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Abstract

:

The hyaluronic acid (HA) hydrogel array was employed for immobilization of 5-fluorouracil (5-FU), and the electrospun bilayer (hydrophilic: polyurethane/pluronic F-127 and hydrophobic: polyurethane) membrane was used to support the HA hydrogel array as a patch. To visualize the drug propagating phenomenon into tissues, we experimentally investigated how FITC-BSA diffused into the tissue by applying hydrogel patches to porcine tissue samples. The diffusive phenomenon basically depends on the FITC-BSA diffusion coefficient in the hydrogel, and the degree of diffusion of FITC-BSA may be affected by the concentration of HA hydrogel, which demonstrates that the high density of HA hydrogel inhibits the diffusive FITC-BSA migration toward the low concentration region. YD-10B cells were employed to investigate the release of 5-FU from the HA array on the bilayer membrane. In the control group, YD-10B cell viability was over 98% after 3 days. However, in the 5-FU-immobilized HA hydrogel array, most of the YD-10B cells were not attached to the bilayer membrane used as a scaffold. These results suggest that 5-FU was locally released and initiated the death of the YD-10B cells. Our results show that 5-FU immobilized on HA arrays significantly reduces YD-10B cell adhesion and proliferation, affecting cells even early in the cell culture. Our results suggest that when 5-FU is immobilized in the HA hydrogel array on the bilayer membrane as a drug patch, it is possible to control the drug concentration, to release it continuously, and that the patch can be applied locally to the targeted tumor site and administer the drug in a time-stable manner. Therefore, the developed bilayer membrane-based HA hydrogel array patch can be considered for sustained release of the drug in biomedical applications.
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1. Introduction


Cancer, one of the leading causes of death worldwide, is a disease wherein abnormal cells grow uncontrollably and form a mass called a tumor [1]. Tumor cells can sometimes migrate to surrounding host tissues through blood circulation or lymph nodes; this process is commonly referred to as metastasis. The main treatments for cancer are surgery, radiation therapy, and chemotherapy. In brief, surgery is a common treatment for many types of cancer, wherein the tumor mass and some of the nearby tissues are excised [2]. Radiation therapy uses high-energy beams to destroy cancer cells and shrink tumors [3]. Chemotherapy is a systemic treatment that uses anticancer drugs to prevent or kill cancer cells based on injections and orally administered pills [4,5,6]. Usually, anticancer drugs introduced into the body are transported through blood vessels and circulate throughout the body to prevent the growth of or kill cancer cells [7,8,9]. Despite the convenience of use and high effectiveness, most anticancer drugs are cytotoxic and kill cancer cells (that rapidly divide) by blocking division; this leads to side effects that damage normal cells [10,11,12,13]. Molecularly targeted therapies are becoming a preferred alternative in that they can minimize the side effects of anticancer drugs; however, personalized medicine (targeting individual patients) has a high cost. Recently, to increase the effects of a drug and minimize side effects according to a patient’s disease or physical characteristics, drug delivery systems have been proposed to efficiently deliver a drug to a target site [14,15,16,17,18,19]. It is an essential technology used to selectively deliver a drug according to the site of the disease or to release the drug periodically while controlling the released amount. However, the effectiveness of these systems is still not satisfactory for clinical applications [20,21,22,23,24,25,26]. Several studies have been conducted to create micro- or nanosized ultrafine structures, based on micro- and nanotechnologies, to deliver cancer-killing drugs to cancer cells [27,28,29,30,31,32,33,34,35,36]. Recently, the microneedle presented a new drug delivery method that overcame the limitations of existing drug delivery methods and had pain relief and rapid drug delivery through minimal penetration of skin [37,38,39]. Using various materials, numerous drug delivery carriers have been developed, including polymers, nanolipids, and inorganic substances; however, drug-encapsulated carriers are small and have low renal clearance, meaning they avoid rapid excretion from the blood circulation. Another factor is that tumor microvessels with high interstitial fluid pressure have a high intratumoral drug penetration rate, thereby reducing the therapeutic effect of the drug.



