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A B S T R A C T   

Captopril (CTP) is an oral drug widely used to treat high blood pressure and congestive heart failure. In this 
study, CTP-incorporated biomaterials for antihypertensive therapy were synthesized from chitosan, carbox
ymethyl cellulose, and plasticizers. The physicochemical properties of the prepared biomaterials were charac
terized using FE-SEM, FT-IR analysis, and physical properties. CTP release experiments were carried out in buffer 
solutions at various pH values and temperatures. Results indicated that above 99.0 % of CTP was released within 
180 min. Optimization of the experimental conditions for CTP release was analyzed by using response surface 
methodology (RSM). Results of CTP release through artificial skin indicated that CTP was continuously released 
above 95.0 % from the prepared biomaterials for 36.0 h. The CTP release mechanisms into a buffer and through 
artificial skin followed pseudo-Fickian diffusion mechanism and non-Fickian diffusion mechanisms, respectively. 
Moreover, angiotensin-converting enzyme (ACE) inhibition (related to cardiovascular disease) via the released 
CTP clearly reveals that the prepared biomaterials have a high potential as a transdermal drug delivery agent in 
antihypertensive therapy.   

1. Introduction 

Oral administration is the most common route for drug delivery 
systems and is preferred by many patients because it is non-invasive. 
However, drugs delivered by this route are affected by the first-pass 
metabolism and gastrointestinal environment, resulting in reduced 
bioavailability [1,2]. Therefore, delivering the drug using another route 
is necessary to overcome the reduced therapeutic effect of the drug. A 
transdermal drug delivery system (TDDS) is a non-invasive method of 
delivering an effective amount of a drug through the patient's skin. In 
particular, it can avoid degradation of the drug in the gastrointestinal 
tract and the first pass in the liver that occurs with oral administration, 
thereby improving the bioavailability of the drug and reducing its side 
effects. In addition, it has advantages such as sustained drug release, less 
frequent dosing, and improved patient compliance [3–5]. The demand 
for TDDS as drug carriers is rising due to the increasing number of 

patients with chronic diseases and the convenience of self- 
administration. Moreover, it is estimated that the global market for 
them will grow gradually and reach a value of approximately $95.57 
billion by 2025 [6]. 

Hypertension is a chronic condition that is a significant cause of 
cardiovascular disease. It is characterized by the pressure in the blood 
vessels being continuously high, with systolic and diastolic pressures of 
≥140 and ≥90 mm Hg, respectively. Globally, hypertensive patients 
were estimated to be around 1.4 billion in 2010, which is predicted to 
exceed 1.6 billion by 2025. In 2016, 44 % of non-communicable disease- 
related deaths were from cardiovascular disease with hypertension as a 
major risk factor. These statistics indicate the severity of hypertension 
both currently and in the future [7–9]. Furthermore, because blood 
pressure generally increases with age, the prevalence of hypertension 
and the utilization of antihypertensive drugs at high-dose for its treat
ment have been predicted to grow with increasing life expectancy [10]. 
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Captopril (CTP) is an angiotensin-converting enzyme (ACE) inhibitor 
and is an oral drug widely used in the treatment of hypertension and 
congestive heart failure [11]. ACE is an enzyme that not only converts 
angiotensin I to a potent vasoconstrictor peptide angiotensin II but also 
mediates the inactivation of a vasoactive peptide. Clearly, since ACE 
plays an important role in the blood pressure-increasing mechanism, 
using CTP as an ACE inhibitor is effective in the treatment of hyper
tension [12–14]. Orally administered CTP must be at a high dose 
because it has a relatively short half-life in the plasma, an absorption 
rate of 70–75 %, and a bioavailability of 65 %. It has been reported that 
changes in gastric pH due to food intake can reduce its bioavailability by 
35–55 % [15,16]. Many studies have reported the preparation of func
tional biomaterials containing CTP as the drug and the evaluation of 
physicochemical properties and drug release behavior using ‘in vitro’ 
and ‘in vivo’ studies [17–19]. However, CTP can cause some side effects 
such as sleep and taste disturbances, dizziness, persistent coughing, 
gastrointestinal discomfort, and rashes [20,21]. Therefore, developing a 
CTP-incorporated TDDS for reducing these side effects and increasing 
bioavailability is essential. 

Chitosan (CS) is an FDA-approved copolymer consisting of glucos
amine and N-acetyl glucosamine unit linked by 1, 4-glucosidic bonds 
produced by deacetylating chitin extracted from arthropod shells. It is 
biologically active, biocompatible, and non-toxicity with both antimi
crobial properties and hemostatic properties. In addition, it can be 
modified into various forms depending on the application. Amine 
groups in the CS backbone are uniquely protonated at acidic pH, which 
can be exploited to form complexes by interacting with anionic poly
mers. Based on these properties, CS-based complexes have been used in 
several biomedical fields such as drug delivery, hemostatic wound 
dressings, and tissue engineering scaffolds [22,23]. 

Carboxymethyl cellulose (CMC) is a modified cellulose obtained by 
the carboxymethylation of cellulose that is used as a food additive [24]. 
Because it is an anionic polymer, electrostatic interaction between the 
carboxyl groups in CMC and the amine groups in CS can easily form 
complexes that have been used for drug delivery. Because CMC have 
good biological stability, biocompatibility, and gel formation, they have 
been applied as oral formulations, either individually or in complexes 
[25]. In addition, various attempts have been made to prepare com
plexes using chelation of CMC for anticancer, antioxidant, and drug 
delivery. Lotfy et al. conjugated various amino acids with CMC to form 
complexes with Pd(ii) ions to evaluate the proliferation inhibition of 
colon cancer cells and DPPH radical scavenging activities, and Basta 
et al. reported antibacterial and anticancer activities of CMC-Ag(I) 
complexes [26,27]. In the agricultural, control of fertilizer release and 
improved nutrient content of onions have been reported by loading 
monoammonium phosphate into a complex of Cu(II) or trimethyl chi
tosan and CMC [28]. Moisture-sensitive CMC can also be used in edible 
films by forming complexes with gelatin and adding essential oils to 
increase antibacterial properties and reduce water vapor permeability. 
In the field of bone tissue engineering, the combination of CMC with 
nano-hydroxyapatite/CS complexes and in vivo implantation of these 
composites has been used for bone scaffolds. Besides, CMC are applied in 
cosmetics, paper industry, textiles industry, wound healing, etc. 
[29–33]. 

