specific selectivity of imprinted
materials to THC, three other compounds, including
theophylline, caffeine, and indomethacin, were
selected as the references, and the adsorption capac-
ities were presented in Fig. 5. The adsorption capac-
ities of PMIPs (4.45 mg g~') and MIPs (3.19 mg g~ ")
to THC were higher than those of PNIPs
(1.76 mg g=') and NIPs (1.60 mg g '). This was
because the imprinted sites formed in PMIPs and
MIPs had a size and structure matching THC, pro-
ducing a strong affinity, showing the specific selec-
tive adsorption to THC. For PMIPs, the porous
structure was conducive to THC adsorption, result-
ing in higher adsorption capacity than MIPs. More-
over, the four materials showed similar adsorption
behaviors to theophylline and caffeine because of the

@ Springer

The pH value of the solution was an essential factor
affecting the binding of THC to the imprinting
material. Therefore, adsorption experiments were
performed at different pH values ranging from 1.7 to
8.0. As shown in Fig. 6a, for PMIPs and MIPs, when
the pH value was below 5, the adsorption capacities
were deficient. After that, with the rise in pH value,
the adsorption capacities significantly increased,
reached the maximum at pH 7.4, and began declin-
ing. It was because the acidic environment would
destroy the hydrogen bond between the imprinted
material and the template molecule. In addition,
when the solution was fundamental, protons inter-
acting with the organic surface of imprinted materials
were reduced because the pKa of THC was about 4.8.
Hence, the adsorption process was conducted at pH
74.

The effect of the mass of the adsorbent on
adsorption capacity was investigated from 5 to
30 mg. The results in Fig. 6b demonstrated that
adsorption capacity also increased with the increase
in mass of adsorbents. Moreover, 20 mg of PMIPs
was sufficient to obtain the maximum adsorption
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Figure 6 Optimization of a pH value of the solution, b mass of
adsorbent, and ¢ temperature for drug loading.

capacity, while 30 mg of MIPs was still insufficient.
The results indicated that there were more imprinted
sited in PMIPs than those in MIPs, due to the form of
porous structure in PMIPs, resulting in more
imprinted sites being exposed. Hence, 20 mg of
adsorbent was selected for adsorption.

The effect of solution temperature on adsorption
capacity was also investigated from 25 to 65 °C. Fig-
ure 6¢ shows that as the temperature increased, the
adsorption capacity decreased, and the maximum
adsorption capacity appeared at 25 °C. It was because
with the increase in temperature, the diffusion rate of
solute molecules in solution increased, which was not
conducive to the transfer of solute molecules to the
adsorption site of imprinted materials. Hence, 25 °C
was selected for adsorption.

Drug release behaviors

The factors affecting drug release from imprinted
materials were examined, including temperature and
pH value of the solution. Firstly, the influence of
temperature on drug release was investigated. Fig-
ure 7 presents the THC release behaviors at 25
(Fig. 7a) and 37 °C (Fig. 7b). Both PMIPs and MIPs

(a) 100
] —=— PMIPs
80 - —o— PNIPs
~ MIPs
s NIPs
v 60 1
(]
=
%} - -
Q‘ 40' 7;7 =
0 T T T T T L L
0 5 10 15 20 25 30 35
Time (h)
(b) 100
—=— PMIPs
80 —o— PNIPs
_ MIPs
S
%]
%)
7

Time (h)

Figure 7 Effect of temperature on drug release. a 25 °C; b 37 °C.
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showed similar slow release behavior at 25 and 37 °C
in 2 h and the release rate was unaffected by tem-
perature. After 2 h, a higher release rate of THC was
demonstrated when temperature was increased to
37 °C. The results combining drug loading experi-
ments showed that high temperature was not con-
ductive to drug loading but conducive to drug
release. This body temperature release characteristic
is beneficial for the DDS system. Then different
kinetic models such as Zero-order model, First-order
model, and Higuchi’s model were evaluated from
drug release experiments [38]. The value of r* for
each kinetic model was calculated to determine a
more appropriate release model. The values of 1*
(Table S2) showed in larger values for all the mate-
rials at 37 °C, and the largest value 7* for PMIPs,
0.9437, indicated that PMIPs were more in agreement
with a Higuchi’s model diffusion mechanism and the
release depends on the THC diffusion from the

(a) - FoT F
100 1 T:_; A4 i i § £
1 7.4 - I
80z I-L r -
~ 17T L
X F 7
~ 60
z g TI T I
I PMIPs
~ i § PNIPs
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Time (h)
(b) 100
] PMIPs
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-~ MIPs
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2
=
D
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BN I
|
|
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Time (h)

Figure 8 Effect of pH value of the solution on drug release. a pH
1.7; b pH 7.4.
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polymer matrix. The porous structure introduced by
HBP-AP can modify the drug diffusion and a higher
temperature was favored to drug release.

In addition, the influence of the pH value of the
solution on drug release was investigated. Figure 8§
presents the THC release behaviors in pH 1.7 and 7.4.
In the solution of pH 1.7 (Fig. 8a), PNIPs and NIPs
exhibited a fast release rate, and the release was
completed within 8 h, while PMIPs and MIPs
required 32 and 16 h to achieve the full release of
THC, respectively. In the solution of pH 7.4 (Fig. 8b),
all four adsorbents showed similar release behavior.
Their release rates were not high (25-40%), which can
be achieved in less than 5 h. The three diffusion
kinetic models were also evaluated from the data
obtained during the drug release experiments to
determine the value of 7*. The PMIPs resulted in the
largest value of * at pH 1.7 for Higuchi’s model
(Table S3). For example, the value of * was equal to
0.9945 and 0.8920 at pH 1.7 and pH 7.4, respectively,
while for the control PNIPs, MIPs and NIPs system,
the 7* value was 0.7927, 0.9825, and 0.5171 at pH 1.7
for Higuchi’s model, respectively. The correlation
coefficient increased as the pH of the release medium
was more acidic. Furthermore, both the imprinted
matrix had better correlation coefficient than non-
imprinted matrix no matter at release pH 1.7 or 7.4.
All the above results indicated that the imprinted
sites of PMIPs and MIPs bound with THC through
hydrogen bonds and released slowly. The form of
porous structure in PMIPs allowed more THC to bind
with imprinted sites, and the imprinted networks did
play the exact role to modify drug diffusion at two
different pH values, resulting in a longer release time.
Moreover, THC can be released slowly under acidic
conditions but are not conducive to release under
neutral conditions.

Conclusions

In a word, we have successfully developed porous
designed MIPs based on sensitive cleavage bonds for
drug-controlled release. The hyperbranched polymer
with a terminal double bond and sensitive disulfide
bond was synthesized, which was then introduced
into the preparation of MIPs as the matrix. Compared
with traditional molecularly imprinted materials, the
obtained MIPs were porous, producing more
imprinted adsorption sites and faster mass transfer.
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Moreover, the obtained porous MIPs exhibited better
drug loading capacity and sustained release behav-
ior, which showed great potential as drug delivery
carriers. In summary, our porous design strategy
improved and diversified the structure and function
of MIPs. This platform approach also provided an
alternative solution for the rational design of an
improved drug delivery system.
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