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A B S T R A C T   

The main objective of this study was to prepare functional allopurinol (ALP) incorporated biomaterials using 
mungbean starch, polyvinyl alcohol, melanin (MEL), and plasticizers. Prepared biomaterials were characterized 
by FE-SEM and FT-IR analysis. Photothermal conversion efficiencies and ALP release properties of biomaterials 
were evaluated with NIR laser irradiation. When biomaterials were irradiated with the NIR laser, temperatures 
increase of MEL-added biomaterials were higher than those of MEL-non-added biomaterials. After NIR laser 
irradiation, ALP release rates of MEL-added biomaterials were 1.62 times faster than those of MEL-non-added 
biomaterials. In addition, ALP release using an artificial skin was increased by NIR laser irradiation. ALP 
release from biomaterials followed Fickian diffusion mechanism, while ALP release using an artificial skin fol-
lowed a non-Fickian diffusion mechanism. Xanthine oxidase inhibitory (%) for MEL-added biomaterials with/ 
without the addition of GL and XL were 47.5%, 61.7%, and 65.1%, respectively.   

1. Introduction 

Recently, interests in environmental pollution caused by non- 
degradable plastic materials has increased. A number of studies have 
been conducted to develop environmentally friendly biodegradable 
materials as substitutes for synthetic polymer materials. Biodegradable 
materials can be rapidly degraded by microorganisms. Synthetic poly-
mers are produced by chemical synthesis while natural polymers are 
produced by microbial synthesis. 

Natural biodegradable polymers include starch, chitosan, alginate, 
gelatin, cellulose, and so on [1–3]. Of these natural biodegradable 
polymers, starch is one possible candidate for preparing functional 
biomedical materials because of its excellent biocompatibility, renew-
able resources, low cost, and abundance in natural [4–6]. 

Starch-based functional biomedical materials can be used for wound 
dressings, carriers for drug delivery, cell drug delivery, transdermal drug 
delivery system (TDDS), encapsulating agents, cell immobilization, and 
so forth because they have features such as inherent biodegradability, 
biocompatibility, and non-toxicity [7–11]. 

Of various drug delivery systems, TDDS has advantages of improving 
drug bioavailability, reducing systemic toxicity, and decreasing pain 

than other of drug delivery systems (oral drug delivery or hypodermic 
injection) by delivering drugs directly to a local area [12–14]. However, 
TDDS has limitations in its use because the skin acts as a natural pro-
tective barrier. In addition, low molecular weight drugs with high hy-
drophilicity have a disadvantage in that it is challenging for them to be 
absorbed through the stratum corneum. Therefore, it is necessary to 
develop a TDDS to solve this limitation [15–18]. An increase in the 
degree of absorption of drug using the functional material and an 
improvement in the degree of penetration using modified drug incor-
porated formulation are essential factors for solving these problems. 
Therefore, various studies are in progress to deliver a therapeutic 
amount of drug to the specific target site in the body and to maintain the 
constant drug concentration using electrically-responsive copolymers or 
stimulus-responsive functional materials for TDDS. In case of 
electrically-responsive copolymers, they are mainly applied in TDDS 
using poly(acrylamide)-graft-pullulan copolymer, poly(acrylamide)- 
grafted-chondroitin, polyacrylamide-grafted-gum ghatti copolymer, etc. 
[19–22]. In addition, functional materials that are stimulus-responsive 
such as melanin (MEL), peflourhexane, proxamer, and poly(N- 
isopropylacrylamid) are attracting attention in biomedical applica-
tions [23–25]. Among various functional materials, the melanin (MEL) 
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is a well-known multifunctional biomaterial that is widely distributed in 
the natural world. It is produced by various organisms including ani-
mals, bacteria, and fungi. MEL has various specific properties such as 
light-protecting, antibiotics, antimicrobial, antiviral, anti-inflammatory, 
thermoregulating, and free radical scavenging activities. In addition, 
MEL can absorb a large range of light from ultraviolet to near infrared 
(NIR) regions with a good photothermal conversion efficiency [26–28]. 
Thus, it is widely used in drug delivery system and photothermal ther-
apy (PTT) based on photothermal conversion efficiency [29,30]. 

In our previous studies, we have prepared nature polymers-based 
biomaterials imprinted with sulindac (SLD) [31], atenolol (ATN) [32], 
and arbutin (AR) [3] for a TDDS and reported the characterization and 
drug release properties of the prepared biomaterials. From these results, 
it can be confirmed that SLD, ATL, and AR imprinted biomaterials could 
be applied as TDDS patches. In addition, we have recently prepared 
functional thermo-sensitive allopurinol (ALP) imprinted biomaterials 
added poloxamer (PX) as a thermo-sensitive polymer to improve the 
degree of absorption of drug through the skin [33]. Experimental results 
have shown that the absorption and release of ALP are enhanced by the 
addition of PX, verifying that drugs imprinted on TDDS biomaterials can 
be effectively released by the functional material. Although many 
studies have been carried out about the effective release of drugs from a 
TDDS biomaterials using functional polymers or biomedical materials, 
few studies have been performed utilizing the photothermal conversion 
efficiency of MEL for functional TDDS. In addition, there were few re-
ports of biodegradable nature polymers-based TDDS biomaterials for the 
acute treatment. 

