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Abstract. Polymeric biomaterials based on biodegradable, non-toxic polymers are being studied
for applications in pharmaceutical and medical fields. With their advantages, many products have
been developed and tested over the past decades. Chrysophanol (CSP), a natural anthraquinone
isolated from fungi, rhubarb, senna, etc., exhibits good properties such as hemostasis, antibacterial
ability, anti-inflammatory, anti-cancer, and improving local blood deficiency conditions, etc.
Despite its numerous beneficial effects, the poor water solubility of CSP limits its absorption in
the body. Polycaprolactone (PCL), a biocompatible and biodegradable polyester, has been
extensively researched for polymeric biomaterials carrying drugs to achieve controlled drug
release, improve water solubility, and enhance drug bioavailability. This work presents the
preparation and characterization of a novel biomaterials based on the PCL and CSP at different
PCL/CSP ratios prepared by the solution method. The methods, including infrared (IR)
spectroscopy, scanning electron microscopy (SEM), dynamic light scattering (DLS), X-ray
diffraction (XRD), differential scanning calorimetry (DSC) and ultra violet visible (UV-Vis)
spectroscopy, have been used to assess the characteristics of PCL/CSP biomaterials. The obtained
results indicate that CSP was loaded by PCL and they can interact to each other through physical
interactions. The presence of PCL in the biomaterials contributes significantly to enhancing the
solubility of CSP in aqueous environment. As a result, the CSP content released from PCL/CSP
biomaterials was improved remarkably in pH 2.0 and pH 7.4 buffer solutions. Additionally, the
release kinetic of CSP from the biomaterials has been calculated to find a suitable mechanism for
drug release in the simulated body fluids.
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1. INTRODUCTION

Plastic waste from polymers such as polyethylene and polypropylene is considered a global
pollution agent. In recent years, numerous studies have been conducted to identify
environmentally friendly bio-based materials. Polycaprolactone (PCL), a semi-crystalline
polymer - is one such biodegradable material that is environmentally friendly and widely utilized
in the medical field due to its biological compatibility and ability to degrade by hydrolyzing ester
bonds under physiological conditions [1-3]. The PCL is a hydrophobic synthetic polymer with
high flexibility and biocompatibility, soluble in various solvents at room temperature but
insoluble in alcohols, petroleum, etc. As a result, the PCL is applied in controlled drug delivery
systems [4, 5], tissue engineering [6, 7], wound healing techniques [8, 9], etc. The PCL has been
approved by the US Food and Drug Administration (FDA) for internal medical applications due
to its low immunogenicity [10, 11].

Several drug delivery systems including PCL in the forms of microspheres, nanocapsules,
nano-spheres, and nano-fibers have been developed for controlled release of drugs or proteins [4,
5, 11-13]. The biodegradable nature of PCL fibers has paved the way for research on drug release
control. Yan et al. successfully fabricated pH-sensitive core-shell nanofibers of PCL/polyvinyl
alcohol (PCL/PVA), where the PCL is core and PVA is shell. These nano fibers can be efficiently
degraded under acidic or neutral conditions. Moreover, the PCL/PVA fibers can serve as drug
carriers for the anti-cancer drug paclitaxel (PTX) [12]. Williamson ef al. combined a hydrophilic
macromolecule (ovalbumin) and a hydrophilic drug (progesterone) within PCL fibers using the
gravitational spinning method for particle dispersion [13]. Chang ef al. incorporated gentamicin
sulfate (GS) into PCL fibers through gravitational spinning method to create biomaterials capable
of locally controlling antibiotic distribution. The drug release kinetics can be adjusted by varying
the amount of GS within the fibers and the fabrication conditions [ 14]. Puppi et al. optimized wet
spinning conditions to obtain 3D scaffolds of PCL loaded with antibiotics enrofloxacin (EF) and
levofloxacin (LF). Most antibacterial agents added to the polymer solution had blood-clotting
ability, and the drug loading efficiency ranged from 18 % to 27 %, depending on the antibiotic
type and concentration. The polymer systems carrying EF and LF exhibited rapid drug release
initially, followed by sustained release for up to 5 weeks [15]. Luong and Liu have been applied
the electrospinning method for preparation of PCL nanofibers for loading drugs such as heparin,
ampicillin [16, 17].

