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1 | INTRODUCTION

| Ji-Hoon Kang' |

Se-woon Choe’ | Yeon-Hum Yun?

Abstract

In this study, we prepared diltiazem (DTZ)-imprinted biomaterials for TDDS
using chitosan, PVA, plasticizers, and sulfosuccinic acid. DTZ and the pre-
pared biomaterials were characterized using field emission scanning electron
microscopy, Fourier transform infrared, and 'H nuclear magnetic resonance.
DTZ recognition properties were confirmed by the binding isotherm, Scatchard
plot analysis, the adsorption of materials with structures similar to DTZ, selec-
tivity factor («), and the imprinting-induced promotion of binding (IPB).
Results revealed that adsorbed amount (Q) of DTZ-imprinted biomaterials was
1.63-2.53 times higher than that of non-imprinted biomaterials. In addition, it
could be verified that DTZ-imprinted biomaterials have a binding site for DTZ
according to Scatchard plot analysis. Furthermore, the results of @ and IPB
indicated that the recognition capacity of the prepared DTZ-imprinted bioma-
terials is superior to that non-imprinted biomaterials. DTZ release properties
were evaluated under various pH buffers and artificial skin. Results indicated
that the DTZ release in buffers at low pH was faster than that in buffers at high
pH. The DTZ release using artificial skin was continuous over 20 days. Fur-
thermore, the DTZ release profile in the buffer followed the pseudo-Fickian
diffusion mechanism, whereas the profile in the artificial skin test followed a
non-Fickian diffusion mechanism.
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constant drug delivery. Moreover, the technique is non-
invasive, eliminating problems such as medical waste

Transdermal drug delivery systems (TDDS) offer several
advantages as an alternative to overcome the limitations
of traditional drug delivery routes. TDDS can bypass the
metabolic effects that reduce the bioavailability of drugs
and can increase the duration of drug activity with

Kyeong-Jung Kim, Ji-Hoon Kang, Se-woon Choe, and Yeon-Hum Yun
contributed equally to this work.

and needle reuse. Owing to these advantages, in 1979,
the first transdermal administration patch, the scopol-
amine patch, was approved in the U.S. Subsequently, var-
ious drug patches (including lidocaine, fentanyl,
estradiol, clonidine, nitroglycerin, and testosterone) have
been approved. The increasing prevalence of hyperten-
sion, angina, neurological disorders, and chronic pain
owing to an aging society has led to the growth of the
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drug delivery market, and the global TDDS market is
estimated to reach US $ 9.6 billion by 2027. This market
growth is mainly attributable to the improved bioavail-
ability, high patient compliance, and continuous treat-
ment offered by TDDS.'™*

Natural polymers, being inherently biocompatible
and biodegradable, can be used as polymeric materials
for TDDS. These include polysaccharides and proteins
in general. Among these, chitosan (CSA) is a linear
polysaccharide derived from the deacetylation of chitin
and is composed of repeated N-acetyl-D-glucosamine
units. CSA has been approved as “generally recognized
as safe” (GRAS) by the US food and drug administra-
tion (FDA) for its biocompatibility, biodegradability,
non-toxicity, and antibacterial properties.”® Accord-
ingly, it has been widely applied as an edible film,
hemostatic agent, wound dressing, tissue engineering,
and transporting pharmaceutical agents.””® However,
because CSA-based biomaterials have poor physical
properties such as mechanical and water resistance
properties, it is essential to improve their physical
properties. Therefore, by blending two or more

polymers, their individual performance can be effi-
ciently improved.

Polyvinyl alcohol (PVA) is inexpensive and has low
cost, high biocompatibility, and film forming ability. In
addition, the hydroxyl group in its molecular structure
can form an intermolecular hydrogen bond with CSA to
improve the physical properties of CSA-based
biomaterials.'®"* Another method to improve the perfor-
mance of CSA-based biomaterials is the addition of
chemical crosslinking agents. Sulfosuccinic acid (SSA)
and glutaraldehyde are commonly used in this method.
In our previous study, we reported that the addition of
SSA and the UV irradiation process improved the
mechanical properties, thermal properties, and water
resistance of CSA/PVA blended films."* The crosslink-
ing'* and imprinting mechanisms are illustrated in
Scheme 1. The imprinting for diltiazem (DTZ) as the tar-
get molecule used in present study generally reacts a
hydrogen bonding, and the crosslinking for the prepared
films is activated by UV irradiation.