In this study, in order to enhance the degree of absorption of drugs 
through the skin for use in an acute therapy, functional ALP incorpo-
rated starch-based biomaterials were prepared with the addition of MEL 
as a photothermal agent. ALP is one of the most effective and well- 
known medicine for the treatment of gout and hyperuricaemia. The 
main function of ALP is to inhibit the xanthine oxidaise enzyme, which is 
a key component in the uric acid pathway. In addition, it can be an 
effective urate-lowering therapy (ULT) when adequate doses are used. 
However, side effects such as ALP hypersensitivity syndrome (AHS) and 
kidney damage can occur when a high dosage is used [34–36]. 

The main objective of this study was to prepare functional ALP 
incorporated starch-based biomaterials containing MEL for effective 
TDDS to treat patients with acute gout. Photothermal conversion effi-
ciencies of the prepared functional biomaterials with NIR laser irradia-
tion and ALP release properties under different pH and temperature with 
NIR laser irradiation were investigated. In addition, ALP release mech-
anisms of diffusion (Fickian and non-Fickian diffusion mechanisms) 
were determined. Especially, ALP release was evaluated using an arti-
ficial skin test to evaluate the application of the prepared biomaterials as 
a TDDS. Moreover, xanthine oxidase (XO) inhibition properties were 
investigated using ALP solution released from functional ALP incorpo-
rated biomaterials. 

2. Experimental 

2.1. Materials 

Mungbean starch (M) was obtained from Chungwon food (Incheon, 
South Korea). Melanin (MEL), allopurinol (ALP), sodium benzoate (S), 
polyvinyl alcohol (PVA) (Mw: 89,000-98,000, degree of hydrolysis 
(DH): 99%), glycerol (GL), xylitol (XL), xanthine, xanthine oxidase mi-
crobial (XO), sodium phosphate dibasic, sodium phosphate monobasic, 
and 3,3′,5,5′-Tetramethylbenzidine (TMB, Insoluble) were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). Hydrogen tetrachloroaurate 
(III) tetrahydrate (HAuCl4) was purchased from Duksan (Pharmaceu-
tical Co., Ltd., Korea). Tris-HCl buffer (pH 7.5) was obtained from 
Thermo Fisher Scientific (Waltham, MA, USA). All other chemicals and 
materials were commercially available without further purification. 
Distilled water (DW) was re-distilled after deionization and used in all 

experiments. 

2.2. Preparation of MEL added functional ALP incorporated starch-based 
biomaterials 

MEL-added functional ALP incorporated starch-based biomaterials 
were prepared by casting method and UV curing process. The PVA so-
lution was prepared by dissolving PVA in hot DW (98 ◦C). Mungbean 
starch, sodium benzoate, and plasticizers (GL or XL) were mixed with 
DW using a kitchen-aid mixer (Anymix, Hyun-woo Star, Seoul, Korea) at 
500 rpm for 30 min. The PVA solution and mixed mungbean starch/ 
sodium benzoate/plasticizers were left at 98 ◦C for 15 min. The mixture 
was blended to form a homogeneous gel-like solution with a mechanical 
stirrer (500 rpm) at room temperature for 70 min. After dissolving ALP 
(0.5 g) as the target drug and MEL (5 mg) in DW (20 mL), the ALP so-
lution was added dropwise for 20 min for uniform incorporation and 
dispersion in a gel-like solution during the blending process. Composi-
tions for the preparation of functional ALP incorporated biomaterials are 
shown in Table 1. Bubbles were removed using an aspirator. The gel-like 
solution was poured on to a pre-warmed (45 ◦C) Teflon mold (300 ×
300 × 1 mm). Water was evaporated from the mold in a ventilated oven 
at 45 ◦C for 24 h. Prepared biomaterials were then cured for 30 min 
using a UV lamp (OSRAM ULTRA-VITALUX, 300 W) at an atmospheric 
pressure. After the UV curing process, biomaterials were conditioned at 
25 ◦C for one week with a relative humidity (RH) of 55%. 