Chrysophanol (CSP), also known as 1,8-dihydroxy-3-methyl-anthraquinone and
chrysophanic acid with the chemical formula C5H0Os, is a natural anthraquinone isolated from
fungi, medicinal plants belonging to various plant families such as Rhamnaceae (buckthorn,
cascara), Polygonaceae (thubarb), Caesalpiniaceae (senna), etc. [18-20]. The CSP exists as a
crystalline solid, typically appearing as a yellow-orange to reddish-brown powder, poorly soluble
in water, slightly soluble in cold ethanol, readily soluble in hot ethanol, benzene, chloroform,
ether, acetic acid, and acetone, among others [21]. With pharmacological effects such as anti-
cancer, anti-inflammatory, antioxidant properties, the CSP has garnered attention from many
scientists for research purposes [20, 21]. Studies have shown its potential in alleviating nerve cell
damage induced by lead exposure in neonatal mice, inhibiting the viability of HepG2 cells over
time, and reducing inflammation markers in lung-injured mice treated with paraquat [22-24]. Its
pharmacokinetics, including plasma protein binding and tissue distribution, have also been
investigated, highlighting its preferential binding to human serum compared to mouse serum and
bovine serum albumin [25]. Despite its valuable medicinal properties, the limited water solubility
of CSP poses a challenge in formulation and delivery methods.
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The combination of PCL and CSP in the biomaterials is still limited in research. Therefore,
the aim of this study is to prepare the biomaterials based on PCL and CSP by solution method
and to characterize these biomaterials using infrared (IR) spectroscopy, scanning electron
microscopy (SEM), dynamic light scattering (DLS), X-ray diffraction (XRD), differential
scanning calorimetry (DSC) and ultra violet visible (UV-Vis) spectroscopy. Additionally, the
drug release content and drug release kinetics of CSP from PCL/CSP biomaterials in simulated
body fluids have been also assessed and discussed.

2. MATERIALS AND METHODS
2.1. Materials

Polycaprolactone (PCL, average M, ~14,000, average M, ~10,000 by GPC) and
chrysophanol (CSP, > 98 % by HPLC, melting point of 192-196°C) were purchased from Sigma
Aldrich. The solvents used were dichloromethane (DCM, 99 %, China) and ethanol
(99.5 %, China).

2.2. Preparation of PCL/CSP biomaterial

0.1 g PCL was weighed and added to 25 mL of DCM before being stirred magnetically to
obtain PCL solution. 0.001 g of CSP was weighed and dissolved in 10 mL of DCM. Next, the
CSP solution was dropped slowly to the PCL solution in combining with magnetically stirring.
The mixture was then homogenized by IKA TI18 device for 30 minutes and following
magnetically stirred for 2 hours. The mixture was poured into a petri dish and placed in room
temperature for natural solvent evaporation to obtain PCL/CSP biomaterial in a powder form.

Table 1. Composition and abbreviation of PCL/CSP biomaterials.

No. PCL/CSP ratio PCL weight (g) CSP weight (g) Sample abbreviation
1 PCL/CSP =100/1 0.1 0.001 PCL/CSP 1%

2 PCL/CSP =100/2 0.1 0.002 PCL/CSP 2%

3 PCL/CSP = 100/3 0.1 0.003 PCL/CSP 3%

4 PCL/CSP = 100/5 0.1 0.005 PCL/CSP 5%

5 PCL/XG =100/10 0.1 0.01 PCL/CSP 10%

2.3. Characterization

IR spectra of PCL/CSP biomaterial samples were recorded using a Nicolet iS10 spectrometer
(USA) with conditions: wavenumbers ranged from 4000 to 400 cm™!, scans of 16 times, resolution
of 8 cm™. The morphology of PCL/CSP biomaterial samples was taken using a S4800 scanning
electron microscopy (Hitachi, Japan). The size distribution of PCL/CSP biomaterial samples was
determined by DLS method using a SZ-100Z2 device (Horiba, Japan). DSC204F1 device
(Netzsch, Germany) has been used to record the differential scanning calorimetry (DSC) diagrams
of PCL/CSP biomaterial samples. X-ray diffraction (XRD) analysis of PCL/CSP biomaterial
samples was conducted using a D5000 X-ray diffractometer (Siemens, Germany) with conditions:
2 theta (0) ranged from 10 to 80°, an X-ray CuKa incident beam with a wavelength of 0.154 nm.
The UV - Vis spectroscopy (UV-Vis Libra S80, Biochrom, UK) was used to assess the CSP
release content from PCL/CSP biomaterial samples.
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2.4. Drug release study

The calibration equations of CSP in pH 2.0 and pH 7.4 buffer solution were set up dilution
method and calculated based on absorbance values of CSP solutions obtained from UV-Vis
analysis. The experiment for the drug release study of PCL/CSP biomaterial samples was carried
out as follows: 0.015 g of PCL/CSP biomaterial samples and CSP (as a control sample) were
weighed and put in a dialysis bag before being added to a 250 mL glass baker, following adding
150 mL of a buffer solution. The mixture was then stirred magnetically at 37 °C for 7 hours with
a speed of 400 rpm. After every hour of testing, 5 mL of mixture was withdrawn before being
added with 5 mL of fresh buffer to the mixture to maintain the volume. The withdrawn solution
was taken UV-Vis spectrum in the wavelength range of 200 — 400 nm. The CSP release content
was calculated by this equation:

%CSP = £ .100 (1)

Mo
where, m; and m, are the weight of CSP in the solution at t time and initial time, respectively.