Biomaterials used for TDDS must be non-toxic, non-carcinogenic, 
and antibacterial. They include biodegradable synthetic polymers (e.g., 
poly(vinyl alcohol), polyacrylamide, poly(ethylene glycol), poly
lactides, poly(lactide-co-glycolide), and poly(butylene adipate-co-tere
phthalate)), proteins (e.g., albumin, collagen, casein, gelatin, silk, and 
zein), and natural polymers (e.g., starch, alginate, chitosan, cellulose, 
heparin, and pullulan). Although biomaterials using natural polymers 
derived from plants and animals provide better biodegradability and 
biocompatibility than biodegradable synthetic polymers [34], their 
usually poor physical properties make it difficult to completely replace 
biodegradable synthetic polymers. Nevertheless, crosslinking methods 
using a plasticizer or crosslinking agent, UV irradiation, heat treatment, 

etc. can improve the physical properties of natural polymer-based bio
materials and expand their applicability [35]. 

In this study, CTP-incorporated biomaterials were prepared using 
CS/CMC complexes and plasticizers (citric acid (CA) and glycerol (GL)) 
followed by UV irradiation. Many studies have reported the develop
ment of transdermal drug delivery patches for antihypertensive therapy 
[36,37]. However, there have been few studies using eco-friendly 
biodegradable materials and press needles (PN) which were 
commonly used in oriental medicine to effectively deliver drugs intra
dermally. To determine the optimal UV irradiation time for the prepa
ration of CTP-incorporated biomaterials, the water resistance properties 
of the prepared CS/CMC biomaterials after various UV irradiation times 
were investigated. CTP release properties of CTP-incorporated CS/CMC 
biomaterials for antihypertensive treatment were evaluated. To deter
mine their applicability in a TDDS, their CTP release properties were 
confirmed via an artificial skin test and the CTP release mechanism was 
investigated using kinetic models of Fickian diffusion and Korsmeyer- 
Peppas models. Moreover, CTP-incorporated CS/CMC biomaterials 
were prepared with PN to controlled release of CTP. To assess the 
enhanced drug delivery and potential controlled release of the prepared 
PN combined biomaterials, the CTP release properties were confirmed in 
artificial skin tests. Finally, their ACE inhibitory activity was 
investigated. 

2. Experimental 

2.1. Materials 

The medium molecular weight chitosan (CS) (Mw: 190,000–310,000 
and the degree of deacetylation: 75–85 %), sodium carboxymethyl cel
lulose (CMC) (average Mw: 250,000 and degree of substitution: 0.7), 
captopril (CTP), glycerol (GL), citric acid (CA), lactic acid, boric acid, 
sodium chloride (NaCl), hydrochloric acid (HCl), angiotensin- 
converting enzyme (ACE) from rabbit lung, N-hippuryl-His-Leu hy
drate (HHL), and ethyl acetate (EA) were obtained from Sigma-Aldrich 
(St. Louis, MO, USA). Standard buffer solutions (pH = 4.01 and pH =
7.0) were purchased from Duksan (Pharmaceutical Co., Ltd., Korea). 
Press needles (PN) were obtained from Dongbang Medical (South 
Korea). Distilled deionized water (DW) was used in all of the 
experiments. 

2.2. Preparation of CTP-incorporated CS/CMC biomaterials 

CTP-incorporated CS/CMC biomaterials were obtained by a sample 
casting method. First, CS solution was prepared by dissolving CS in the 
aqueous solution of lactic acid of 1 wt% at room temperature. After 
preparing CMC solution (1.0 %) using DW, CTP and plasticizers (CA and 
GL) were mixed in a CMC solution. The CMC/CTP/plasticizers mixed 
solution was subsequently added dropwise to the CS solution, followed 

Table 1 
Composition of CTP-incorporated chitosan/CMC biomaterials.  

Sample name CSa 

(g) 
CMCb 

(g) 
CAc 

(wt%) 
GLd 

(wt%) 
CTPe 

(g) 
DWf 

(g) 

CS/CMC  2.0  2.0 – – –  400 
CS/CMCCTP  2.0  2.0 – – 0.5  400 
CS/CMCCA4  2.0  2.0 40 – –  400 
CS/CMCCA4CTP  2.0  2.0 40 – 0.5  400 
CS/CMCGL4  2.0  2.0 – 40 –  400 
CS/CMCGL4CTP  2.0  2.0 – 40 0.5  400  

a Medium molecular weight chitosan. 
b Carboxymethyl cellulose. 
c Citric acid. 
d Glycerol. 
e Captopril. 
f Distilled deionized water. 

K.-J. Kim et al.                                                                                                                                                                                                                                  



International Journal of Biological Macromolecules 255 (2024) 128087

3

by homogenized at 30,000 rpm for 5 min using a homogenizer (Ingen
ieurbüro CAT M. Zipperer GmbH, Antrieb × 120, Germany). CS and 
CMC had the same ratio, and biomaterials contained plasticizers 
equivalent to 40 wt% of the total weight of CS and CMC. The constitu
ents in the CTP-incorporated CS/CMC biomaterials with/without the 
addition of plasticizers are summarized in Table 1. Afterward, the ho
mogeneous CS/CMC complex solution was poured into a preheated 
Teflon mold (50.0 ◦C, 250 × 250 × 1 mm). Then, Water in the Teflon 
mold was evaporated in a ventilated oven at 50 ◦C for 24 h. The prepared 
CS/CMC biomaterials were irradiated for 10 to 60 min under an atmo
spheric pressure UV lamp (OSRAM ULTRA VITALUX, 300 W) [38]. In 
addition, CTP-incorporated CS/CMC biomaterials combined with PN 
were prepared as follows: After the casting process of a gel-like solution, 
functional biomaterials were synthesized by adding PN before drying 
these biomaterials. The preparation process of CS/CMC biomaterials is 
explained in Scheme 1. 