Hydrogels, which have been attracting attention recently, are being used for continuous administration of hydrophilic and hydrophobic biomolecules and can have a high drug-loading dose regardless of the microvascular system of the tumor. Accordingly, controlled release of the drug has become possible by controlling the fiber concentration [40,41,42,43,44,45,46,47,48]. Recently developed conjugated polymer-based hydrogels have been expanding the accessible materials for emerging drug delivery systems; they possess high biocompatibility and conductivity. The long-distance and long-term stable operation required that polymer-based hydrogels used as a drug carrier were on a micro or macro scale. Recently, manufacturing techniques, such as electrochemical patterning and screen printing, have been proposed to synthesize a thermal, photo, and pH-responsive hydrogel. However, low resolution in two dimensions, high cost, and mask films are still problems to be overcome [49,50]. In particular, when a hydrogel and multiple drugs are administered in combination, the anticancer effect of the drug increases, and drug tolerance decreases [51,52,53,54]. Whenever strong anticancer drugs are developed, their effective delivery to the cancer cell site with minimal side effects is always a challenge. Hyaluronic acid (HA), also known as hyaluronan, is a material found in the vitreous body and extracellular matrix (ECM) of cartilaginous tissue. HA is an essential factor of the ECM and affects cell signaling, the wound healing process, morphogenesis, and matrix organization. 5-fluorouracil (5-FU) is a standard chemotherapeutic agent and is extensively used in the treatment of several cancer types, such as gastric, colon, lung, breast, pancreatic, rectal, and head and neck cancers. 5-FU is metabolized to 5-fluorodeoxyuridylate, suppressing DNA synthesis by inhibiting thymidylate synthase. Additionally, the drug is also converted to 5-fluorouridine triphosphate, which is incorporated into RNA to inhibit RNA synthesis.



Herein, electrospun bilayer membranes, which have simultaneous properties (hydrophobic or hydrophilic) on each side, were used as a structural scaffold for local release patches. The 5-FU-immobilized HA hydrogel array was easily produced with the photo-crosslinking process. We characterized the repellency or absorption properties of the bilayer membrane and demonstrated a diffusion ratio aspect depending on HA concentrations. In addition, HA hydrogel arrays were investigated using practical tests with porcine tissue and analyzing the effect of 5-FU on the YD-10B cell line (oral cancer cells). The proposed carrier that modulates the diffusion of a drug by adhering at a specific site can be loaded with a drug to achieve its local release control. We believe that it will be beneficial in numerous applications, including chemotherapy and tissue regeneration.




2. Materials and Methods


2.1. Three-Dimensional (3D)-Printing-Based Master Micromold


The master mold, which has convex patterns to allow for the construction of the HA hydrogel array, was produced using PolyJet 3D printing. Vero (RGD 824, Stratasys Ltd., Eden Prairie, MN, USA) was used as a material for the master mold in conjunction with the use of the PolyJet 3D printer (J826 prime, Stratasys Ltd.). Vero offers excellent visualization with a tensile strength in the range of 60–70 MPa, a flexural strength in the range of 75–110 MPa, and a heat deflection temperature in the range of 45–50 °C. The Vero-based convex pattern on the master mold surface was designed as a hemisphere with a diameter of 700 µm, and the stacked layer thickness was set at 14 µm (Figure S1a). After the printing of the master mold, PDMS (Dow Corning, Midland, MI, USA), the Si-based organic polymer with excellent optical transparency and mechanical properties, was used to replicate the concave patterns from the convex patterns on the Vero master mold. The PDMS solution was prepared by mixing the base polymer and the curing agent at the ratio of 10:1.5 wt %. The mixed PDMS solution was maintained in a vacuum chamber for 1 h to eliminate bubbles and was poured onto the Vero master mold. To prevent thermal deformation, the Vero master mold and PDMS solution were cured at 43 °C for 24 h. After detaching the Vero master mold, the replicated PDMS mold containing concave patterns for HA hydrogel arraying was obtained (Figure S1b).




2.2. Synthesis of HA Hydrogel


HA, a nontoxic degradation product, is one of the most suitable biomaterials, which has superior biocompatibility characteristics [55,56,57,58,59,60,61,62]. To synthesize HA hydrogel, sodium hyaluronate (40 kDa, Lifecore, Chaska, MN, USA) was dissolved in 100 mL deionized (DI) water to a concentration of 1% (w/v), and 1 mL of methacrylic anhydride (MA) (Sigma-Aldrich, St. Louis, MO, USA) was added to the solution. The solution was adjusted to pH 8 following the slow addition of an aqueous solution of 5 N NaOH (Sigma-Aldrich) and continued to synthesize at 7 °C for 24 h to preserve reaction temperature. To remove unnecessary components, the solution was then dialyzed with DI water for at least 48 h using a dialysis bag (molecular weight cutoffs: 12–14 kDa, Spectrum Laboratories, Piscataway, NJ, USA). After dialysis, the solution was lyophilized using a freeze dryer (TFD, IlshinBioBase, Dongducheon-si, Republic of Korea) at −68 °C and 660 Pa for 4 days and was stored in a deep freezer at −70 °C in a powder state for future use. The synthesized HA hydrogel was verified using a Fourier transform infrared (FT-IR) spectrometer (iN10/iS50, Thermo Scientific, Waltham, MA, USA).