DTZ, one of the calcium channel blockers, comprises
benzothiazepines and is widely used in the treatment of
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angina pectoris and hypertension. DTZ blocks the influx
of calcium ions by binding to L-type calcium channels in
cardiac smooth muscle cells. This leads to smooth muscle
relaxation and vasodilation, resulting in a decrease in
blood pressure.>'® Oral administration of DTZ reduces
its bioavailability to 30-40% owing to the first-pass
metabolism in the liver; it has a short biological half-life
of 3.5h. Overcoming these drawbacks requires high
doses of DTZ to be frequently administered, thus necessi-
tating different routes of DTZ delivery. Therefore, devel-
oping drug delivery formulations is essential to reduce
administration frequency and dosage while maximizing
treatment efficiency. In this study, DTZ was used as a tar-
get drug for TDDS.'”'®

This study aimed to prepare DTZ-imprinted biomate-
rials using CSA, PVA, SSA, and plasticizers (glycerol
(GL), and citric acid (CA)) for TDDS. Their physical prop-
erties, the recognition properties of DTZ, and DTZ pro-
files at various pH buffers and temperatures were
investigated. The recognition properties were evaluated
by binding isotherm, Scatchard plot analysis, the adsorp-
tion of materials with structures similar to DTZ such as
aspirin (ASA), acetaminophen (AAP), and sulindac
(SLD), selectivity factor (a), and the imprinting-induced
promotion of binding (IPB). In addition, the drug release
behavior of DTZ was investigated using Fickian diffusion
and Korsmeyer-Peppas mechanisms as diffusion models.
Furthermore, DTZ release properties were confirmed
through an artificial skin test of the applicability
of TDDS.

2 | MATERIALS AND METHODS

2.1 | Materials

Chitosan (CSA) (Mw: 500 kDa; the degree of deacetyla-
tion: 80%) and diltiazem hydrochloride (DTZ) were
obtained from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan). Polyvinyl alcohol (PVA) (Mw:
89,000-98,000; the degree of hydrolysis: 99%), glycerol
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(GL), citric acid (CA), lactic acid, sulfosuccinic acid
(SSA), dimethyl sulfoxide (DMSO), aspirin (ASA), acet-
aminophen (AAP), and sulindac (SLD) were purchased
from Sigma-Aldrich Chemical Company, Inc. (St. Louis,
MO, USA). The chemical structures of DTA and similar
structures, such as ASA, AAP, and SLD, are shown in

Figure 1. All experiments used distilled deionized
water (DW).
2.2 | Preparation of DTZ-imprinted CSA-

based biomaterials

CSA and plasticizers (GL or CA) were dissolved in a 2%
aqueous solution of lactic acid until a concentration of
2% (w/v) was achieved at 25.0°C. PVA solution was pre-
pared by dissolving PVA in heated DW (95°C). These
solutions were mixed and maintained at 95°C for 10 min.
The mixture was blended using a mechanical stirrer
(400 rpm) at room temperature for 60 min to obtain a
homogeneous gel-like solution. After dissolving DTZ
(0.5 g) as the target drug in DW, the DTZ solution was
added dropwise for uniform recognition into a gel-like
solution during the blending process. In addition, to eval-
uate the physical properties and recognition activity,
CSA-based biomaterials without DTZ were prepared
under same conditions. The components of
prepared CSA-based biomaterials are summarized in
Table 1. Bubbles were subsequently removed using an
aspirator, and the gel-like solution was poured onto pre-
heated Petri dishes (50°C, ® = 10 cm). These Petri dishes
were dried in a ventilated oven at 50°C for 24 h. These
prepared CSA-based biomaterials were then irradiated by
a UV lamp (OSRAM ULTRA VITALUX, 300 W) under
atmospheric pressure.

2.3 | Physical properties

The water resistance properties of CSA-based biomate-
rials were evaluated by measuring their swelling behavior
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TABLE 1 Composition of prepared CSA-based biomaterials.
Sample name CSA (g) PVA (g) SSA (Wt%) GL (wt%) CA (Wt%) DTZ (g) DW (g)
CSAPS 2.0 2.0 20 — — — 160
CSAPSGL 2.0 2.0 20 40 = = 160
CSAPSCA 2.0 2.0 20 — 40 — 160
CSAPSDTZ 2.0 2.0 20 = = 0.5 180
CSAPSGLDTZ 2.0 2.0 20 40 — 0.5 180
CSAPSCADTZ 2.0 2.0 20 = 40 0.5 180

(SB) and solubility (S) with UV irradiation time. The pre-
pared biomaterials were immersed in DW at 25.0°C.
After 24 h, the moisture present on the surface of the bio-
materials was removed and the weight of the biomate-
rials was measured. The SB of each biomaterial was
calculated using the following equation (Equation (1)):

(We — WO)

- 1)

Swelling behavior =

where W, is the weight of the swollen biomaterials at
equilibrium, and W, is the initial weight of the dried
biomaterials.