2.3. Characterization of functional biomaterials 

Surfaces and cross-sections of prepared functional biomaterials 
with/without the addition of MEL and ALP were investigated using a 
field emission scanning electron microscope (FE-SEM) (S-4700, Hitachi, 
Tokyo, Japan) at an acceleration voltage of 5.0 kV. Fourier transform 
infrared spectrophotometry (FT-IR) analysis was performed using an FT- 
IR spectrophotometer (vertex-70, Bruker, Germany) to confirm func-
tional groups of prepared biomaterials with/without the addition of 
MEL and ALP. In addition, ALP with/without UV irradiation was 
examined for 1H nuclear magnetic resonance (1H NMR) spectra to verify 
the stability of ALP by UV irradiation. 1H NMR spectra were recorded on 
a Varian Unity Inova 500 MHz spectrometer at the Korea Basic Science 
Institute (KBSI, Gwangju Center, Korea). Samples for NMR analysis were 
dissolved in DMSO‑d6. 

2.4. Tensile strength and elongation properties 

Tensile strength (TS) and elongation properties (EP) of prepared 
functional starch-based biomaterials were investigated using an Instron 
6012 testing machine (Norwood, MA, USA). Six dumbbell shaped 
specimens (ASTM D-412) were obtained by cutting biomaterials. The 
thickness of each biomaterial was measured at seven places along the 
test length using a mechanical scanner (Digital thickness gauge “Mitu-
toyo” Tokyo, Japan) at 20–23 random positions around the prepared 
biomaterial. The average thickness of specimens was 0.108 ± 0.004 
mm. Gauge length and grip distance were 50.0 mm. The crosshead speed 
was 20 mm/min and the load cell capacity was 250 kgf. All tests were 
conducted at 25 ◦C with RH of 60.0%. 

2.5. Photothermal conversion efficiencies of functional starch-based 
biomaterials 

Photothermal conversion efficiencies of functional starch-based 
biomaterials were determined as follows. Prepared biomaterials (0.10 
g) were irradiated with 808 nm NIR laser (LAB808CW-4 W-f400, 
Laserlab Co., Seoul, Korea) at a power density of 1.5 W/cm2 for 21.0 min 
in standard buffer solution (pH 7.0) at room temperature. Temperature 
change for MEL added biomaterials were monitored every 3 min using 
an infrared (IR) thermal imaging camera (C2, FLIR System Inc., 
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Sweden). 

2.6. ALP release properties 

ALP release properties of biomaterials were investigated with/ 
without NIR laser irradiation. Functional biomaterials (0.10 g) were 
immersed in Petri dishes containing 100 mL buffer solutions at different 
temperature (25.0, 36.5, and 40.0 ◦C) and pH 5.8. ALP release properties 
were then evaluated with/without NIR laser irradiation. At pre-
determined time intervals, 2 mL of the solution was measured using a 
UV–vis spectrophotometer (OPTIZEN 2120UV, Neogen, Co., Ltd., 
Korea) at 257.0 nm. In addition, the possibility of the biomaterials as a 
TDDS was verified by ALP release test using an artificial skin (Neoderm- 
ED, Tego Science, Inc. Korea). Prepared functional ALP incorporated 
biomaterials (2.0 × 2.0 cm) were placed on artificial skins mixed agar- 
based gel at 36.5 ± 0.5 ◦C with RH of 60.0 ± 0.5%. Agar-based gel was 
immersed in DW at 25.0 ◦C for 6 h. After a certain period of time, ALP 
release was then measured using a UV–vis spectrophotometer. 

2.7. In vitro xanthine oxidase inhibitory activity 

All ALP release solutions were assayed for in vitro xanthine oxidase 
inhibitory (XOI) activities. XOI activity was assayed spectrophotomet-
rically under aerobic conditions using xanthine as a substrate [37–39]. 
The assay mixture consisted of 1 mL of ALP release solution, 2.9 mL of 
phosphate buffer solution (pH 7.4), and 0.1 mL of xanthine oxidase (XO) 
solution (0.01 units/mL in phosphate buffer solution, pH 7.4). After pre- 
incubation at 25 ◦C for 15 min, the reaction was initiated by the addition 
of 2 mL of xanthine solution (150 μM in phosphate buffer solution, pH 
7.4). The assay mixture was incubated at 25 ◦C for 30 min. The reaction 
was then stopped by the addition of 1 mL of 1 N HCl and its absorbance 
was measured at 290 nm using a UV–vis spectrophotometer. ALP is one 
of the most well-known inhibitors of XO. It was used as a positive control 
in this study. One unit of XO was defined as the amount of enzyme 
required to produce 1 mmol of uric acid/min at 25 ◦C. XOI activity was 
expressed as inhibition (%) of XO in the above assay system. It was 
calculated as: 

Inhibition (%) =

{
(A − B) − (C − D)

(A − B)

}

× 100 (1)  

where A was the activity of the enzyme without the ALP release solution, 
B was the control of A without the ALP release solution and XO solution, 
C and D were the activities of the ALP release solution with/without XO, 
respectively. 