2.3. Fabrication of Electrospun Bilayer Membrane


To produce the electrospun bilayer membrane, a membrane with hydrophobic and hydrophilic surfaces was electrospun sequentially. First, the solution for hydrophobic fibers was prepared to dissolve 15% (w/v) of polyurethane (PU) (Dow Chemical, Midland, MI, USA) in a solvent of N, N-dimethylformamide (DMF) (Junsei, Kyoto, Japan) and tetrahydrofuran (THF) (Daejung, Republic of Korea) (1:1.5 (v/v)). Subsequently, the solution for hydrophilic fibers was obtained by dissolving PU and Pluronic F-127 (PF) (Sigma-Aldrich) to a concentration of 10% (w/v) and 10% (w/v) of solvent. Each mixture was stirred at 65 °C for 24 h until all the solutes were dissolved. To introduce double-faced properties on both sides, the PU membrane was synthesized first by electrospinning, and the PU-PF membrane was electrospun on top of it. For electrospinning, 10 mL of the PU solution was prepared in a 10 mL syringe with the use of a 23 G metal spinneret needle; this aliquot was then electrospun at a flow rate of 0.4 mL/h at an applied voltage set at 13.5 kV. After electrospinning the PU membrane, 5 mL of PU-PF solution was loaded and electrospun at the same conditions as PU. The metal-based collector was located 40 cm away from the spinneret needle and was rotated at 10 revolutions per minute for 60 h. The conditions of electrospinning are summarized in Table 1. The electrospun bilayer membrane was dried in an oven at 60 °C for 4 h and was exposed to ultraviolet (UV) light for 10 h to sterilize it.




2.4. Characterization of Electrospun Bilayer Membrane


A high-resolution scanning electron microscope (HR-SEM) (SUPRA55VP, Zeiss, Aalen, Germany) was employed to observe the surface morphology and thickness of the electrospun bilayer membrane. The bilayer membrane was prepared at a size of 10 mm (width) × 10 mm (depth) × 150 µm (height) for HR-SEM, and the PU and PU-PF surfaces were then imaged. To examine the wettability of each surface, the contact angle was measured using a contact angle meter (GSS, SurfaceTech, Ansan-si, Republic of Korea). The bilayer membrane was prepared on a flat holder and set to be perpendicular to a 27 G needle. Subsequently, single DI water droplets were released from a 3 mL syringe on the PU or PU-PF surfaces. To compare the wettability of the bilayer membrane, the folded membrane (trimmed to 20 × 90 mm) was attached to the slide glass (Marienfeld Superior, Lauda-Königshofen, Germany). The PU surface is located in the upper portion, and the PU-PF surface is located on the bottom, with both sides facing up, and vice versa, as shown in Figure S2. These prepared samples were tilted at 45°, and 300 µL of watercolor ink (red) was dropped onto the top of each sample. In addition, to determine the permeability, the bilayer membrane was prepared on a flat holder and set to be perpendicular to the 27 G needle with a 3 mL syringe. A fluorescent bead solution was made by mixing 1000 µL of DI water and 10 µL of red fluorescent beads (diameter 10 µm) (Micromod, Rostock, Germany). A single droplet of the fluorescent bead solution was released onto the PU or PU-PF surfaces. The adsorbed or permeated beads were observed using HR-SEM and fluorescent microscopy (Zeiss) on the PU or PU-PF surfaces. The image size was then converted to 0.651 pixels/µm ratio, and the trapped bead area was quantitatively analyzed and measured using Image J software (National Institutes of Health, Bethesda, Rockville, MD, USA). In addition, watercolor ink (red) was dropped on the boundary of the folded bilayer membrane to confirm the relative absorption on the two sides.




2.5. HA Hydrogel Arraying on Electrospun Bilayer Membrane


The HA hydrogel array was formed by photo-crosslinking the electrospun bilayer membrane and replicated the PDMS mold (Figure S3). After sterilization with autoclaving, the surfaces of the PDMS concave mold and electrospun bilayer membrane were treated with oxygen plasma at 60 W (Cute, Femto-Science, Hwaseong-si, Republic of Korea) for 30 s to facilitate filling with HA solution. Prelyophilized HA and 0.05% (w/v) 2-hydroxy-4′-(2-hydroxyethxy)-2-methylpropiophenone (TCI, Tokyo, Japan) were dissolved in Dulbecco’s phosphate-buffered saline (DPBS) (Welgene, Gyeongsan-si, Republic of Korea) to form the HA solution. The HA solution was applied to a concave PDMS mold and scratched to fill the inner parts of the pattern. Then, the residual solution was removed. The membrane (15 × 15 mm) was then used to cover the HA-filled concave pattern; the hydrophilic side of the membrane and pattern side of the PDMS mold faced each other. To achieve the photo-crosslinking of the HA solution on the membrane, the HA-filled PDMS mold was exposed to UV light (Omnicure S2000, Excelias Techonolhies Corp., Waltham, MA, USA) (wavelength: 360 nm, intensity: 10,000 mW/cm2) at 8 cm for 50 s [63]. Detachment of the PDMS mold from the membrane successfully led to the photo-crosslinking of the HA hydrogel array on the bilayer membrane. Additionally, the utility of the HA hydrogel array on the hydrophilic layer was compared with those on the hydrophobic layer. The 2.5, 5.0, and 10% (w/v) HA solutions were used for the HA hydrogel array, and the perfect single array was counted depending on the HA concentration. To confirm the HA hydrogel arraying on the hydrophilic surface, the 10 µm fluorescent beads were added to the HA solution to observe the array formation using fluorescent and confocal microscopy (LSM880 with Airyscan, Zeiss).