To remove the internal moisture, the swollen bioma-
terials were dried again at 50.0°C for 24 h. The S of each
biomaterial was calculated using the following equation
(Equation (2)):

(Wo—Wa)

Solubility = W
0

)

where W, is the dry weight of the swollen biomaterials,
and W, is the initial weight of the dry biomaterials.

The tensile strength (TS) and elongation at break
(EB) of the biomaterials were analyzed using the Instron
6012 testing machine (Norwood, MA, USA). Six
dumbbell-shaped specimens (ASTM D-412) were cut
from the prepared biomaterials. Their thickness was mea-
sured three times using a mechanical scanner (digital
thickness gauge “Mitutoyo” Tokyo, Japan) around the
biomaterials; the average thickness was 0.121
+ 0.002 mm. The gauge length and grip distance were
both 50.0 mm. The crosshead speed was 20 mm/min, and
the load cell was 250 kgg. All samples were stored at 25°C
and RH 55.0% for 1 week and then tested.

2.4 | Characterization

The morphologies of the CSA-based biomaterials with/
without the addition of DTZ and plasticizers were ana-
lyzed via field emission scanning electron microscopy
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(FE-SEM, ZEISS Sigma 500, Carl Zeiss Co., Ltd.,
Germany) at an acceleration voltage of 5.0 kV. Fourier
transform infrared (FT-IR) spectroscopy of DTZ and the
prepared biomaterials was performed using an FT-IR
spectrophotometer (Spectrum Two, Perkin Elmer, USA).
DTZ with/without UV irradiation was investigated using
'H nuclear magnetic resonance (‘H NMR) spectra. 'H
NMR was recorded on a Varian Unity Inova 500 MHz
spectrometer at the Korea Basic Science Institute (KBSI,
Gwangju Center, Korea). Samples were dissolved in
DMSO-dg.

2.5 | Recognition properties
To evaluate the recognition properties of the DTZ-
imprinted CSA-based biomaterials, DTZ was extracted by
the Soxhlet extraction method from DMSO over 28 h,
and the biomaterials were alternately cleaned with
DMSO and DW until DTZ was not detected by a UV-vis
spectrophotometer (OPTIZEN 2120UV, Neogen, Co.,
Ltd., Korea). These biomaterials without DTZ were dried
in a vacuum oven at 50°C for 12 h. Binding isotherms
were obtained by adding a fixed biomaterial (ca. 0.1 g)
into a 45 mL vial containing 30 mL of various initial DTZ
concentrations (0.10-1.50 pmol/L). These vials were
shaken in a shaking incubator (DS-210SF, Daewon Sci-
ence, Inc., Korea) at 100 rpm and 25°C for 12 h until
equilibrium was reached. To evaluate the DTZ recogni-
tion properties of non-imprinted CSA-based biomaterials,
binding isotherm studies and the adsorption of materials
with structures similar to DTZ were performed under the
same conditions.

The adsorbed amount (Q) of DTZ bound to the bio-
materials was calculated using the following relationship
(Equation (3)):

(Ci—Co)V

Q(mmol/g) = (3)

where C; and C, are the initial and equilibrium concen-
trations of DTZ in the adsorption solution, respectively.
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V is the volume of the solution and m is the mass of the
prepared biomaterials used. The binding affinity of
the prepared biomaterials to DTZ was confirmed using
Scatchard plot analysis. The Scatchard equation is repre-
sented as follows (Equation (4)):

(Qmax B Q)

Q/[Template] = K
D

(4)

where Q is the amount of DTZ bound to the prepared
biomaterials at equilibrium, Q,,, is the apparent maxi-
mum number of binding sites, [Templates] is the free
DTZ concentration at equilibrium and K, is the equilib-
rium dissociation constant of the binding site.

Selectivity factor (a) of the DTZ-imprinted biomate-
rials is the value of DTZ, ASA, AAP, or SLD bound to the
DTZ-imprinted biomaterials compared with that of
the DTZ. The « values were calculated by the following
equation:

o= Q(DTZ.ASA,AAP or SLD) (5)
Qprz

where Qprz asa, aap, or sLp) is the adsorbed amount
of DTZ, ASA, AAP, or SLD for DTZ-imprinted biomate-
rials and Qpyy is the adsorbed amount of DTZ for DTZ-
imprinted biomaterials.

In addition, the imprinting effect was investigated
with the imprinting-induced promotion of binding
(IPB)."”** The IPB is evaluated by the following
equation:

IPB— (leprinting - Qnon—imprinting) (6)

Qnonfimprinzing

where Qpmpriniing is the adsorbed amount of DTZ, ASA,
AAP, or SLD on DTZ-imprinted biomaterials and Q.
imprinting 1S the corresponding value for non-imprinted
biomaterials.