The inhibitory effect of uric acid synthesis for ALP solution released 
on functional ALP incorporated biomaterials was also determined using 
colorimetric sensing of uric acid [40]. XOI activity assay mixtures and 
0.05 mM HAuCl4 solution were mixed in tris-HCl buffer (pH 7.5) and 
incubated at room temperature for 10 min. Then, 0.1 mM TMB solution 
was added into the above reaction solution. The mixture was vortexed 
thoroughly at room temperature for 2 min. 

2.8. Statistical analysis 

All experimental results are presented as mean ± standard deviation 
(SD). Data of this study were tested for statistical significance using 
Student's t-test through repeated experiments. 

3. Results and discussion 

3.1. Characterization 

To verify the surface and cross-sections characteristics of prepared 
functional starch-based biomaterials with/without the addition of MEL, 
the analyses were performed using FE-SEM. Fig. 1 shows SEM images of 
prepared functional ALP incorporated biomaterials with/without the 
addition of ALP, MEL, and plasticizers (GL or XL). Results indicated that 
there was no noticeable agglomeration, voids, porosity, or cracks in SEM 
images of prepared functional biomaterials except for biomaterials 
added with 0.10 or 0.20 wt% MEL (Fig. 1c and d). Based on these results, 
functional ALP incorporated biomaterials were prepared by adding 0.05 
wt% MEL. 

FT-IR and 1H NMR analyses of ALP before and after UV irradiation 
were performed to confirm the stability of ALP by UV irradiation for 30 
min which was the same preparation condition for ALP incorporated 
starch-based biomaterials. Fig. 2a and b shows FT-IR spectra and 1H 
NMR of ALP before and after UV irradiation, respectively. Results 
indicated that the change of chemical structure for ALP did not change at 
the synthesis condition after UV irradiation of the biomaterials. FT-IR 
spectra of characteristic peaks of ALP showed bands at 3066.15 and 
2851.19 cm− 1 for N–H stretching vibrations, 1710.33 cm− 1 for C––O 
stretching vibrations, and 1593.67 cm− 1 for C––C stretching vibrations 
(see Fig. 2a) [41,42]. In addition, 1H NMR spectra showed characteristic 
peaks of ALP appeared at 8.03 and 7.96 ppm for protons including 
chemical structure for ALP (see Fig. 2b) [43]. Furthermore, FT-IR 
spectra of MEL showed no change due to UV irradiation because the 
characteristic peaks of MEL appeared at 3411.45 cm− 1 due to O–H or 
N–H stretching vibrations, 1716.07 cm− 1 due to COOH stretching, 
1615.97 cm− 1 due to C––C stretching, and 1398.51 cm− 1 due to 
aliphatic C–H stretching [44,45]. 

Fig. 2b shows FT-IR spectra of functional starch-based biomaterials 
with/without the addition of ALP and MEL. In the spectra of non- 
incorporated biomaterials, absorption bands between 845.0 and 
912.3 cm− 1 could be assigned to -C-O-C- ring vibration in granular 
starch. In addition, absorption bands at 1100.5 and 1005.9 cm− 1 cor-
responding to the anhydroglucose ring of starch were observed. Broad 
absorption bands at 3189.74 and 3170.38 cm− 1 as asymmetry and 
symmetry stretching were attributed to hydrogen bonded hydroxyl 
groups (-OH) [46]. Characteristic peaks of ALP and MEL were appeared 
at 1585.41 and 1664.27 cm− 1. These results of FT-IR analysis for func-
tional ALP incorporated biomaterials with/without the addition of 
plasticizers (GL or XL), ALP, and MEL verified the presence of charac-
teristic peaks of ALP and MEL. However, other peaks could not be 
confirmed because of overlapping peaks with similar chemical bonds. 
Results indicated that functional starch-based biomaterials were suc-
cessfully prepared by the addition of ALP and MEL. 

Table 1 
Composition of functional ALP incorporated starch-based biomaterials.  

Sample name Mungbean starch (M) (g) PVA (P) (g) MEL (wt%) GL (wt%) XL (wt%) Sodium benzoate (S) (wt%) ALP (g) DW (g) 

MPS  6.0  4.0 – – – 3.0 –  100 
MPS-ALP  6.0  4.0 – – – 3.0 0.5  100 
MPSMEL5  6.0  4.0 0.05 – – 3.0 –  100 
MPSMEL10  6.0  4.0 0.10 – – 3.0 –  100 
MPSMEL20  6.0  4.0 0.20 – – 3.0 –  100 
MPSMEL5-ALP  6.0  4.0 0.05 – – 3.0 0.5  100 
MPMEL5GL-ALP  6.0  4.0 0.05 40 – 3.0 0.5  100 
MPSMEL5XL-ALP  6.0  4.0 0.05 – 40 3.0 0.5  100  