2.3. Characterization 

The water uptake (WU) and solubility (S) were investigated to 
evaluate the water resistance properties of the CS/CMC biomaterials. 
The dried biomaterial pieces (ca. 0.1 g) were immersed in DW (30 mL) at 
25 ◦C. After 24 h, which was when equilibrium had been reached, the 
moisture on the surface of the biomaterials was removed, and the 
weights of the biomaterials were measured. The WU of biomaterials was 
calculated as follows (Eq. (1)): 

Water uptake (WU) =
We − W0

W0
(1)  

where We is the weight of the swelling biomaterials at equilibrium, and 
W0 is the initial weight of the dried biomaterials. 

The swollen biomaterials were dried again at 50.0 ◦C for 24 h, after 
which its S was calculated as follows (Eq. (2)): 

Solubility (S) =
W0 − Wd

Wd
(2)  

where Wd is the dry weight of the swollen biomaterials and W0 is the 
initial weight of the dried biomaterials. 

The tensile strength (TS) and elongation at break (EB) of the pre
pared CS/CMC biomaterials were investigated by using an Instron 6012 
testing machine (Norwood, MA, USA). Six dumbbell-shaped specimens 
with a width of 15.0 mm (ASTM D-421) were cut from each biomaterial. 

The thickness of specimens was measured at three places along the test 
length using a Mitutoyo digital thickness gauge (Tokyo, Japan) at 12 
random positions around biomaterials. The average thickness of the 
specimens was 0.131 ± 0.005 mm. The gauge length and grip distance 
were both 53.0 mm. The crosshead speed was 20 mm/min, and the load 
cell was 250 kgf. The tests were performed at 25 ◦C under 55.0 % RH. 

The morphologies of both pristine and UV irradiated CS/CMC bio
materials were observed by using field emission scanning electron mi
croscopy (FE-SEM, ZEISS Sigma 500, Carl Zeiss Co., Ltd., Germany) at an 
accelerating voltage of 5.0 kV. Fourier transform infrared (FT-IR) 
spectroscopy of CTP and prepared biomaterials was performed using an 
FT-IR spectrophotometer (Spectrum Two, Perkin Elmer, USA). To 
evaluate the stability of UV irradiated CTP, UV absorbance curves of CTP 
solutions were analyzed using a UV–vis spectrophotometer (OPTIZEN 
2120UV, Neogen, Co., Ltd., Korea). In addition, CTP before and after UV 
irradiation was analyzed using 1H nuclear magnetic resonance (1H 
NMR) spectra. 1H NMR was recorded on a Varian Unity Inova 500 MHz 
spectrometer at the Korea Basic Science Institute (KBSI, Gwangju Cen
ter, Korea). Samples were dissolved in CDCl3. 

Thermogravimetric analysis (TGA) and differential scanning calo
rimetry (DSC) of CS/CMC biomaterials were performed using a DSC 
Q200/TGA Q50 (TA Instruments, USA) in an N2 environment (flow rate: 
20 mL/min). TGA and DSC were conducted at 25 ◦C to 600 ◦C and 25 ◦C 
to 500 ◦C, respectively, at a heating rate of 10 ◦C/min. The sample 
weight was between 10.0 and 11.0 mg. 

2.4. CTP release testing 

The CTP release of CTP-incorporated CS/CMC biomaterials with/ 
without the addition of plasticizers was performed in buffers with 
various pH values (pH 4.5, 5.5, and 6.5) and temperatures (32.0, 36.5, 
and 40.0 ◦C). pH buffer solutions were prepared using acetate (pH 
4.0–5.5) and phosphate (pH 6.0–7.5) buffer solutions, respectively. The 
prepared biomaterials (0.1 g) were immersed in 30 mL buffer, followed 
by incubating in a shaking incubator (VS-8480SF, Vision, Scientific Co., 
Korea) at 50 rpm. At appropriate time intervals, the release medium was 
withdrawn and the concentration of CTP was measured using a UV–vis 
spectrophotometer at 200 nm. The cumulative drug release was calcu
lated using a standard calibration curve. The application of TDDS to the 
CTP-incorporated CS/CMC biomaterials was also evaluated via an arti
ficial skin test (Neoderm-ED, Tego Science, Inc. Korea). The prepared 
biomaterials (ca. 2.0 × 2.0 cm) were applied to artificial skin fixed in a 

Scheme 1. Flowchart for preparation of CTP-incorporated CS/CMC biomaterials.  
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medium containing agarose at RH 60.0 % and 36.5 ◦C. Subsequently, the 
released biomaterials were removed from the artificial skin for a pre
determined time, and the medium of the artificial skin was separated. 
This medium was immersed in DW and left for 8 h at room temperature. 
The quantities of CTP released from the biomaterials in this mixture 
were measured using UV–vis spectrophotometry. The release properties 
of CTP in CTP-incorporated CS/CMC biomaterials with/without the 
addition of PN were further tested on artificial skin using the same 
method. 

2.5. CTP release mechanism 

Drug release signifies that the drug migrates from the initial location 
in the biomaterial to the outside, then makes contact with and is 
consequently released into the medium. Furthermore, elucidating the 
diffusion mechanism of these drugs enables the systematic evaluation of 
the release kinetics in the polymer matrix. We verified the CTP release 
kinetics using the Fickian diffusion and Korsmeyer-Peppas models. 

Fick's law is used to determine the diffusion coefficient of a drug 
released from biomaterials (Eq. (3)) [39,40]. 

∂C
∂t

= D
∂2C
∂x2 (3)  

where C is the concentration at time t and D is the constant diffusion 
coefficient. In the thin polymer slab, the solution of Eq. (3) can be 
rearranged in the form of a trigonometric series and can be expressed as 
Eq. (4), which is known as the Fickian diffusion model. 

Mt

M∞
= 1 −

∑∞

n=0

8
(2n + 1)2

• π2
exp

[

−
Deff • (2n + 1)2π2

l2 t

]

(4)  

where Mt and M∞ are the amounts of drug released from the biomaterial 
at diffusion time and infinite time, respectively; l is the half thickness of 
the biomaterial; Deff is the diffusion coefficient. 