2.6 | DTZ release properties

The release behavior of DTZ from DTZ-imprinted CSA-
based biomaterials under the influence of pH was con-
firmed using different pH buffers (pH 4.0, 7.0, and 10.0)
at 36.5°C. The prepared biomaterials were immersed in a
buffer (30 mL) and incubated in a shaking incubator at
50 rpm. At predetermined time points, the release
medium was collected, and the released DTZ was ana-
lyzed using a UV-vis spectrophotometer at 236 nm. The
cumulative amount of DTZ was calculated using a
standard calibration curve. The applicability of DTZ-
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imprinted CSA-based biomaterials as TDDS was evalu-
ated via an artificial skin test (Neoderm-ED, Tego Sci-
ence, Inc. Korea). Here, the prepared biomaterials
(ca. 2.0 cm x 2.0 cm) were placed on artificial skin fixed
in a medium containing agarose gel at 36.5°C and RH
60.0%. Afterward, the medium was immersed in DW at
25.0°C for 8 h.

To evaluate the DTZ release kinetics, Fickian diffu-
sion, and Korsmeyer-Peppas models were employed.
Fick's law can be used to determine the diffusion coeffi-
cient of a targeted drug in a polymer matrix
(Equation (7)).2"**

ac _d*C
5P ()

where C is the concentration of the released DTZ at time
t and D is the constant diffusion coefficient. The solution
of Equation (7) is presented in the form of a trigonomet-
ric series and expressed in Equation (8), which is known

as the Fickian diffusion model.**>*

My Z 2n+1

n:O

where M, is the amount of released DTZ at time ¢, and
M, is the amount of released DTZ at infinite time. [, ¢,
and D, are the half-thickness of the polymer matrix, dif-
fusion time, and diffusion coefficient, respectively.

Drug release from polymeric systems can be
simply described by the Korsmeyer-Peppas model
(Equation (9)).>%¢

M 9)

[e]

where k is the drug release constant, and n is a diffu-
sional exponent. The values of n estimate the diffusion
mechanism by which the drug is released into the sur-
rounding medium as well as the extent to which the
mechanisms depend on the shape of the system. n < 0.5
corresponds to the pseudo-Fickian diffusion mechanism,
n = 0.5 indicates a Fickian diffusion mechanism, and
0.5<n<1.0 represents a non-Fickian diffusion
mechanism.”’

2.7 | Statistical analysis

All experiments were performed at least three times. The
test results are reported as the mean + standard
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deviation. Statistical significance was confirmed via a ¢-
test of the repeated experimental results.

3 | RESULTS AND DISCUSSION

3.1 | Physical properties of CSA-based
biomaterials

Improving the physical properties of natural polymer-
based biomaterials significantly contributes to their appli-
cations in the field of biomedical engineering. Especially,
water resistance properties can be a criterion to evaluate
the crosslinking of constituents in the biomaterials.
Figure 2a presents the water resistance properties of
CSA-based biomaterials at various UV irradiation times.
The increase in UV irradiation time rapidly decreased the
swelling behavior (SB) and solubility (S) of the prepared
biomaterials for 30 min. These results suggest that the
crosslinking of the prepared biomaterials is enhanced,

Y A Swelling behavior § 0.34
164 v Solubility

Swelling behavior

0 10 20 30 40 50 60

Time (min)

Aynanios

thus increasing water resistance properties. However,
when the UV irradiation time exceeded 30 min, the SB
slightly decreased, while the S remained constant.
Moreover, the prepared biomaterials underwent severe
discoloration and oxidation. Based on these results, the
CSA-based biomaterials were prepared under the condi-
tion of UV irradiation for 30 min.

In addition, Figure 2b shows the results of mechanical
properties with UV irradiation time. From the results, it can
be clearly confirmed that the mechanical properties were
improved by UV irradiation. Figure. 2c presents the
mechanical properties of CSA-based biomaterials with
DTZ, CA, and GL using UV irradiation for 30 min. The
results confirmed that the tensile strength (TS) of GL- or
CA-added biomaterials was lower and their elongation at
break (EB) was higher than those of biomaterials without
GL or CA. The functional groups in the plasticizers improve
the flexibility of prepared biomaterials, which increases
EB. However, the TS and EB of the biomaterials with/
without the imprinted DTZ presented slight differences.
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Physical properties of CH based biomaterials with UV irradiation. (a) Water resistance properties of CSA based biomaterials

with different UV irradiation times. (b) Mechanical properties of CSA based biomaterials with UV irradiation time. (b) Mechanical

properties of CSA based biomaterials with DTZ and plasticizer using UV irradiation for 30 min. [Color figure can be viewed at
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3.2 | Characterization

FE-SEM images of the surfaces and cross-sections of the
prepared CSA-based biomaterials are shown in
Figures 3a-e. These biomaterials with/without plasti-
cizers and DTZ had a homogeneous morphology, and no
cracks or pores were observed after UV irradiation.