H.-S. Kim et al.                                                                                                                                                                                                                                  



International Journal of Biological Macromolecules 209 (2022) 1477–1485

1480

3.2. Mechanical properties 

Evaluating the tensile strength (TS) and elongation properties (EP) as 
mechanical properties of natural polymer based-biomaterials is neces-
sary to apply them in a TDDS as biomedical materials. Therefore, TS and 
EP values of functional biomaterials were investigated in this study. 
Results of TS and EP for the prepared functional biomaterials with/ 
without the addition of ALP, MEL, and plasticizers (GL and XL) are 
shown in Table 2. The results of TS and EP of MEL-added biomaterial 
were similar to those of biomaterials without the addition of MEL. In 
case of GL or XL added functional biomaterials added with MEL, TS 
values of functional biomaterials without the addition of GL or XL were 
higher than those of GL or XL-added functional biomaterials, whereas EP 
values were higher than those of functional biomaterials without the 
addition of GL or XL. These results confirmed that there was no signif-
icant difference in TS or EP as mechanical properties. In addition, dif-
ferences of mechanical properties did not appear significantly 
influenced by the addition of ALP in MEL-added biomaterials. 

3.3. Photothermal conversion efficiency 

To determine photothermal effects after the addition of MEL as a 

photothermal agent, photothermal conversion efficiencies of MEL- 
added functional starch-based biomaterials after NIR laser irradiation 
were investigated. Fig. 3 shows temperature changes of functional bio-
materials with/without the addition of MEL and plasticizers under NIR 
laser irradiation at room temperature. As shown in Fig. 3a, the tem-
perature of biomaterial without the addition of MEL (MPS-ALP) was 
slightly increased from 26 ◦C to 29 ◦C, whereas the temperature of MEL 
added biomaterial (MPSMEL5-ALP) was drastically increased from 
26 ◦C to 36.8 ◦C after NIR laser irradiation for 21 min. For ALP incor-
porated biomaterials added with MEL and GL-added biomaterials 
(MPSMEL5GL-ALP) or XL-added biomaterials (MPSMEL5XL-ALP), 
temperatures were increased from 26 ◦C to 40.1 or 41.5 ◦C, respectively, 
after NIR laser irradiation for 21 min (see Fig. 3b). The reason why the 
temperature of GL or XL added functional biomaterials was higher than 
that of functional biomaterial without the addition of GL or XL was 
because many functional groups (hydroxyl groups) present in GL and XL 
could absorb NIR laser and cause inter-intramolecular interactions. 
These results confirmed that the addition of MEL to biomaterials under a 
NIP laser irradiation had photothermal conversion effects. Akomeah 
et al. [47] have reported that that the suitable temperature of bioma-
terial is between 40 and 42 ◦C to apply the biomaterial as a TDDS. These 
results suggest that the prepared MEL-added biomaterials can be applied 
as functional biomaterials in a TDDS. Although it is necessary the NIR 
irradiation for drug release in short time, it can be said to be the effective 
functional biomaterial for acute treatment in various diseases. 

3.4. ALP release properties 

ALP release test of functional ALP incorporated starch-based bio-
materials was performed to determine their applications in a TDDS to 
treat gout and hyperuricemia. Fig. 4 shows ALP release profiles of 
functional ALP incorporated biomaterials with/without the NIR laser 
irradiation at pH 5.8 and 36.5 ◦C. The ALP release mechanism was 
further investigated using Fickian diffusion model and Empirical model 
for systematic analysis of ALP release behavior. The Fickian diffusion 
model is generally used for predicting absorption or adsorption behavior 
of target chemicals due to its simplicity and mathematical manage-
ability. It was obtained using Fick's diffusion on a thin film slab of 
thickness as shown in the following Eq. (2) [48,49]: 

∂C
∂t

= D
∂2C
∂x2 (2)  

where C was the concentration at time t and D was the constant diffusion 
coefficient. The solution of Eq. (2) rearranged by the form of a trigo-
nometric series was known as the Fickian diffusion model (3). 

Mt

M∞
= 1 −

∑∞

n=0

8
(2n + 1)2

• π2
exp

[

−
De • (2n + 1)2

• π2

l2 • t

]

(3)  

where Mt was the amount of drug release at time t, M∞ was the amount 
of drug release at infinite time, and l, t, and De were the half-thickness of 
slab, the diffusion time, and the diffusion coefficient, respectively. 

The non-Fickian model was represented by the following empirical 
relation (4). 

Mt

M∞
= ktn (4)  

where k was the drug release constant and n was the diffusional expo-
nent in terms of the drug release mechanism. In case of n = 0.5, the 
release behavior was a Fickian diffusion mechanism or case I, while n <
0.5 was a pesudo-Fickian diffusion mechanism. In addition, 0.5 < n <
1.0 would indicate a non-Fickian diffusion mechanism (anomalous) 
while n ≥ 1 follows case II (n = 1) or super case II [50]. 