After the suitable sample was found, the drug release process was carried out in both pH 2.0
(for 3 hours) and pH 7.4 solutions (following hours).

The drug release kinetics of CSP from the PCL/CSP biomaterial samples could be calculated
based on some popular kinetic models, including zero-order kinetic, first-order kinetic, Higuchi
model, Hixson-Crowell model, Korsmeyer — Peppas model as reported in several kinds of
literature [15, 16].

3. RESULTS AND DISCUSSION
3.1. IR spectra

The IR spectrum of CSP is displayed in Figure 1. It can be seen the vibration of OH and CH
bond in the benzene ring at wavenumber of 3056 cm’!, the vibration of C=0 at 1675 cm™!, the
vibration of C=C in the benzene ring at 1625 cm™ [26, 27]. The bending vibration of C-H, O-H
and stretching vibration of C-O, C-C were also observed in the wavenumbers ranging
1024 — 1567 cm™.

Figure 2 presents the IR spectra of PCL and PCL/CSP biomaterials. From the IR spectrum
of PCL, there are sharp peaks that are characterized by vibrations of C-H, C=0, C-0, and C-C
linkages in the structure of PCL. For instance, the stretching vibration of C-H linkages is located
at 2940 and 2865 cm™! while their bending vibration is assigned at 1469 and 1365 cm™'. The peak
at 1721 cm™ is attributed to the stretching vibration of C=0 linkages. The stretching vibrations of
C-C, and C-O linkages were found in wavenumber ranging from 1044 to 1292 cm™ [1, 9]. As
can be observed from IR spectra of PCL/CSP biomaterials, the vibrations of both PCL and CSP
appeared in these samples. This means that the biomaterials were composed of PCL and CSP.
Moreover, when increasing CSP contents, the intensity of the peak at 1626 cm™, which
characterized for C=C in the benzene ring of CSP, was increased. The benzene ring at 3054 cm™!
of CSP only observed on the IR spectrum of PCL/CSP10% sample may be due to the high content
of CSP and the weak absorption of this peak. So, the content of CSP exhibits a slight effect on
the intensity of vibrations characterized for functional groups of PCL/CSP biomaterials [27].
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Figure 2. IR spectra of PCL and PCL/CSP biomaterials.
3.2. Morphology

The naked-eye and SEM images of PCL/CSP samples are shown in Figure 3. It can be
observed that CSP content exhibited a significant effect on the morphology of PCL. The PCL is
in white powder form with a smooth surface (Figure 3 Al, A3, A3). The PCL/CSP samples have
a yellow color and are lighter than that of CSP. The PCL and PCL/CSP samples existed in block
shape with a size of approximately 10-20 um. When observing at a magnification of 50,000 times,
the CSP was dispersed in a nano size of approximately 50-100 nm in the PCL matrix (Figure 3
B3-F3). The density and size of CSP increased as increasing CSP content in PCL. At high
contents of CSP (5 and 10 wt.%), an agglomeration of CSP nanoparticles in the PCL matrix
appeared clearly. Based on the analysis result of the SEM images, the CSP content < 3 wt.% in
PCL is suitable for PCL/CSP biomaterials having a regular structure [27].
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Figure 3. Naked-eye images and SEM images of PCL and PCL/CSP biomaterials. PCL (A1, A2, A3);

PCL/CSP 1 % (B1, B2, B3); PCL/CSP 2 % (C1, C2, C3); PCL/CSP 3 % (D1, D2, D3); PCL/CSP 5 %
(E1, E2, E3); PCL/CSP 10 % (F1, F2, F3).