FT-IR and '"H NMR analysis was performed to evalu-
ate the stability of DTZ and prepared CSA-based bioma-
terials under UV irradiation. Figure 4a shows the FT-IR
spectra of DTZ before/after UV irradiation. The peak of
DTZ at 2388 cm ™' is attributable to amine HCI stretch-
ing.>”*® The sharp peaks at 1741, 1678, and 1216 cm *
are related to ester C=O stretching, ketone C=0, and
ether C-O, respectively.”**° Figure 4b presents the 'H
NMR spectra of DTZ before/after UV irradiation. These
results revealed peaks corresponding to the benzene ring
at 6.92-7.79 ppm and those related to the methine group
at 4.99 and 5.14 ppm. In addition, peaks associated with
the methyl group were found at 1.82, 2.75, and 3.77 ppm;
a peak assigned to the methylene group was observed at
3.31 ppm.** The FT-IR and 'H NMR spectra of DTZ
before/after UV irradiation were identical, confirming
the absence of deformation in the structure of the UV-
irradiated DTZ.

The FT-IR spectra of the prepared biomaterials are
shown in Figure 4c. The peaks of C=O stretching in
amide I at 1628-1635cm™!, those of N-H stretching

UV irradiation - 0 min

(b) CSAPS

[ —

0.120 mm
30 um

I S e

0.118 mm
30 um

UV irradiation - 30 min

in amide II at 1558-1560 cm ™!, and those of C-O stretch-
ing at 1030-1039 cm ™' are confirmed in CSA.**?* The
broad band at 3308-3319 cm ™' corresponds to stretching
vibrations of -OH and the band at around 2930-
2939 cm ' is associated with aliphatic C-H stretching
vibrations. The peak at 1723-1734 cm ™ is attributable to
COO~ group vibrations.**** These results indicate that
DTZ-imprinted CSA-based biomaterials were successfully
prepared without significant chemical interactions
between DTZ and the biomaterials.

3.3 | DTZ recognition properties

Understanding the recognition properties of drug-
imprinted biomaterials is important for the controlled
release of targeted drugs and the quantitative analysis of
optimal dosage. To evaluate the recognition properties
of CSA-based biomaterials, adsorption isotherms and
Scatchard plot analysis were performed by rebinding
DTZ using the biomaterials from which DTZ was
extracted. Figure 5a shows the DTZ extraction results of
DTZ-imprinted CSA-based biomaterials with/without the
addition of plasticizers. In the prepared biomaterials,
more than 99% of DTZ was extracted in 28 h and at
25.0°C, with slight differences in the extraction ratio (%)
depending on the type of plasticizers. The results of the
binding isotherms and Scatchard plot for DTZ in the

(c) CSAPSDTZ

UV irradiation - 30 min

(d) CSAPSGLDTZ

UV irradiation - 30 min

0.121 mm 0.122 mm
30 um

i Vg

FIGURE 3

(e) CSAPSCADTZ

UV irradiation - 30 min

FE-SEM images of surface and cross-section of CSA-based biomaterials. (a) CSA-based biomaterials. (b) CSA-based

biomaterials using UV irradiation. (c) DTZ-imprinted CSA-based biomaterials using UV irradiation. (d) DTZ-imprinted CSA-based
biomaterials with GL using UV irradiation. (e) DTZ-imprinted CSA-based biomaterials with CA using UV irradiation.

RIGHTS LI N K}

85US0 17 SUOWILIOD BRI 3|t jdde auy Aq peusenob aJe ssole O ‘88N 4O S3jni oy ARIgIT8UIIUO 8|1 UO (SUORIPUOD-PU.-SWLBHALID A8 | WA e1q 1 [ouJUO//SaNY) SUORIPUOD PUe SR L 83U} 835 *[7202/TT/#0] Uo Ariqiauliuo Ao|im ‘@ininsu] leuoeN yown Aq £0e9s dde/z00T 0T/I0p/L00 A8 |1mAelq1jeul|uo//Sdny woly papeojumod ‘0 ‘8291260T


https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fapp.56307&mode=

KIM ET AL.

o | wiLEY-Applied Polymer

L (b) & <—Methylene group

(-NCC)
[ DTZ (UV irradiation-30min)
I Methyl group
Methine group (-NC,-OCand -COC)

| Benzenegroup (-SRand -C=ON)

vy 4 ki L
| ) »
L v
K S\m 0
L M \e DMSO-d,
L *\N/'?‘\/ 3 (solvent)
L | 5
Il /
4 )
*
» . | A I I
L A 1 ! z P
8 6 4 2 0
ppm

1558 cm?
1723 cm?