Fig. 4 shows results of ALP release for functional ALP incorporated 
starch-based biomaterials with/without the addition of MEL and 

Fig. 1. SEM image (surfaces and cross-sections) of functional ALP incorporated 
starch-based biomaterials. (a) non-incorporated biomaterial. (b-d) functional 
non-incorporated biomaterials with MEL contents. (e) ALP incorporated 
biomaterial. (f) functional ALP incorporated biomaterial. (g-h) functional ALP 
incorporated biomaterial with the addition of plasticizers. 
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plasticizers under human skin conditions (pH 5.8 and 36.5 ◦C) during 
NIR laser irradiation. As shown in Fig. 4a, ALP release rates of ALP 
incorporated biomaterials without the addition of MEL and plasticizers 
were almost similar (at 51.7% and 53.8%, respectively) regardless of 
NIR laser irradiation. These results were verified by an ALP release rate 
of 3.49E-11 m2/s for MPS-ALP with NIR irradiation and an ALP release 
rate of 3.631E-11 m2/s for MPS-ALP with NIR irradiation (see Table 3). 

Fig. 4b shows the ALP release rates (%) of MEL-added functional ALP 
incorporated starch-based biomaterials (MPSMEL5-ALP) with/without 
NIR laser irradiation under pH 5.8 and 36.5 ◦C. The ALP release rate was 
84.8% for MPSMEL5-ALP with NIP laser irradiation within 21 min, 
whereas it was 52.3% without NIP laser irradiation. The ALP release rate 
with NIR irradiation (1.09E-10 m2/s) also tended to be faster than that 
without NIR irradiation (3.78E-11 m2/s). These results indicated that 
ALP release (%) from MPSMEL5-ALP with NIR laser irradiation was 1.62 

times faster than that without NIR laser irradiation. These results veri-
fied that the degree of ALP release (%) was increased by the addition of 
MEL to ALP incorporated biomaterials due to its photothermal conver-
sion effects. ALP release (%) results for ALP incorporated biomaterials 
added with MEL and plasticizers (GL and XL) upon NIR laser irradiation 
are shown in Fig. 4c. ALP release rates (%) of MPSMEL5XL-ALP and 
MPSMEL5GL-ALP with NIR laser irradiation were more than 99.0% 
within 21 min. These results and Table 3 revealed that there were sig-
nificant differences in ALP release under NIR laser irradiation depending 
on plasticizers added to functional ALP incorporated biomaterials. ALP 
release showed the following order: MPSMEL5XL-ALP (3.25E-10 m2/s) 
> MPSMEL5GL-ALP (2.49E-10 m2/s) > MPSMEL5-ALP (1.09E-10 m2/ 
s). Such high ALP release rates (%) of ALP incorporated biomaterials 
added with MEL and plasticizers were due to their better photothermal 
conversion efficiencies than functional ALP incorporated biomaterials 
without the addition of plasticizers. As shown in the results of Fig, 3, 
photothermal conversion efficiencies of plasticizers and MEL-added 
biomaterials were better than that of MEL-added biomaterials without 
the addition of plasticizers. Therefore, it is considered that the degree of 
ALP release was improved by the temperature increase of MEL-added 
biomaterials and the changes of structure between components of bio-
materials. As shown in Fig. 4 (line) and Table 3, the results indicated that 
the ALP release behavior of Fickian diffusion model using the buffer 
solution was more satisfactory than that of the empirical model. In 
addition, the diffusional exponent (n) of functional ALP incorporated 
biomaterials calculated by the empirical model was less than 0.5, clearly 
indicating that ALP release behavior followed the pesudo-Fickian 
diffusion mechanism. 

Fig. 2. FT-IR spectra of MEL and ALP with/without UV irradiation (a), 1H NMR of ALP with/without UV irradiation (b), and functional ALP incorporated starch- 
based biomaterials with/without the addition of ALP, MEL, and plasticizers (GL and XL) (c). 

Table 2 
Mechanical properties of functional ALP incorporated starch-based 
biomaterials.  

Sample name Tensile strength (MPa) Elongation at break (%) 

MPS 70.8 ± 1.84 13.3 ± 1.04 
MPS-ALP 72.7 ± 1.77 12.7 ± 1.10 
MPSMEL5 73.2 ± 1.98 12.9 ± 1.27 
MPSMEL5-ALP 73.7 ± 1.69 11.9 ± 1.19 
MPSMEL5GL 20.67 ± 1.08 105.7 ± 3.51 
MPSMEL5GL-ALP 25.12 ± 1.15 99.55 ± 2.47 
MPSMEL5XL 18.75 ± 0.89 108.9 ± 3.83 
MPSMEL5XL-ALP 23.85 ± 1.02 102.8 ± 2.97  
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3.5. ALP release properties using artificial skin 

To confirm the applicability of functional ALP incorporated starch- 
based biomaterials as a TDDS, ALP release experiment was carried out 
using artificial skin under human skin conditions (pH 5.8, 36.5 ◦C and 
RH 58.0%). 