2.6. Diffusion Test


To study the diffusion profile from the immobilized substance HA hydrogel array on the electrospun bilayer membrane, a previously reported protocol was employed [64]. Briefly, fluorescein–isothiocyanate-labeled bovine serum albumin (FITC-BSA) was encapsulated in 2.5, 5, and 10% (w/v) solutions, and was refreshed with 2 mL of DI water daily for 6 days. Each time the DI water was refreshed, the fluorescence intensities of the same spots on all HA hydrogel arrays on the electrospun bilayer membranes were recorded. To investigate the role of the membranes for mass transport as a substrate at different wettability values, a 3D environment was emulated using a lab-made rectangular acrylic cube with a size of 25 mm (width) × 20 mm (depth) × 30 mm (height). The assembled acrylic cube was filled with DI water through its opened upper side. The watercolor ink (blue) was mixed in the HA hydrogel array, immobilized on the membrane, and placed on the top of the acrylic cube toward the inner parts of DI water, or in the opposite direction (Figure S4). The diffusing profile from the HA hydrogel array was observed and tracked with a digital camera (Canon, Tokyo, Japan). The approximation equation for diffusion time is as follows:


  t ≈    x 2    2 D    



(1)




where D denotes the diffusion coefficient of an ink,  x  the mean distance traveled by 5-FU via diffusion, and t the elapsed time since diffusion began [65]. Finally, to simulate the delivery of 5-FU from the HA hydrogel arrays, a 2% (v/v) diluted FITC-BSA solution was mixed with 2, 5, and 10.0% (w/v) HA hydrogel solutions to prepare the three different membranes. Then, the fabricated membranes were used to cover the porcine tissue cut to a size of 20 mm (width) × 20 mm (depth) × 10 mm (height). The samples were stored in a glass storage container at 36.5 °C and 40% humidity; after 12 h, the fluorescence intensities were measured using a fluorescence microscope.




2.7. 5-FU Immobilization and Release with YD-10B Cells


To estimate the rate of tumor cell death due to the controlled release of the anticancer drug, YD-10B cells derived from human oral squamous cancer were cultured with 5-FU at different concentrations, 1, 2 and 3% (v/v), for a fixed 10% (w/v) HA hydrogel array on the electrospun bilayer membrane. The membrane was prepared at a size of 20 × 20 mm and was fixed at the bottom of the cell culture dish with the use of PDMS blocks as supporters to prevent floating in the culture media. YD-10B cells (100 µL, cell density of 1.0 × 106 cells/mL) were seeded on the HA-hydrogel-arrayed membrane that contained 5-FU [66,67,68]. As a control group, YD-10B cells without 5-FU were seeded on the array. In addition, the workability and extended release of the HA array was compared with cultured YD-10B cells on a culture dish without the HA-arrayed bilayer membrane under the same concentrations of 5-FU. The cells were cultured in culture media (RPMI (RPMI 1640 medium, HEPES)) (Gibco, San Diego, CA, USA) with 10% fetal bovine serum (FBS) (Gibco) and 1% penicillin/streptomycin (Gibco) in an incubator (MCO-18AIC, Sanyo, Japan) at 5% CO2 and 37.5 °C. After 3 days, the live/dead assay (LIVE/DEAD®, viability assay kit (Invitrogen, Waltham, MA, USA)) was conducted to evaluate the anticancer performance. The solution for the live/dead assay was mixed with 20 µL of ethidium homodimer-1 (EthD-1) and 5 µL of calcein acetoxymethyl (calcein-AM) in 10 mL of DPBS in the dark room. The culture media were removed using a micropipette, and the residual media were washed twice using DPBS. The staining solution was added to the HA hydrogel-arrayed membrane and incubated for 40 min. The viability of the YD-10B cells was evaluated using a fluorescent microscope. The cytoplasm of live cells was stained with calcein-AM (green fluorescence, excitation wavelength: 488 nm/emission wavelength: 515 nm), whereas the DNA of dead cells was stained with EthD-1 as red fluorescence (excitation: 570 nm/emission: 602 nm).