1635cm™ 1033cm’1\

1730cm?

1039cm1”
: .

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

CIENCE
S
Q
o
c
© Diltiazem (DTZ)
E 2388cm?
e l
(7]
% DTZ (UV irradiation-30min)
S
- 1741cm?
1678cm?t —>
(a) 1216cm? —>
4000 3000 2000 1000
Wavenumber (cm™)
CSAPS
%—2937cm?
X |csapsprz B
[+/]
o
=
L) CSAPSGLDTZ
B
S
c <—2930cm?
© \ 3319cm?
": CSAPSCADTZ
(€)  3316em* 2939cm*
FIGURE 4

(a) FT-IR spectra of DTZ with/without UV irradiation. (b) 'H NMR spectra of DTZ with/without UV irradiation. (c) FT-IR

spectra of CSA-based biomaterials with/without DTZ and plasticizers using UV irradiation. [Color figure can be viewed at wileyonlinelibrary.com]

prepared biomaterials are shown in Figures 5b,c. The
Q of the prepared biomaterials gradually increased with
the increasing concentration of DTZ. Owing to the effect
of DTZ-imprinted biomaterials on DTZ recognition, their
Q was 1.63-2.53 times higher than that of non-imprinted
biomaterials. The results also indicated differences in the
Q of DTZ-imprinted biomaterials depending on the type
of plasticizer added, and the Q of the CA-added biomate-
rials was higher than that of the GL-added biomaterials.
These results are explained by the influence of the func-
tional groups of the plasticizers. In contrast to GL with
only hydroxyl groups, CA with carboxyl and hydroxyl
groups can form more binding sites for the adsorption of
DTZ inside the biomaterials.

The binding site and affinity of these biomaterials for
the target drug are confirmed by Scatchard plot analysis.
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The results identified two distinct sections within the plot
that could be regarded as straight lines. These two lines
imply that there are two kinds of binding sites on DTZ-
imprinted biomaterials. On the other hand, only one
straight line was observed for non-imprinted biomate-
rials. The steeper and flatter lines are associated with the
high affinity sites (specific binding sites) and the low
affinity sites (non-specific binding sites), respectively.*®
The Equation (4) can be redefined as follows:

(Qmaxl - Ql) + (Qmaxz - QZ)
Km Kp;

Q/[Template] = (10)

where Q;, Qx> and Kp; describe the high affinity
sites, whereas Q,, Q,uqx2, and Kp, correspond to the low
affinity sites.
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FIGURE 5 Recognition properties of CSA-based biomaterials. (a) The extraction ratio (%) of DTZ into DTZ-imprinted CSA-based

biomaterials. (b) Binding isotherm of DTZ-imprinted CSA-based biomaterials. (c) Scatchard plot analysis of DTZ-imprinted CSA-based
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based biomaterials. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Kp and Q,,,, were calculated from the slope and intercept of the Scatchard plot.
Sample name Kp; (umol/g) Kp> (umol/g) Kp (umol/g) Qumax: (umol/L) Qumaxz (umol/L) Qpmax (umol/L)
CSAPSDTZ 98.039 909.091 1007.130 39.392 96.818 136.210
CSAPSGLDTZ 31.949 1000.000 1031.949 65.875 162.000 227.875
CSAPSCADTZ 31.446 1250.000 1281.446 69.299 222.625 291.924
The equilibrium dissociation constants (k) and maxi- imprinted starch-based biomaterials, which were