Fig. 5 shows ALP release profiles of functional ALP incorporated 
starch-based biomaterials using artificial skin. Cumulative release rates 
of ALP from functional ALP incorporated biomaterials were increased at 

a relatively constant ratio with increasing of NIR laser irradiation time. 
The ALP release rate (%) and ALP release behavior for MPSMEL5-ALP 
with/without NIR laser irradiation using artificial skin are shown in 
Fig. 5a. The cumulative release rate of ALP without NIR laser irradiation 
was 18.0% for 21 min, whereas it was increased to 38.9% with NIR laser 
irradiation. These results confirmed that the degree of ALP release (%) 
increased by photothermal conversion efficiency of MEL added to bio-
materials under artificial skin test. When compared with buffer solution 
and artificial skin test for ALP release (%), ALP release (%) at buffer 

Fig. 3. (a) Photothermal heating curve of functional ALP incorporated starch-based biomaterials with/without the addition of MEL and plasticizers under 808 NIR 
laser irradiation at 1.5 W/cm2 for 21 min. (b) IR thermal image of functional ALP incorporated biomaterials with/without the addition of MEL and plasticizers under 
808 NIR laser irradiation at 1.5 W/cm2 for 21 min. 

Fig. 4. Experimental and diffusion model fits of ALP 
release (%) from functional ALP incorporated starch- 
based biomaterials with/without 808 NIR laser irra-
diation in buffer solution. (a) ALP release (%) from 
MEL non-added biomaterial with/without NIR laser 
irradiation at pH 5.8 and 20 ◦C. (b) ALP release (%) 
from MEL added biomaterial with/without NIR laser 
irradiation at pH 5.8 and 36.5 ◦C. (c) ALP release (%) 
from MEL added biomaterial with the addition of 
plasticizers by NIR laser irradiation at pH 5.8 and 
36.5 ◦C.   
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solution was about 2.2 times higher than that of at artificial skin test. It is 
considered that the reason is ALP is released from all parts of the pre-
pared biomaterials at buffer solution. Fig. 5b and c presents results of 
ALP release rate (%) and ALP release behavior for functional ALP 
incorporated biomaterials with/without the addition of MEL and plas-
ticizers (GL and XL) under NIR laser irradiation. Degrees of ALP release 
from functional ALP incorporated biomaterials depending on the addi-
tion of MEL and plasticizers were found to have the following order: 
MPSMEL5XL-ALP > MPSMEL5GL-ALP > MPSMEL5-ALP > MPS-ALP. In 
addition, as shown in Fig. 5 (line) and Table 4 (n value), the ALP release 
(%) using artificial skin determined by the empirical model was more 
satisfactory than that by the Fickian diffusion model. ALP release 

mechanism also followed a non-Fickian diffusion mechanism because n 
value was calculated by the empirical model as a value greater than 0.5. 
These results suggest that MEL-added biomaterials with NIR laser irra-
diation as a TDDS can be used for therapy of acute gout and a drug 
release control. 

3.6. In vitro xanthine oxidase inhibitory activity 

Xanthine oxidase (XO) is the main enzyme required to produce uric 
acid by the degradation of purine nucleotide in the body. Thus, xanthine 
oxidase inhibitory (XOI) plays the most important role in the treatment 
of gout [51]. In order to verify the applicability of the prepared 

Table 3 
Fickian diffusion and empirical model parameters of ALP release from functional ALP incorporated starch-based biomaterials with/without NIR laser irradiation using 
standard buffer solution.   

MPS-ALP with NIR laser MPS-ALP without NIR laser MPSMEL5-ALP with NIR laser MPSMEL5-ALP without NIR laser MPSMEL5 GL-ALP MPSMEL5 XL-ALP 

Fickian diffusion model 
M∞  51.3842  53.7815  54.1682  83.8915  101.8001  101.9280 
De  3.49E-11  3.631E-11  3.78E-11  1.09E-10  2.49E-10  3.25E-10 
R2  0.998  0.999  0.998  0.997  0.998  0.997  

Empirical model 
M∞  14.1315  15.7171  19.3014  46.6882  68.3029  71.0330 
k  0.6413  0.9695  0.4097  0.7082  0.8169  1.404 
n  0.4325  0.3804  0.3522  0.2866  0.1557  0.1172 
R2  0.880  0.898  0.901  0.869  0.790  0.757  