3. Results and Discussion


3.1. Electrospun Bilayer Membrane


The electrospinning-based electrospun bilayer membrane is shown in Figure 1. Both the PU and the PU-PF surfaces of the membrane have well-defined straight fibers that are randomly stacked and form numerous pores (Figure 1a,b). The cross-section of the bilayer membrane is shown in Figure 1c; the thickness of the PU and PU-PF layers were measured to be equal to 50 and 110 µm, respectively. As shown in Figure 1c, different surfaces had different wettability values. The measured contact angle on the hydrophobic surface was 96.1°; conversely, on the hydrophilic surface, the contact angle was 13.58°. We assumed the properties of PF with the hydrophilic polyethylene glycol chains reported previously [69,70,71,72,73,74,75,76]. The properties of the bilayer membrane were verified and quantified by the wettability tests (Figure 2). When the hydrophobic PU surface was located at the top, the watercolor ink (red) flowed downward along the slope without absorption but was absorbed into the hydrophilic PU-PF surface at the bottom (Figure 2a, Video S1). Conversely, watercolor ink (red) was rapidly absorbed and did not flow downward to the bottom when the hydrophilic PU-PF surface was located at the top (Figure 2b, Video S2). The reason for this is that PU is generally known as a water-repelling material because of the presence of an -NO2 functional group, but this has been changed to a water-attracting property by the polypropylene oxide functional group in PU-PF (Video S3). In addition, a solution that contained fluorescent beads was dropped onto both surfaces of the membrane to observe the number of beads remaining (Figure 3). The two types of folded membrane were tilted by 45°, and the bead solution was dropped at the same position to compare the number of residual beads on the membrane. The number of residual beads on the PU-PF surface outnumbered that on the hydrophobic PU surface as the solution was absorbed in the hydrophilic PU-PF surface (Figure 3a,b). In the quantitative analysis of the trapped beads within areas equal to 2.3 mm2, these occupied an area of 0.017 mm2 on the hydrophobic surface and 0.265 mm2 on the hydrophilic surface (Figure 3c,d). The area of the beads trapped on the hydrophilic surface was calculated to be 3.7 times higher than that on the hydrophobic surface. The surface energy, which determines the wettability of electrospun bilayer membranes, was evaluated by the contact angle, absorptiveness, and dispersive influence tests. In the PU, only the electrospun surface was tested, and the measured contact angle was high because the PU had low surface energy and the dropped DI water had high surface tension. However, the contact angle was lowered by the increased surface energy due to the hydrophilic polar group, which was introduced onto the surface by Pluronic F-127. In this regard, it can also be explained why the injected fluorescent beads were absorbed together with the solution on the hydrophilic surface. These results indicate the successful physical properties of a membrane that can selectively permeate or repel materials owing to the wettability of individual surfaces. For qualitative analyses, the spectra of both sides of the membrane, obtained with the use of the FT-IR spectrophotometer, are shown in Figure S5. The FT-IR spectra for both the PU and PU-PF membranes were similar to those in previously published reports [77,78]. Figure S5a shows that the PU membrane spectrum had sharp bends at 1728 and 1701 cm−1, which were assigned to C=O stretching. The peaks at 3325 and 1103 cm−1 were related to –NH group and C–O–C stretching, respectively. In the PU-PF spectra, the C=O 1728–1701 cm−1 peaks were attributed to the PU membrane. However, according to the overlapped –CH2 (SP2) peaks at 2854–2939 cm−1 and the –CH2 (SP3) peak at 1342 cm−1, the –OH group broadly overlapped at the N–H group (3325 cm−1). Therefore, the peak at 1102 cm−1 for the PU-PF side was approximately 1.5 times higher and may have been derived from the C–O–C bond of PF used for hydrophilization.