mum apparent numbers (Qpqy)calculated using
Equation (10) are found in Table 2. The Q,,,,, values indi-
cated a difference depending on the plasticizer added to
the biomaterials, and the Q,,. of CSAPSCADTZ
(291.924 pmol/L) had the highest value. These results
indicate that CSAPSCADTZ has the most binding sites.
Therefore, CSAPSCADTZ can adsorb the most DTZ, as
confirmed in Figure 5b, indicating its excellent recogni-
tion ability for DTZ. In previous study,”” we reported on
the recognition properties for the prepared SLD-
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investigated by the binding isotherm and Scatchard plot
analysis. Results indicated that the recognition ability of
CSA-based biomaterials prepared to this study is superior
to that of starch-based biomaterials. Consequently, CSA-
based materials with compact structures are judged to be
more effective than starch-based materials. As the results
of Table 3, we can clearly find that the prepared DTZ-
imprinted biomaterials have recognition capabilities
according to the « and IPB values. From the results of «
values, we verified that the a values of DTZ-imprinted
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TABLE 3  Selectivity factor (@) and the imprinting-induced promotion of binding (IPB) for DTZ-imprinted CSA-based biomaterials.
Selectivity factor (a) IPB
CSAPS-DTZ CSAPSGL -DTZ CSAPSCA-DTZ CSAPS CSAPS-DTZ CSAPSGL-DTZ CSAPSCA-DTZ
DTZ 1 1 1 — 0.7409 2.3275 2.5762
ASA 0.6422 0.5385 0.5006 — —0.059 0.5082 0.5067
AAP 0.6728 0.5562 0.5160 — 0.047 0.6552 0.6491
SLD 0.7034 0.6061 0.5850 — 0.2977 1.137 1.2174
(a) . (b)
100 100
S 8of s ®of
9 w10 = gm‘l:"‘?ybehaw ) 025 Q w10} = gmmymiw 025
= - . e B i - s
E 60 gosg 020 @ E 60 ioa ozog
§ /9 E,OGE 0‘5§ § z;os 015§
o 40 / =;an 010< 3 40 EM 0,0-2
[T} k € o2 0.05 Q L) 2 oo5
m i 00 * 0.00 m 0. 0 0 00
J CSAPS  CSAPSGL CSAPSCA I CSAPS  CSAPSGL CSAPSCA
20 sy e ©® CSAPSDTZ 20 s s @© CSAPSDTZ
———Fickian diffusion o csapPsGLDTZ ———Fickian diffusion 4 csApsGLDTZ
——Korsmeyer-Peppasv CSAPSCADTZ ——Korsmeyer-Peppas v CSAPSCADTZ
0‘ 1 1 1 1 1 0‘ 1 It & il 1
0 2 4 6 8 10 12 0 2 4 6 8 10 12
Time (h) Time (h)
()
100.F pH 10.0
:\e“ 80
g . = mt::gybehavm ! |
E 60 E 08} o 20 9
8 'E, 0. 5 0 15 E
g 40 % 0. 4 0 10 ‘5
6 U;) 0. 2 005
o ,
0. 0 000
/i CSAPS  CSAPSGL CSAPSCA
20 L A @ CSAPSDTZ
———Fickian diffusion o csAPSGLDTZ
——Korsmeyer-Peppas v CSAPSCADTZ
0 L 1 1 1 1
0 2 4 6 8 10 12
Time (h)
FIGURE 6 Release properties of DTZ-imprinted CSA-based biomaterials at various pH buffers and 36.5°C. The symbols represent the DTZ

release behavior, and the long dash and solid lines depict the Fickian diffusion and Korsmeyer-Peppas model fitting, respectively. Insets indicate
SB and S of CSA-based biomaterials with/without plasticizers at various pH buffers. [Color figure can be viewed at wileyonlinelibrary.com]

biomaterials were smaller than 1 when materials that
were structurally similar to DTZ were adsorbed on them.
The IPB is a value that provides the imprinting efficiency
more accurately than the Q values of target molecule
imprinted biomaterials themselves. IPB value on DTZ-
imprinted biomaterials was 2.0-3.8 times higher than the
other values. However, in the case of SLD, results indi-
cated that the a and IPB values were relatively higher
than those of ASA and AAP because of the similarity of
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structure of DTZ. These results suggest that the prepared
DTZ-imprinted biomaterials have molecule recognition
capabilities.

3.4 | DTZ release properties

The DTZ release behavior of DTZ-imprinted CSA-based
biomaterials was verified for their application to TDDS.
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TABLE 4 Fickian diffusion and Korsmeyer-Peppas model parameters of DTZ release from DTZ-imprinted CSA-based biomaterials at various pH buffers and 36.5°C.
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Figure 6 presents the DTZ release ratio of prepared bio-
materials with/without plasticizers at various pH buffers
and 36.5°C. DTZ was rapidly released until 6 h and
more than 98% of it was released within 12 h. Moreover,
DTZ release at low pH was faster than that at high pH,
indicating the water resistance properties of the bioma-
terials at different pH levels (see inset of Figure 6).
Because the solubility of CSA increases at low pH, the
intermolecular interactions of CSA-based biomaterials
are weakened; thus, DTZ inside the biomaterials is
released into the release medium relatively quickly. The
DTZ release behavior was found to vary based on the
type of plasticizers added to the biomaterials in the fol-
lowing order: CSAPSCADTZ > CSAPSGLDTZ >
CSAPSDTZ. These results are obtained because the plas-
ticizers used in the biomaterials have high solubility. In
particular, CA reduces the pH after dissolution in
buffers, leading to a rapid release of DTZ from the pre-
pared biomaterials.