Fig. 5. Experimental and diffusion model fits of ALP release (%) from functional ALP incorporated starch-based biomaterials with/without 808 NIR laser irradiation 
using artificial skin (pH 5.8, 36.5 ◦C, and RH 58%). (a) ALP release (%) from MEL added biomaterial with/without NIR laser. (b) ALP release (%) from biomaterials 
with/without the addition of MEL by NIR laser irradiation. (c) ALP release (%) from MEL added biomaterial with the addition of plasticizers by NIR laser irradiation. 
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functional ALP incorporated starch-based biomaterials for gout treat-
ment as a TDDS, the XOI test was performed using xanthine as the 
substrate in the present study. Fig. 6a shows results of XOI activity of 
ALP released into a solution from ALP incorporated biomaterials with/ 
without the addition of MEL and plasticizers according to NIR laser 
irradiation time. The XOI activity (%) tended to increase with an in-
crease in NIR laser irradiation time. XOI activities (%) of functional ALP 
incorporated biomaterials with the addition of plasticizers 
(MPSMEL5GL-ALP and MPSMEL5XL-ALP) were about 2.5 times higher 
than those of ALP incorporated biomaterial without the addition of MEL 
or plasticizers (MPS-ALP). The XOI activities (%) of the prepared func-
tional ALP incorporated biomaterials were as follows: MPS-ALP, 26.3%; 
MPSMEL5-ALP, 47.5%; MPSMEL5GL-ALP, 61.7%; and MPSMEL5XL- 
ALP, 65.1%. 

Colorimetric sensing of uric acid test was also performed using 
chromogenic reaction of TMB and HAuCl4 to verify the inhibitory effect 
of uric acid synthesis for ALP released to solution from functional ALP 
incorporated starch-based biomaterials (Fig. 6b). HAuCl4 can catalyze 
the oxidation of TMB in the presence of ALP with color changes from 
colorless to blue oxidized TMB (ox-TMB). However, the reaction does 
not proceed in the presence of uric acid [40]. As shown in Fig. 6b, the 
non-treatment group appeared colorless due to the present of uric acid, 
whereas there was a color change (appeared in blue color) for XOI assay 
mixture group treated with ALP. In addition, there was a color change in 
saturation with an increase of ALP release, showing the following 
increasing order: MPSMEL5XL-ALP > MPSMEL5GL-ALP > MPSMEL5- 
ALP > MPS-ALP. These results indicated that the prepared functional 
ALP incorporated biomaterials had excellent effects as XO inhibitors. 
Therefore, the prepared functional ALP incorporated biomaterials could 
be used in a TDDS to treat gout. 

4. Conclusions 

Functional allopurinol (ALP) incorporated biomaterials using 
mungbean starch, PVA, MEL, and plasticizers (GL and XL) were suc-
cessfully synthesized using a UV curing process and a casting methods. 
Photothermal conversion efficiencies of functional ALP incorporated 
biomaterials were investigated under 808 NIR laser irradiation at 1.5 W/ 
cm2. Results indicated that the temperature changes of MEL-added 
biomaterials were about 1.27 times higher than those of biomaterials 
without the addition of MEL. To confirm the applicability of functional 
ALP incorporated biomaterials in a TDDS, their ALP release properties 
were determined with/without NIR laser irradiation. ALP release rate 
(%) of MEL-added ALP incorporated biomaterials under NIR laser irra-
diation at pH 5.8 and 36.5 ◦C were 1.62 times faster than those without 
NIR laser irradiation. These results confirmed that the degree of ALP 
release (%) was increased by the addition of MEL due to its photo-
thermal conversion efficiency. In addition, ALP release mechanism 

calculated by Fickian diffusion and empirical models verified that the 
ALP release behavior could be satisfactorily explained by the pseudo- 
Fickian diffusion mechanism. Likewise, in case of ALP release (%) 
using an artificial skin, the ALP release was increased at a relatively 
steady-state rate with increasing NIR laser irradiation time. In addition, 
ALP release mechanism was explained by empirical models, showing 
that the ALP release (%) mechanism in the artificial skin test followed 
the non-Fickian diffusion mechanism. Xanthine oxidase inhibitory (XOI) 
activity test of ALP solution released from ALP incorporated bio-
materials with the addition of MEL and plasticizers (GL and XL) under 
NIR laser irradiation time on was about 2.5 times higher than that of ALP 
solution released from ALP incorporated biomaterial without the addi-
tion of MEL or plasticizers. Colorimetric sensing of uric acid test was also 
conducted using chromogenic reaction of TMB and HAuCl4. Results 
indicated that the non-treatment group appeared colorless due to the 
presence of uric acid, whereas the color changed (appeared in blue 
color) in the XOI assay mixture group treated with ALP. These results 
suggest that functional ALP incorporated biomaterials could be applied 
to a TDDS for therapy acute gout patients. 
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