3.2. HA Hydrogel Array


The crosslinked HA hydrogel array on the hydrophilic surface of the bilayer membrane, based on the use of a 15% (w/v) HA solution, is shown in Figure 4. In this process, UV light must reach the HA solution on the prepared membrane through the transparent PDMS mold. Additionally, the crosslinked HA hydrogel should be separated from the PDMS mold while maintaining attachment with the membrane. On the hydrophilic PU-PF surface, the HA solution was rapidly absorbed into the membrane and was crosslinked with a high adherence so that it could be easily separated from the PDMS mold. For this reason, the integrated hydrogel array has a hemispherical shape with a diameter equal to 700 µm, the same size as the designed and manufactured PDMS mold (Figure 4a). Therefore, the mixed fluorescent beads were observed only in the crosslinked HA hydrogel array and not in other parts of the bilayer membrane (Figure 4b). As shown in Figure S6, it is believed that arranging HA solutions with different concentrations on the hydrophilic PU layer was difficult due to the deficient hydrophilic functional group. Although the shape of some single arrays was formed adequately due to the relatively high viscosity in the 10% (w/v) HA solution, this has a low yield rate of 30%. In addition, the production rate of HA hydrogel arrays on the hydrophilic layer was increased depending on higher HA concentrations. However, the 2.5 and 5.0% (w/v) HA solutions still have insufficient production rates of 22.2 and 61.1%, respectively (Figure 4c). Therefore, this study attempted the HA hydrogel array on the hydrophilic layer, and drug release was induced by controlling degradation according to concentration. Specifically, the lyophilized HA hydrogel was confirmed by using the FT-IR spectra (Figure S5b). The main functional groups of synthesized HA were identified in previous research studies [79,80]. Briefly, the FT-IR spectrum shows an intense signal at 3277 cm−1 assigned to the N–H or O–H stretching vibrations. These broad peaks are assigned to the presence of alcohols–phenols, amines–amides, and carboxylic acids. The moderate peak at 2890 cm−1 may be due to the C–H stretching of the alkyl chain and indicates the presence of aromatic C–H bonds observed in the 3200 to 3000 cm−1 regions; these can be overlapped by broad N–H and O–H peaks. Additionally, the SP3 C–H peaks at 1405 and 1376 cm−1 (methyl and methylene group) and vibrations of alkoxy C–O bonds in ether, phenol, and alcohol at 1028 cm−1 support the presence of hydrophilic functional groups, such as O–H or –COOH. In terms of the cross-linking of the HA hydrogel on the membrane based on wettability, the hydrophobic environment is not suitable because the pre-crosslinked HA hydrogel is repelled from the PU surface. The reason for this is that PU is a water-repelling material due to the presence of the –NO2 functional group. In the preliminary experiment, we tried to fabricate a patch using an electrospun PU membrane; however, an HA array did not easily build a structure and was separated from the membrane even after crosslinking because of the high water repellency of the electrospun PU surface. In contrast, in the pre-crosslinked HA hydrogel, array formation was observed on the highly hydrophilic PU-PF membrane even at low HA hydrogel concentrations. Therefore, we believe that these hydrophilic functional groups (–OH, –COOH, and –NH) in the PU-PF membrane and HA hydrogel can precisely control the hemispherical arraying for drug delivery. Furthermore, it is suggested that the proposed process can easily and successfully inject and control the target materials within the HA hydrogel array.




3.3. Diffusion Aspects


To demonstrate the encapsulation and release potential of materials based on HA hydrogel arrays, FITC-BSA was added to the HA solution and crosslinked to membranes in the array. Figure 5 shows the intensity profile of the fluorescence intensity changes of the HA hydrogel over time after the fluorescence intensity value inside the pattern was specified to be 1.00 based on the first measured intensity value after the formation of the array. The relative fluorescence intensity values of the array after 10 h in each condition were reduced to approximately 0.44, 0.53, and 0.65 in 2.5, 5.0, and 10.0% (w/v) HA concentrations, respectively. The calculated release rate was approximately 1.2 and 1.5 times higher in the 2.5% (w/v) compared with the 5 and 10.0% (w/v) HA hydrogels. On day 5 (7200 min), the amount of FITC-BSA released from the HA hydrogels became similar, and the measured fluorescence intensity values were 0.15, 0.16, and 0.17 for the 2.5, 5.0, and 10.0% (w/v) HA hydrogel concentrations, respectively. This means that the release control of the target substance can be controlled by the concentration and array of the HA hydrogel.



In terms of the role of the bilayer membrane (which possesses both hydrophobic and hydrophilic features), a 3D environment was constructed, and the diffusion phenomenon of the immobilized material was observed as being different depending on the wettability. Given that the hydrophobic surface of the electrospun membrane could not be arrayed owing to the low surface tension of the membrane, only the hydrophilic surface was arrayed by mixing the same concentration of watercolor ink (blue) and HA hydrogel. As shown in Figure 6a–d, when the unpatterned hydrophobic surface inside the water-filled cube was in contact with water in a static state, the watercolor ink slowly diffused toward the water from the HA hydrogel array after approximately 5 min. The diffusion coefficient values measured under each condition were 0.00286 cm2/s for the hydrophobic surface and 0.02500 cm2/s for the hydrophilic surface, which is approximately 8.74 times higher in the hydrophilic surface. In addition, it was observed that the hydrophobic membrane was pulled owing to the influence of the surface tension of the filled water. In contrast, as shown in Figure 6e–h, when a membrane arrayed on a hydrophilic surface contacted water, the watercolor ink diffused into the water at a high rate throughout the HA hydrogel array. Owing to the high surface tension of the membrane on the hydrophilic surface in contact with water, the membrane was not contacted by water and could maintain its original shape. These results demonstrate that the hydrophobic surface of the bilayer membrane acts to inhibit or impede the passage and transportation of substances, whereas the hydrophilic surface can facilitate both the immobilization and transportation of substances.