The Korsmeyer-Peppas model can be defined as the following 
equation (Eq. (5)) [41]: 

Mt

M∞
= ktn (5)  

where k is the drug release constant and n is the diffusional exponent, 
indicative of the mechanism of drug release. n < 0.5 indicates that the 

Fig. 1. Physical properties of CS/CMC biomaterials. (a) Water uptake (WU) and solubility (S) of CS/CMC biomaterials with UV irradiation time. (b) WU and S of CS/ 
CMC biomaterials with/without plasticizer under UV irradiation for 40 min. (c) Tensile strength (MPa) and elongation at break (%) of CS/CMC biomaterials with/ 
without CTP and plasticizers under UV irradiation for 40 min (N = 6 each, ** < 0.01, and ns > 0.05). (d) Elongation at break (%) of CS/CMC biomaterials with/ 
without CTP and plasticizers under UV irradiation for 40 min (N = 6 each, ** < 0.01, and ns > 0.05). 
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release behavior is a pseudo-Fickian diffusion mechanism, n = 0.5 im
plies a Fickian diffusion mechanism, and 0.5 > n > 1.0 infers a non- 
Fickian diffusion mechanism [42,43]. 

2.6. Optimizing CTP release from CTP-incorporated biomaterials 

The experimental design for this was based on the response surface 
methodology (RSM) method reported by Brahima et al. [44] and Lee 
et al. [45]. To examine the CTP release behavior at various pH values 
(4.5, 5.5, and 6.5) and temperatures (32.0, 36.5, and 40.0 ◦C), the 
response for CTP release was calculated using the following functions 
(Eq. (6)). 

P = β0 + β1Q1 + β2Q2 + β12Q1Q2 + β11Q2
1 + β22Q2

2 + …

P = β0 +
∑k

i=1
βiQi +

∑K

i<j
βijQiQj +

∑k

i=1
βiiQ

2
i + …

(6)  

where P is the response for CTP release, Q represents the design vari
ables (pH, temperature, and time) and β represents the model 
coefficients. 

2.7. ACE inhibitory activity of the CTP-incorporated CS/CMC 
biomaterials 

ACE inhibitory activity of prepared CTP-incorporated CS/CMC bio
materials was conducted using a previously reported method based on 
the release of hippuric acid (HA) from HHL using the ACE as the catalyst 
[46]. First, sodium borate buffer solution was prepared using boric acid 
and 0.3 M NaCl (pH 8.3). 0.3 mL of 10 mM HHL in 100 mM sodium 
borate buffer containing 0.3 M NaCl (pH 8.3) was mixed with 0.3 mL 
released solution of prepared biomaterials. Subsequently, 0.1 mL of 4.0 
mU ACE in sodium borate buffer was added and incubated at 36.5 ◦C, 
after which the reaction was stopped by the addition of 0.2 mL of 1.0 M 
HCl. Next, 1.0 mL of EA was added to the reaction mixture, which was 
then centrifuged at 3000 rpm for 5 min to extract the produced HA, 
Afterward, 0.7 mL of the upper organic layer of these solutions was 
collected and completely evaporated off by heating at 80 ◦C for 40 min 
in a 5 mL glass vial. The dried biomaterial was then dissolved in 2 mL 
DW and the absorbance was analyzed via UV–vis spectroscopy at 228 
nm. The degree of ACE inhibition (%) was calculated as follows (Eq. (7)): 

ACE inhibition (%) =

(

1 −
B − C
A − D

)

× 100 (7)  

where A is the absorbance in the presence of ACE, B is the absorbance in 
the presence of ACE and the released solution, C is the absorbance by the 
reaction stopping blank in the presence of the released solution, and D is 
the absorbance by the reaction stopping blank. For A and D, the buffer 
was used instead of the released solution. 

2.8. Statistical analysis 

In all test, Statistical analyses were performed using SPSS statistical 
software for Windows version 25.0 (IBM). In addition, data distribution 
was ascertained via Student's t-tests. A p-value <0.05 was considered 
statistically significant and all results are represented as mean ± stan
dard deviation (SD). 

3. Results and discussion 

3.1. Characterization of CS/CMC biomaterials 

Evaluation of the mechanical and water resistance properties of eco- 
friendly biodegradable materials or biomaterials plays an important role 
in their applicability in various fields (e.g., biomedical engineering, 
chemical engineering, biological engineering, etc.). Especially, water 
resistance properties such as water uptake (WU) and solubility (S) are 

criteria that can be used to evaluate the degree of crosslinking in 
biomaterials. 

Fig. 1a shows the results of WU and S of CS/CMC biomaterials with 
increasing UV irradiation time; both decreased drastically until 40 min 
and then decreased slightly when the UV irradiation time exceeded 40 
min. The reason for this is the degree of crosslinking between the 
components in the CS/CMC biomaterials was enhanced by the UV curing 
process. Conversely, with a long UV irradiation time of over 40 min, the 
decreases in their WU and S were due to the dissolution of the cross
linked short-length molecules or polymer chains [47]. Moreover, the 
samples turned yellow and oxidation occurred therein. Hence, the 
optimal UV irradiation time was set as 40 min. Fig. 1b shows the WU and 
S of CS/CMC biomaterials with the addition of plasticizers (CA and GL). 
Results indicated that the WU of GL-added biomaterial (CS/CMCGL4) 
was lower than those of the biomaterial without the addition of plasti
cizers (CS/CMC) and CA-added biomaterial (CS/CMCCA4). The reason 
is attributed to the strong hydrogen bonding of the hydroxyl groups 
contained in GL, which improves intermolecular interactions. In addi
tion, the WU and S of CS/CMCCA4 were higher than those of the other 
biomaterials. When CS and CMC form a complex, the augmentation of 
amine groups enhances the electrostatic interaction with carboxyl 
groups. However, due to the addition of carboxyl groups in CA, the 
amine groups in the complex were relatively reduced, which is consid
ered to weaken the interaction between CS and CMC [48]. Thus, the 
water resistance properties of the biomaterial were reduced by the 
addition of CA. In addition, it is considered that because unreacted CA 
has high hydrophilic properties was dissolved in DW. 