3.3. Size distribution

The size distribution in ethanol solvent of PCL and PCL/CSP 3 % samples was indicated in
Figure 4(a). It can be seen that CSP was distributed in ethanol by two peak sizes, the first peak
ranged from 218 nm to 315 nm and the second peak ranged from 1207 nm to 1967 nm. The
average particle size of CSP is 4278.3 £ 502.5 nm with a polydispersity index (PI) of 1.153 +
0.188. Different from CSP, the PCL/CSP 3 % sample was distributed in ethanol by one peak size,
from 655 nm to 1541 nm. The average particle size of the PCL/CSP 3 % sample is 1279.0 + 120.5
nm with a PI of 0.465 £ 0.169. This result suggests that the PCL carrier helped to improve the
distribution of CSP in ethanol solvent. The PCL/CSP 3 % sample exhibits a better distribution
ability in ethanol, resulting in its smaller average particle size and PI value. This is also favorable
for the solubility of PCL/CSP biomaterials in treatment.
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Figure 4. Size distribution diagrams of CSP, and PCL/CSP 3 % in ethanol (a) and
DSC diagrams of PCL, CSP, and PCL/CSP 3 % (B).

Figure 4(b) presents the DSC diagrams of CSP, PCL, and PCL/CSP 3 % sample. The CSP
exhibits a sharp endothermic peak at 196.9°C (AHy= 89.96 J/g), caused by the melting of CSP. A
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similar outcome has been previously reported [27]. The PCL exhibits a small endothermic peak
at around 51.3 °C and a sharp and endothermic melting point at around 70.6 °C (AH¢= 102.3 J/g)
[9]. The DSC analysis of the PCL/CSP 3 % sample showed that all excipients did not exhibit any
thermal signals or individual melting peaks. This allowed for an exploration of potential
interactions between the CSP and PCL in the PCL/CSP 3 % sample, which displayed a distinct
endothermic peak at 60.1°C (AH; = 87/66 J/g) as well as the intensity of the endothermic peak of
PCL/CSP 3 % much higher than that of the PCL. The physical interactions between drug and
polymer through the hydrogen bonding of the -COO group in PCL with the hydroxyl group of
CSP as presented in Figure 5(a) and mentioned in several previous reports [9, 27].
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Figure 5. Hypothesis interactions between PCL and CSP and XRD patterns of PCL, CSP, and PCL/CSP
3 %. (*) CSP crystallite, (o) PCL crystallite.

3.5. XRD analysis

Figure 5(b) exhibits the XRD patterns of PCL, CSP and PCL/CSP 3 % sample. The XRD
analysis showed the crystalline structure of CSP and the partially crystalline structure of PCL.
For instance, the CSP exhibits two diffraction peaks of crystallinity, at 20 of 8.294° and 16.287°,
corresponding to (100) and (200) plans [27]. The PCL distinguishes two main diffraction peaks
of crystallinity, at 26 0f 21.443° and 24.342°, corresponding to (110) and (201) plans, respectively
[9]. Other diffraction peaks of PCL were assigned at 20 of 33.733°, 39.312°, 47.306°, and
52.230°. As compared to the XRD of the PCL, the XRD pattern of the PCL/CSP 3 % sample
indicates that a new diffraction peak appeared at 8.294°, corresponding to the CSP crystalline,
and some diffraction peaks of PCL at 20 of 33.733°, 39.312°, 47.306° and 52.230° were absent.
Additionally, the intensity of diffraction peaks of PCL crystalline was increased significantly.
These findings are thus corroborating the interaction and inclusion of CSP in the PCL matrix.
Moreover, the intensity of the diffraction peak of CSP crystalline is dramatically reduced,
suggesting that CSP is no longer present in the crystalline form when loaded in PCL and exists in
the amorphous state or the monomolecular dispersed state as reported previously [27-29].

3.6. Drug release content and drug release Kinetics
The drug release content of CSP in simulated body fluids was calculated owing to the

calibration equations of CSP in pH 2.0 buffer solution (y = 43.577x — 0.0049, R? of 0.9971) and
pH 7.4 buffer solution (y = 39.178x -0.0005, R? of 0.9976), in which y represents optical density
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or absorbance in UV-Vis spectrum and x represents the concentration of CSP in solution.

Figure 6(a) performs the CSP release content from investigated samples including CSP
control and PCL/CSP biomaterials. The CSP exhibits poor solubility in pH 2.0 solution, with the
CSP release content reaching 1.60 % after 7 hours of testing. When combining CSP with PCL,
the solubility of CSP was increased remarkably and the CSP release process from PCL/CSP
samples is continuous and quite stable. For example, after 7 hours of testing, the CSP release
content from PCL/CSP 1%, PCL/CSP 2%, PCL/CSP 3%, PCL/CSP 5%, and PCL/CSP 10%
reached 57.65, 77.49, 89.82, 66.18, and 63.62 %, respectively. The increase in the solubility of
CSP was also achieved as a combination of CSP with a phospholipid [27]. The PCL also exhibits
the role of an effective carrier for other drugs, such as curcumin [9], gentamicin sulfate [14], and
ampicillin [17]. Thus, in this study, the PCL contributed importantly to the CSP release in the
buffer solution. The increase in CSP drug release content also may be caused by the reduction of
the crystalline degree of CSP in the biomaterial as indicated in the XRD analysis result. The initial
content of CSP also influences the drug release content from PCL/CSP samples [30, 31]. This
may be due to the difference in the distribution of CSP in the PCL matrix as mentioned in SEM
analysis. The regular distribution of CSP in the polymer matrix helped to control the drug
release better.
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Figure 6. Drug release content from PCL/CSP biomaterials in pH 2.0 buffer solution (a) and drug
release content from PCL/CSP 3% in pH 2.0 and pH 7.4 buffer solutions (b).