Figure 7 shows the simulated time-dependent FITC-BSA concentration distributions according to the three different concentrations of the HA hydrogel arrays for 12 h. For the HA hydrogel array at a concentration of 2.5% (w/v), most of the HA hydrogel convex structures were not morphologically observed on the membrane (Figure 7a,d), and FITC-BSA molecules were expressed but widely spread throughout the porcine tissue (Figure 7g). For the 5% (w/v) HA hydrogel concentration, the HA array remained on the membrane but with an imperfect convex structure, and the fluorescence was measured to be relatively reduced in intensity (Figure 7b,e). FITC-BSA partially diffused from the epidermal layer to the dermal layer of the porcine tissue (Figure 7h). As expected, for the 10% (w/v) concentration of the HA hydrogel, FITC-BSA was almost exclusively expressed within the epidermal layer of the porcine tissue (Figure 7i), and high-intensity fluorescence expression was observed in the HA hydrogel array on the bilayer membrane (Figure 7c,f). Although the porcine tissue was spoiled due to the harsh experimental environmental conditions and could only be observed for 12 h, under the same diffusion conditions for the low-concentration HA hydrogel, most of the FITC-BSA molecules were released within a short time, and the diffusive transfer seemed to be rapid. Conversely, when the concentration of the HA hydrogel was relatively high, the diffusion transfer of FITC-BSA was not rapid from the HA hydrogel array to the porcine tissue. These results indicate that 5-FU, rather than FITC-BSA, can be locally immobilized within the HA hydrogel array and released at differently controlled rates.




3.4. Effect of 5-FU Local Release


Human oral squamous cell carcinoma cells (YD-10B) were cultured for 3 days on three different HA hydrogel arrays containing 5-FU at concentrations of 1, 2, and 3% (v/v), and on another HA array without 5-FU immobilization as a control. The gray circles shown in the figure indicate the portion of the HA array on the membrane. Figure 8a shows a survival rate of over 90% after 3 days in the absence of 5-FU. In contrast, only a few cells survived and were adhered to the membrane in all of the experimental conditions that included 5-FU, as shown in Figure 8b–d. Only a small number of cells were identified using the Live/Dead kit because most of the cells had been damaged or died even prior to membrane adhesion because of the release of 5-FU from the HA hydrogel arrays. On the second day, at a fixed at a concentration of 1% (v/v) 5-FU, the survival rate was about 60% even among the small number of adherent cells. When the concentration of 5-FU was higher, at 2% (v/v) or 3% (v/v), the measured survival rates were decreased to less than 40% and 10%, respectively. On the third day, for the 1% (v/v) 5-FU, the survival rate was about 20%; for the 2% and 3% (v/v) 5-FU, the cell viability was less than about 10%. These results were compared with an experiment (Figure S7) where YD-10B cells were cultured in normal cell media in 6-well plates without the HA arrays and using the same concentrations of 5-FU. In these environments, the cells started being affected by 5-FU on the third day rather than on the second day, revealing reduced viability of the YD-10B cells. However, when 5-FU is diluted in the culture media, the initial adhesion rate and survival rate of cancer cells do not seem to be significantly altered. This could be because the 5-FU molecules are evenly diffused within the media and are not focused in one area as they are when using membrane delivery. Our results show that 5-FU immobilized in HA hydrogel arrays affects cells even at the very early stages of cell culture, significantly reducing YD-10B cell adhesion and proliferation. These results show that when 5-FU is immobilized within HA hydrogel array on the bilayer membrane as a drug patch, drug concentration control and sustained release could be possible and applicable to target topical tumor sites.