The mechanical properties such as TS and EB of CS/CMC bio
materials with/without loading CTP and/or plasticizers are shown in 
Fig. 1c and d. Results indicated that GL-added biomaterials had higher 
TS and lower EB than the others. Contrastively, the EB of CA-added 

Fig. 2. FE-SEM images of surfaces and cross-sections of CS/CMC biomaterials. 
(a) CS/CMC biomaterials. (b) CS/CMC biomaterials with UV irradiation. (c) 
CTP-incorporated CS/CMC biomaterials. (d) CTP-incorporated CS/CMC bio
materials with UV irradiation. (e) CTP-incorporated CS/CMC biomaterials with 
CA and UV irradiation. (f) CTP-incorporated CS/CMC biomaterials with GL and 
UV irradiation. 
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biomaterials increased whereas the TS decreased. These variations in 
mechanical properties for prepared biomaterials infer that the func
tional groups in the plasticizers caused changes in the intermolecular 
interactions between CS/CMC biomaterials. In addition, there is no 
significant difference in these mechanical properties of prepared bio
materials with/without the addition of CTP. 

SEM images of the surfaces and cross-sections of the prepared CS/ 
CMC biomaterials with/without the addition of plasticizers are shown in 
Fig. 2. It can be seen that they had homogeneous surfaces without 
noticeable porosity, flaws, or cracks that were unaffected by the UV 
curing process. 

UV–vis spectrophotometry, FT-IR, and 1H NMR analyses were per
formed to evaluate the deformation and stability of CTP by UV irradi
ation. The UV absorbance curves of CTP solutions at various 
concentrations before/after UV irradiation in Fig. 3a show that the 
characteristic peak for CTP was unaffected by UV absorbance. The FT-IR 
spectra of CTP before/after UV irradiation for 40 min in Fig. 3b revealed 
at 2980 cm− 1 for asymmetric CH3 and 2599 cm− 1 for the S–H stretching 
vibration in the thiol groups. Sharp peaks at 1745 and 1586 cm− 1 

correspond to the C––O vibrations of carboxylic acid and amide groups, 
respectively [49,50]. These results indicate that UV irradiation of CTP 
did not change its structure. 1H NMR analysis of CTP before/after UV 
irradiation uncovered specific peaks for CTP at 1.22, 1.58, 2.06, 2.48, 
2.88, 3.67, and 4.66 ppm for protons (Fig. 3c) [51]. Results indicated 
that CTP was not photolyzed by UV irradiation at the preparation con
dition of biomaterials. FT-IR spectra of prepared CS/CMC biomaterials 
with/without the addition of CTP or plasticizers in Fig. 3d indicate N–H 
bending of amide II at 1583 cm− 1, C–N stretching in amide III at 1317 
cm− 1, and C–O stretching at 1060 cm− 1 [38,52]. In addition, the 
spectra of the GL-added CS/CMC biomaterials contained a broad peak at 
3260 cm− 1, which was attributed to the hydroxyl groups of GL. Mean
while, all of the FT-IR spectra of CTP-incorporated biomaterials with/ 
without plasticizers (CA or GL) showed characteristic peaks for CTP at 
1745.0 and 1586.0 cm− 1. However, other specific peaks for CTP could 
not be identified because of overlapping with the related transitions of 
the chemical structures of the biomaterial components. 

Fig. 3. (a) UV absorbance curves of CTP solution with/without UV irradiation. (b) FT-IR spectra of CTP with/without UV irradiation. (c) 1H NMR spectra of CTP 
with/without UV irradiation (d) FT-IR spectra of CS/CMC biomaterials with/without the addition of CTP and plasticizers. 
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3.2. CTP release properties 

The drug release profiles from CTP-incorporated CS/CMC bio
materials were obtained to establish their applicability for a TDDS. Fig. 4 
shows CTP release behavior and UV absorbance curves from the CTP- 
incorporated biomaterials with/without plasticizers in release media 
with various pH at 36.5 ◦C. The CTP was rapidly released in the first 90 
min and subsequently completely released in 180 min. CTP release ratio 
(%) was significantly different according to the plasticizer added to the 
biomaterial in the following order: CS/CMCCA4CTP > CS/CMCCTP >
CS/CMCGL4CTP. The results follow the water resistance properties of 
the prepared CS/CMC biomaterials (see Fig. 1b). Nematollahi et.al [53] 
and Kuo et.al [54] have reported that the water resistance properties are 
an important factor in the determination of the diffusion rate of drugs in 
a matrix into the release medium. From the results, it can be seen that 
CTP release was the fastest in CA-added biomaterials with the highest 
WU and S values and the slowest in GL-added biomaterials with the 
lowest WU and S values. In addition, the pH value of the release medium 
affected the CTP release behavior. The CTP release ratio (%) at low pH 
levels was higher than at high pH levels because more free proton ions 
present at low pH can weaken the interactions between the carboxyl 
groups of CMC and the amine groups of CS. Thus, the drug from the 
biomaterials is readily diffused into the release medium accordingly. 
However, the number of protons is reduced at high pH, thus the elec
trostatic interactions between CS and CMC are stronger. Hence, the 
polymer network structure is compact and CTP is released relatively 
slowly from CTP-incorporated biomaterials [55]. UV absorbance curves 
for CTP release over time from CTP-incorporated biomaterials with/ 
without the addition of plasticizers (CA and GL) at different pH values 
(pH 4.5, pH 5.5, and pH 6.5) and 36.5 ◦C are shown in Fig. S1. It can be 
seen that the absorbance peak at 200.0 nm (the characteristic peak for 
CTP) increased with an increase in release time. This increasing ten
dency was evidenced by the rapid release of CTP from manufactured 
biomaterials into the buffer at 15 min and near equilibrium at 120 min. 

Mathematical modeling is commonly used in various fields, such as 
genetics, medicine, and engineering. Especially, it can be useful for 
predicting drug release kinetics and designing controlled drug release 
formulations. The models can be fitted by measuring parameters such as 
drug diffusion coefficients and experimental data, etc. In the present 
study, we utilized two diffusion models (Fickian diffusion and 
Korsmeyer-Peppas models) to evaluate the most likely drug diffusion 
mechanism for CTP release. 

Fig. 4 and Table 2 provide the results of applying mathematical 
models to the CTP release profiles of the prepared CTP-incorporated CS/ 
CMC biomaterials in various pH buffer solutions at 36.5 ◦C. These results 
indicate that the Fickian diffusion model (the dashed line) is more 
suitable than the Korsmeyer-Peppas model (the solid line). The diffusion 
coefficient (Deff) values of CS/CMCGL4CTP were lower than those of CS/ 
CMCCTP whereas those of CS/CMCCA4CTP were higher. In addition, 
the Deff values increased with decreasing pH values. CTP release from 
CS/CMCCA4CTP at pH 4.5 provided the highest Deff value (8.190E-11), 
which is 1.97 times higher than that of CTP release from CS/ 
CMCGL4CTP at pH 6.5 (4.675E-11; the lowest Deff value). The results 
using the Korsmeyer-Peppas model confirm that the prepared CTP- 
incorporated biomaterials have diffusional exponents (n) of <0.5, 
which unambiguously verifies that the CTP release profiles of the pre
pared biomaterials at various pH values follow the pseudo-Fickian 
diffusion mechanism. 