Figure 6 and Table 4 show the results of using
mathematical models to investigate the DTZ release
behavior of prepared biomaterials in various pH
buffers and at 36.5°C. These results confirm that the
Fickian diffusion model (R’ = 0.969-0.994) predicts
more satisfactorily than the Korsmeyer-Peppas model
(R? = 0.828-0.871). The D, values of prepared bioma-
terials increased with decreasing pH levels; the DTZ
release of CSAPSCADTZ at pH 4.0 was found to have
the highest D,y value (1.022E-9), whereas the DTZ
release of CSAPSDTZ at pH 10.0 was found to have the
lowest D, value (3.007E-10). Korsmeyer-Peppas model
parameters revealed that the n values of DTZ-
imprinted biomaterials were less than 0.5. These
results reveal that DTZ release properties at various pH
level buffers followed a pseudo-Fickian diffusion
mechanism.

3.5 | DTZ release properties using
artificial skin

To determine the applicability of the DTZ-imprinted
CSA-based biomaterials as a TDDS, their DTZ release
properties were investigated using an artificial skin test
at RH 60% and 36.5°C. Figure 7 indicates the DTZ
release profiles of the prepared biomaterials with/
without plasticizers using artificial skin. The results
indicate that the DTZ release ratio (%) increased at a rel-
atively steady-state rate with increasing test time for
20 days. The cumulative concentration of DTZ was
slightly different depending on the type of plasticizers
added to the biomaterials, similar to the DTZ release
behavior in various pH buffers.
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FIGURE 7 Release properties of DTZ-imprinted CSA-based

biomaterials using artificial skin test at 36.5°C and RH 60%. The
symbols represent the DTZ release behavior, and the long dash and
solid lines depict the Fickian diffusion and Korsmeyer-Peppas
model fitting, respectively. [Color figure can be viewed at
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TABLE 5
parameters of DTZ release from DTZ-imprinted CSA-based
biomaterials using artificial skin test at 36.5°C and RH 60%.

Fickian diffusion and Korsmeyer-Peppas model

Fickian diffusion model

CSAPSDTZ CSAPSGLDTZ CSAPSCADTZ
Mo 105.225 105.338 105.479
Dest 9.283E-11 9.772E-11 1.047E-10
R’ 0.837 0.847 0.864
Korsmeyer-Peppas model

CSAPSDTZ CSAPSGLDTZ CSAPSCADTZ
Mo 107.042 112.002 120.269
k 0.0669 0.0717 0.0794
n 0.907 0.871 0.814

The simulation results of the mathematical models to
explain the DTZ release mechanism in the artificial skin
test are presented in Figure 7 and Table 5. The R® of the
mathematical models indicates that the fitting of
the Korsmeyer-Peppas model is more appropriate than
that of the Fickian diffusion model. Furthermore,
because the n values of the parameters in the Korsmeyer-
Peppas model were 0.814, 0.871, and 0.907, the DTZ
release profile of prepared biomaterials using artificial
skin followed a non-Fickian diffusion mechanism.

RIGHTSE LI MN iy

4 | CONCLUSIONS

The oral administration of DTZ leads to its low bioavail-
ability and short biological half-life. Thus, we prepared
DTZ-imprinted biomaterials using CSA, PVA, SSA, and
plasticizers (GL and CA) for the transdermal administra-
tion of DTZ. The optimal UV irradiation time was set by
evaluating the water resistance properties of CSA-based
biomaterials with various UV irradiation times. In addi-
tion, the stability of DTZ against UV irradiation was ana-
lyzed by FT-IR and 'H NMR spectroscopy. The
morphology and molecular structures of the prepared
biomaterials were also characterized using FE-SEM and
FT-IR. The DTZ recognition capabilities of the
DTZ-imprinted biomaterials were assessed by the binding
isotherm, Scatchard plot analysis, the adsorption of mate-
rials with structures similar to DTZ (ASA, AAP, and
SLD), a, and IPB. The results confirmed that the Q of
DTZ-imprinted biomaterials was 1.63-2.53 times higher
than that of non-imprinted biomaterials. The results of
Scatchard plot analysis also revealed two classes of bind-
ing sites in DTZ-imprinted biomaterials. The DTZ-
imprinted biomaterials were confirmed to have relatively
high a and IPB values for DTZ, indicating the molecular
recognition ability of the prepared DTZ-imprinted bioma-
terials for DTZ as a target drug. The evaluation of the
release properties in various pH buffers revealed that
over 98% of the DTZ of the prepared biomaterials was
released into the release medium within 12 h, and the
DTZ release rate at low pH levels was faster than that at
high pH levels. The DTZ release behavior at various pH
levels was also described by the Fickian diffusion model
and followed a pseudo-Fickian diffusion mechanism.
Investigations of the DTZ release properties using the
artificial skin test revealed that DTZ was sustainably
released for 20 days. Moreover, the DTZ release profile in
artificial skin was more suitably fitted by the
Korsmeyer-Peppas model and evaluated to follow a
non-Fickian diffusion mechanism.
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