The PCL/CSP 3 % exhibits the greatest drug release content, therefore, this sample would
be chosen for the simulated drug release study in both pH 2.0 (corresponding to the gastric
environment) and pH 7.4 (corresponding to the intestine environment) solutions. The results
obtained are presented in Figure 6(b). It can be seen that CSP exhibits poor solubility in both pH
2.0 and pH 7.4 solutions while the PCL/CSP 3 % sample exhibits much better solubility. The drug
release process is continuous in the pH 2.0 first and pH 7.4 following. In the pH 7.4 solution, the
drug release from the PCL/CSP 3 % sample is quite linear, reflecting the linear dependence of
drug concentration on time. This result also indicated that the drug can be released partially in the
gastric environment and sustained release in the intestine environment.

The drug release kinetics of CSP from the PCL/CSP biomaterial samples could be calculated
based on some popular kinetic models, including zero-order kinetic (ZO), first-order kinetic (FO),
Higuchi model (HG), Hixson-Crowell model (HC), Korsmeyer — Peppas model (KP) as reported
in several literatures [15, 16]. The regression coefficient (R?) obtained by fitting these models is
listed in Table 2. Based on R? values in Table 2, the CSP released from the CSP control sample
was followed by the HC model in both pH 2.0 and pH 7.4 solutions while CSP released from the
PCL/CSP 3% sample complied with the HC model in the pH 2.0 solution and the ZO kinetic in
the pH 7.4 solution. This means that the release of CSP from the CSP control sample is the erosion
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of CSP crystalline under the impact of ions in buffer solutions; the release of CSP from the
PCL/CSP 3% sample occurred by the erosion from the surface’s sample in the pH 2.0 solution
and following the diffusion of the drug into the environment with a drug release concentration not
changing over time and the concentration release rates remaining constantly [16, 30].

Table 2. The R? of kinetic models reflecting the release of CSP from the CSP control and PCL/CSP 3%
sample in pH 2.0 and pH 7.4 buffer solutions.

Sample R
70 FO HG HC KP

pH 2.0 solution

CSp 0.9448 0.9769 0.8797 0.9939 0.9779
PCL/CSP 3% 0.9827 0.9789 0.9378 0.9965 0.9795
pH 7.4 solution

CSp 0.9421 0.9904 0.9859 0.9957 0.9892
PCL/CSP 3% 0.9985 0.9269 0.9788 0.9675 0.9350

4. CONCLUSIONS

The polycaprolactone (PCL)/chrysophanol (CSP) biomaterials with different contents of
CSP were prepared by using the solution method. The IR, DSC, and XRD analysis results
indicated that CSP can interact with PCL, leading to the reduction in the crystalline of CSP to an
amorphous form. The CSP was dispersed regularly in the PCL matrix at the content below 3 wt.%
and it tends to agglomerate to form clusters at higher CSP contents. When CSP is combined with
PCL, the PCL/CSP biomaterials can distribute in ethanol much better than the CSP. The average
particle size of the PCL/CSP 3 % sample reached 1279.0 + 120.5 nm, much smaller than that of
CSP, 4278.3 + 502.5 nm. The CSP has poor solubility in the buffer solutions with the content of
CSP release reaching only 0.56 = 0.03 % in the pH 2.0 solution after 3 hours of testing and it
reached 2.72 + 0.14 % in the pH 7.4 solution for 5 following hours. For the PCL loading 3 wt.%
CSP, it has a good solubility in the buffer solutions with the content of CSP release reaching 44.67
+2.23 % and 86.14 + 1.72 % after 3 hours of testing in pH 2.0 solution and 5 following hours of
testing in pH 7.4 solution. The release of CSP from the PCL/CSP 3 % sample complied with the
Hixson-Crowell model in the pH 2.0 solution and the zero-order kinetic in the pH 7.4 solution.
These findings indicate that PCL is a potential carrier for CSP, in particular, and for hydrophobic
drugs, in general, to prepare biomaterials for biomedicine applications.
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