RSM analysis with the changes of pH value and temperature was 
conducted to investigate optimal CTP release from the biomaterials. The 
effects of pH and temperature on the CTP release ratio (%) from CTP- 
incorporated biomaterials with/without plasticizers (CA and GL) at 
CTP release time of 30.0 min are shown in Fig. 5. Results indicate that 
CTP release at low pH levels and high temperatures was higher than at 
high pH levels and low temperatures. From the results, in the case of the 
CTP release from CTP-incorporated biomaterials without the addition of 

Fig. 4. CTP release behavior and mathematical model regression with various 
pH buffers at 36.5 ◦C. (a) CTP release from CTP-incorporated biomaterials 
with/without the addition of plasticizer at pH 4.5. (b) CTP release from CTP- 
incorporated biomaterials with/without the addition of plasticizer at pH 5.5. 
(c) CTP release from CTP-incorporated biomaterials with/without the addition 
of plasticizer at pH 6.5. 
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the plasticizers (CS/CMCCTP), the maximum CTP release ratio (%) was 
81.0021 % at pH 4.75 and 40.0 ◦C (see Fig. 5a). The maximum CTP 
release ratio (%) of CS/CMCCA4CTP (see Fig. 5b), and CS/CMCGL4CTP 
(see Fig. 5c) was 84.7326 % (pH 4.5 and 40.0 ◦C), and 78.0671 % (pH 
4.5 and 40.0 ◦C), respectively. As a result, the maximum CTP release 
could be verified in CA-added CTP-incorporated biomaterial (CS/ 
CMCCA4CTP). As mentioned, results for CTP release, it could be 
reconfirmed that the CTP release from CA-added CTP-incorporated 
biomaterial was the fastest compared to other biomaterials. 

3.3. CTP release properties using an artificial skin test 

To identify the applicability of the CTP-incorporated biomaterials as 
a TDDS for antihypertensive therapy, CTP release properties were 
evaluated using an artificial skin test. Fig. 6a shows the CTP release 
behavior of the prepared biomaterials with/without plasticizers using 
artificial skin at 36.5 ◦C and RH 60 %. The results confirm that CTP was 
constantly released from the prepared biomaterials for 36 h. Moreover, 
the degree of CTP release fluctuated according to the type of plasticizers, 
which is a similar trend to the results of CTP release into various pH 
buffers. As mentioned above, various oral formulations have been re
ported to control the release of CTP [17–19]. The CTP-incorporated CS/ 
CMC biomaterials prepared in this study sustained CTP release more 
effectively than these biomaterials for oral administration. Additionally, 
while the release of other drugs using the CS/CMC complex indicated 
burst drug release in the initial time, the prepared CS/CMC biomaterials 
were released relatively slowly in the artificial skin model [30,55]. 
Therefore, the sustained and slow drug release of the prepared CS/CMC 
biomaterials is considered suitable for long-term treatment of chronic 
diseases such as hypertension. Mathematical models were applied to 
determine the mechanism of CTP release through the artificial skin 
(Fig. 6 and Table 3). The estimated Deff values for CTP release properties 
show that it fitted the Fickian diffusion model: CS/CMCCA4CTP; 
8.963E-12 > CS/CMCCTP; 8.526E-12 > CS/CMCGL4CTP; 6.876E-12. 
The R2 values for the mathematical models indicate that CTP release 
can be better explained by the Korsmeyer-Peppas model than by the 
Fickian diffusion model. In addition, the n values for CTP release ob
tained from the Korsmeyer-Peppas model were between 0.51 and 0.63; 
since the n values of the CTP-incorporated biomaterials with/without 
the addition of plasticizers exceeded 0.5, the CTP release properties 
using the artificial skin followed a non-Fickian diffusion mechanism. 

Fig. 6b shows the results of CTP release (%) for CTP-incorporated 
biomaterials with/without the addition of PN. Results revealed that 
CTP release was increased about 1.12–1.32 times by the addition of PN. 
In addition, it could be verified that the degree of CTP release was 
improved by the number of PN added to CTP-incorporated biomaterials 
because the CTP release rate was increased with increasing of the 
number of PN. The reason is that the CTP was effectively diffused in the 
skin because of the penetration of PN into the skin. Thus, results suggest 
that PN used in oriental medicine on biomaterials for a TDDS patch 

could be helpful for improving the effects of therapy and designing a 
controlled release of the drug. 

Thermogravimetric analysis (TGA) and differential scanning calo
rimetry (DSC) of CTP and prepared CTP-incorporated CS/CMC bio
materials before/after CTP release was shown in Fig. 7. Fig. 7a shows the 
results of TGA curves of CTP and CS/CMC biomaterials with/without 
incorporating CTP and before/after CTP release. From the results of TGA 
of CTP, it could be clearly confirmed that weight loss (%) occurred at 
252.0 ◦C. In addition, about 95 % weight loss was observed between 
252.0 and 400.0 ◦C. This result was found to be similar to the study 
reported by Tayyab et al. [56]. Benghanem et al. [57] and Zhu et al. [58] 
have reported that the thermal decomposition of CS/CMC biomaterials 
occurred in the range of 100–560 ◦C with a total mass loss of about 62.0 
%. The same results were obtained in this study for CS/CMC biomaterial 
without the addition of CTP. Results of TGA analysis of CS/CMC 
biomaterial with/without incorporating CTP indicated that the TGA 
curve of CTP-incorporated CS/CMC biomaterial shifted the high tem
perature region. It means that the thermal properties are slightly 
improved by the addition toward of CTP. However, after CTP release, 
the TGA curve of CTP-released CS/CMC biomaterial was lower than that 
of others. The results suggest that CTP-incorporated in CS/CMC 
biomaterial was released and network structures of biomaterial were 
slightly modified by the release of CTP. In addition, we confirmed that 
CTP was released above 95.0 % by weight loss. Fig. 7b shows the results 
of thermal properties of CA or GL-added CTP-incorporated CS/CMC 
biomaterials before/after CTP release. Results indicated that TGA curves 
of CA or GL-added CTP-incorporated CS/CMC biomaterials shifted the 
low temperature region compared to CS/CMC biomaterials without the 
addition of CA and GL as plasticizers. The phenomenon is because 
plasticizers are relatively sensitive to thermal decomposition. From the 
results of TGA of CA or GL-added CTP-incorporated CS/CMC bio
materials before/after CTP release, it could be verified that TGA curves 
of CTP released CS/CMC biomaterials with the addition of plasticizers 
were lowered because of CTP release. Fig. 7c shows the results of DSC 
curves of CTP and CS/CMC biomaterials with/without incorporating 
CTP and before/after CTP release. The strong endothermic peak at 
108.93 ◦C (ΔH = 118.9 J/g) is related to the melting point of the CTP 
[56]. Endothermic peaks were observed at 115.53 ◦C (ΔH = 318.1 J/g) 
and 116.15 ◦C (ΔH = 379.7 J/g) for CS/CMC biomaterials and CTP- 
incorporated CS/CMC biomaterials, respectively. The variation in the 
ΔH of these endothermic reactions indicates a change in the interaction 
and thermal properties of the biomaterials due to CTP loading [59]. 
Furthermore, the exothermic peak at 265–330 ◦C is attributed to the 
degradation of CS/CMC biomaterials [60]. The DSC curve of the CS/ 
CMC biomaterials after CTP release shows an endothermic peak at 
87.88 ◦C (ΔH = 308.0 J/g) and an exothermic peak at 269.26 ◦C (ΔH =
223.5 J/g). These shifted peaks are due to the deformation induced in 
the network of the biomaterials by the release of CTP. The DSC ther
mogram in Fig. 7d represents the results of CA or GL-added CTP-incor
porated CS/CMC biomaterials before/after CTP release. CA or GL-added 

Table 2 
Fickian diffusion and Korsmeyer-Peppas model parameters of CTP release from CTP-incorporated CS/CMC biomaterials using various pH buffers.   

CS/CMCCTP CS/CMCCA4CTP CS/CMCGL4CTP 

Fickian diffusion model 
pH 4.5 5.5 6.5 4.5 5.5 6.5 4.5 5.5 6.5 
M∞ 100.207 100.202 100.347 100.225 100.178 100.182 100.344 100.346 100.348 
Deff 8.190 E-11 7.339 E-11 6.206 E-11 9.225 E-11 8.261 E-11 7.186 E-11 6.118 E-11 5.133 E-11 4.675 E-11 
R2 1.000 0.999 0.999 0.999 0.999 0.999 0.999 0.998 0.998  

Korsmeyer-Peppas model 
pH 4.5 5.5 6.5 4.5 5.5 6.5 4.5 5.5 6.5 
M∞ 526.994 516.427 495.638 510.575 526.458 508.401 494.582 476.824 464.204 
k 0.0099 0.0091 0.0090 0.0104 0.0096 0.0094 0.0090 0.0085 0.0081 
n 0.125 0.147 0.154 0.112 0.134 0.142 0.115 0.172 0.185 
R2 0.823 0.825 0.862 0.879 0.847 0.894 0.895 0.833 0.859  
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Fig. 5. Effect of pH and temperature factors on the release ratio (%). (a) CTP-incorporated CS/CMC biomaterials. (b) CTP-incorporated CS/CMC biomaterials with 
CA. (c) CTP-incorporated CS/CMC biomaterials with GL. 
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CTP-incorporated CS/CMC biomaterials exhibited endothermic peaks in 
the low temperature region below 100 ◦C compared to biomaterials 
without the addition of plasticizers. These results are attributed to the 
evaporation of water and the degradation of plasticizers. In the case of 
CTP release, the DSC curves of CA or GL-added biomaterials showed 
similar results to those of non-added biomaterials because of the solu
bility of the plasticizers and the release of CTP inside the biomaterials. 

3.4. ACE inhibition by the CTP-incorporated biomaterials 

Since ACE inhibitors are widely used in antihypertensive therapy 
[61], we investigated ACE inhibition by the CTP-incorporated 

biomaterials with/without the addition of plasticizers for potential use 
in antihypertensive treatment. Fig. 8a–c shows the absorbance mea
surements at 228 nm for each group. The absorbance of the C and D 
groups was measured using a reaction stopping solution to eliminate the 
absorbance error of the A and B groups. Fig. 8d presents the ACE inhi
bition results of the released CTP from the prepared biomaterials with 
reaction time. Interestingly, not only CTP-incorporated biomaterials but 
also the biomaterials without the addition of CTP effectively inhibited 
ACE. In particular, plasticizers-added biomaterials showed relatively 
high ACE inhibition, which can be attributed to the various functional 
groups in the plasticizers. Previously, it has been reported that the hy
droxyl and carboxyl groups can bind to the active site of ACE via 

Fig. 6. CTP release behavior using artificial skin test at 36.5 ◦C and RH 60 %. (a) Experimental and Fickian diffusion and Korsmeyer-Peppas model fitting of CTP 
release from CTP-incorporated biomaterials with/without the addition of plasticizer. (b) CTP release ratio (%) from CTP-incorporated biomaterials added with 
press needles. 
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intermolecular interactions [62]. Thus, since the functional groups in 
the CS/CMC complex are capable of inter-intramolecular interactions, 
the complex could effectively inhibit ACE. Moreover, the ACE inhibitory 

activities depended on the type of plasticizers added to the biomaterials, 
with the activities being in the following order: CS/CMCCA4CTP > CS/ 
CMCGL4CTP > CS/CMCCTP. CS/CMCCA4CTP had the highest ACE 
inhibition activity (88.44 %), which was 1.11 times higher than that of 
CS/CMCCTP (79.74 %), which suggests that the functional groups in CA 
enhanced ACE inhibition. 

4. Conclusions 

CTP-incorporated biomaterials comprising CS, CMC, and plasticizers 
(CA and GL) were successfully prepared using a casting method followed 
by a UV curing process. An optimal UV irradiation time of 40 min was 
confirmed by examining the water resistance properties of the resulting 
complexes. The stability of CTP with/without the biomaterials was un
affected by the preparation process, as confirmed by using UV–vis, FT- 
IR, and 1H NMR spectroscopy. The chemical structure and 
morphology of the prepared biomaterials were characterized using FE- 
SEM and FT-IR analysis. CTP was released from CTP-incorporated 

Table 3 
Fickian diffusion and Korsmeyer-Peppas model parameters of CTP release from 
CTP-incorporated CS/CMC biomaterials through artificial skin tests.   

CS/CMCCTP CS/CMCCA4CTP CS/CMCGL4CTP 

Fickian diffusion model 
M∞ 104.705 104.804 104.389 
Deff 8.526 E-12 8.963E-12 6.876E-12 
R2 0.873 0.880 0.836  

Korsmeyer-Peppas model 
M∞ 107.696 102.219 102.536 
k 0.136 0.144 0.110 
n 0.528 0.510 0.627 
R2 0.985 0.985 0.982  

Fig. 7. TGA and DSC of the prepared CS/CMC biomaterials. (a) TGA curves of CTP and CS/CMC biomaterials with/without the addition of CTP and before/after CTP 
release. (b) TGA curves of CA or GL-added CTP-incorporated CS/CMC biomaterials before/after CTP release. (c) DSC curves of CTP and CS/CMC biomaterials with/ 
without the addition of CTP and before/after CTP release. (d) DSC curves of CA or GL-added CTP-incorporated CS/CMC biomaterials before/after CTP release. 
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biomaterials into buffers of various pH values and at various tempera
tures within 180 min. The CTP release rate at low pH and high tem
perature was higher than that at high pH and low temperature. In 
addition, the CTP release rate was significantly affected by the type of 
plasticizers added to the biomaterial. To assess the applicability of the 
prepared biomaterials for use as a TDDS, CTP release profiles were 
attained via artificial skin tests at 36.5 ◦C and RH 60 %. The results 
exhibited that CTP was continuously released from the prepared bio
materials within 36 h. In addition, CTP release from CA-added bio
materials was around 1.30 times higher than that from GL-added 
biomaterials. Results revealed that the CTP release of CTP-incorporated 
biomaterials combined press needles was 1.12–1.32 times higher than 
that of CTP-incorporated biomaterial without the addition of press 
needles. Mathematical modeling shows that the CTP release mechanism 
follows a pseudo-Fickian diffusion mechanism in the buffer medium and 
a non-Fickian diffusion mechanism in the artificial skin model. The re
sults of the ACE inhibitory activity for the prepared biomaterials 
revealed that CTP-incorporated biomaterials effectively inhibited ACE 
and that CA and GL as plasticizers added to the biomaterials had a 

positive effect on ACE inhibitory activities. Thus, the prepared CTP- 
incorporated CS/CMC biomaterials could be applied as a TDDS for 
antihypertensive treatment. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ijbiomac.2023.128087. 
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K. Luomanmäki, B. Dahlöf, U.D. Faire, C. Mörlin, B.E. Karlberg, P.O. Wester, J. 
E. Björck, Effect of angiotensin-converting-enzyme inhibition compared with 
conventional therapy on cardiovascular morbidity and mortality in hypertension: 
the Captopril Prevention Project (CAPPP) randomised trial, Lancet 353 (1999) 
611–616, https://doi.org/10.1016/S0140-6736(98)05012-0. 

[62] N.A. Shukor, J.V. Camp, G.B. Gonzales, D. Staljanssens, K. Struijs, M.J. Zotti, 
K. Raes, G. Smagghe, Angiotensin-converting enzyme inhibitory effects by plant 
phenolic compounds: a study of structure activity relationships, J. Agric. Food 
Chem. 61 (2013) 11832–11839, https://doi.org/10.1021/jf404641v. 

K.-J. Kim et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.msec.2017.02.081
https://doi.org/10.1016/j.ijbiomac.2023.123382
https://doi.org/10.1016/0006-2952(71)90292-9
https://doi.org/10.1016/j.ijbiomac.2020.06.105
https://doi.org/10.1016/j.ijbiomac.2020.06.105
https://doi.org/10.1016/j.ijpharm.2019.05.045
https://doi.org/10.1016/j.ijpharm.2019.05.045
https://doi.org/10.1016/j.ijbiomac.2015.02.026
https://doi.org/10.1016/j.ijbiomac.2015.02.026
https://doi.org/10.1007/s10973-006-7935-1
https://doi.org/10.1007/s10973-006-7935-1
https://doi.org/10.1248/cpb.30.3139
https://doi.org/10.1248/cpb.30.3139
https://doi.org/10.1016/j.foodhyd.2018.02.003
https://doi.org/10.1016/j.foodhyd.2018.02.003
https://doi.org/10.1016/j.ijbiomac.2021.04.160
https://doi.org/10.1016/j.ijbiomac.2021.04.160
https://doi.org/10.1002/pola.27033
https://doi.org/10.1002/pola.27033
https://doi.org/10.1371/journal.pone.0206275
https://doi.org/10.1080/00914037.2020.1825080
https://doi.org/10.1080/00914037.2020.1825080
https://doi.org/10.1016/j.bbe.2016.09.003
https://doi.org/10.1016/j.ijbiomac.2023.123213
https://doi.org/10.1016/j.ijbiomac.2020.10.047
https://doi.org/10.1016/j.ejpb.2009.04.004
https://doi.org/10.1016/S0140-6736(98)05012-0
https://doi.org/10.1021/jf404641v

	Sustained drug release behavior of captopril-incorporated chitosan/carboxymethyl cellulose biomaterials for antihypertensiv ...
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Preparation of CTP-incorporated CS/CMC biomaterials
	2.3 Characterization
	2.4 CTP release testing
	2.5 CTP release mechanism
	2.6 Optimizing CTP release from CTP-incorporated biomaterials
	2.7 ACE inhibitory activity of the CTP-incorporated CS/CMC biomaterials
	2.8 Statistical analysis

	3 Results and discussion
	3.1 Characterization of CS/CMC biomaterials
	3.2 CTP release properties
	3.3 CTP release properties using an artificial skin test
	3.4 ACE inhibition by the CTP-incorporated biomaterials

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgment
	References