4. Conclusions


In this study, locally controlled release of 5-FU attached to a specific site was achieved using a biocompatible HA hydrogel array on an electrospun bilayer membrane to control the side effects of the drug burst at an early stage. The HA hydrogel array was designed for topical fixation and release of 5-FU. HA and MA were used to synthesize the hydrogel used as carriers to protect and deliver the 5-FU. The drug was loaded onto a 3D-reticulated electrospun bilayer membrane by crosslinking a solution containing the 5-FU. In terms of the electrospun bilayer membrane, the hydrophilic layer played a role in the formation of the HA array and cell adhesion, and a hydrophobic layer serving as a three-dimensional structure in the form of a porous scaffold was proposed. YD-10B cells were seeded onto the 5-FU drug-encapsulated HA hydrogel array and were cultured for 3 days as an experimental group. Under the conditions where the 5-FU was not fixed, cells showed normal adhesion and a high proliferation rate. On the other hand, under the conditions of immobilization, 5-FU was locally released from the HA hydrogel array, most of the cells died without sticking, and only a few were attached to the membrane. The proposed method is expected to be applicable to the field of patch-type chemotherapy or tissue engineering that can simply fix and release various types of anti-cancer drugs or therapeutic agents.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/bioengineering9120742/s1, Figure S1. The image of (a) 3D-printed Vero-based master mold, and (b) replicated PDMS mold by master mold. Figure S2. The schematic images of wettability test of electrospun bilayer membrane. (a) The attached membrane on the tilted slide glass with both surfaces facing upward in opposite positions, (b) and vice versa. Figure S3. The schematic images of HA hydrogel arraying on electrospun bilayer membrane. (a–c) Preparation of replicated PDMS mold from Vero-based master mold. (d,e) The formed HA hydrogel array on the electrospun bilayer by ultraviolet (UV). Figure S4. Role of bilayer membrane for mass transport as a substrate at different wettability values. The acrylic cube was filled with DI water, and the HA hydrogel array mixed with watercolor ink (blue) was placed on (a) top of the cube toward the inner parts of DI water or in (b) the opposite direction. Figure S5. Fourier transform infrared (FT-IR) spectra of (a) PU and PU-PF surfaces of the bilayer membrane and (b) lyophilized HA. Figure S6. Image of imperfect HA hydrogel array on PU layer (a) at a concentration of 2.5% (w/v), (b) 5% (w/v), and (c) 10% (w/v). Figure S7. Live/dead assay images of YD-10B cells on a 6-well plate dish (without HA hydrogel-arrayed bilayer membrane). (a) Control group, (b) concentration of 1% (v/v) of 5-FU, (c) concentration of 2% (v/v) of 5-FU, (d) concentration of 5% (v/v) of 5-FU, and (e) viability of YD-10B cells on 6-well plate dish for 3 days. Video S1. Watercolor ink (red) was dropped on the folded and trimmed membrane to compare wettability of the bilayer membrane; the PU surface is located in the upper portion, and the PU-PF surface is located on the bottom. Video S2. Watercolor ink (red) was dropped on the folded and trimmed membrane to compare wettability of the bilayer membrane; the PU-PF surface is located in the upper portion, and the PU surface is located on the bottom. Video S3. The relative absorption on both sides of folded bilayer membrane.





Author Contributions


Conceptualization, K.-H.L.; Data Curation, J.-E.L.; Writing—Original Draft Preparation, S.-M.L.; Writing—Review and Editing, J.-E.L., S.-M.L. and C.-B.K.; Validation, C.-B.K.; Funding Acquisition, K.-H.L. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by a grant from the Basic Science Research Program through the National Research Foundation of Korea (NRF) and was funded by the Korean government (MIST) (2021R1F1A1063781), 2018 Research Grant (PoINT) from Kangwon National University. This research was also supported by the “Regional Innovation Strategy (RIS)” through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (MOE) (2022RIS-005).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data presented in this study are available upon request from the corresponding author.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [Google Scholar] [CrossRef] [PubMed]

	



Park, J.W.; Kang, S.B.; Hao, J.; Lim, S.B.; Choi, H.S.; Kim, D.W.; Chang, H.J.; Kim, D.Y.; Jung, K.H.; Kim, T.Y.; et al. Open versus laparoscopic surgery for mid or low rectal cancer after neoadjuvant chemoradiotherapy (COREAN trial): 10-year follow-up of an open-label, non-inferiority, randomised controlled trial. Lancet Gastroenterol. Hepatol. 2021, 6, 569–577. [Google Scholar] [CrossRef] [PubMed]

	



Romesser, P.B.; Sherman, E.J.; Whiting, K.; Ho, M.L.; Shaha, A.R.; Sabra, M.M.; Riaz, N.; Waldenberg, T.E.; Sabol, C.R.; Ganly, I.; et al. Intensity-modulated radiation therapy and doxorubicin in thyroid cancer: A prospective phase 2 trial. Cancer 2021, 127, 4161–4170. [Google Scholar] [CrossRef] [PubMed]

	



Bae, J.; Han, S.; Park, S. Recent advances in 3D bioprinted tumor microenvironment. BioChip J. 2020, 14, 137–147. [Google Scholar] [CrossRef]

	



Bayat Mokhtari, R.; Homayouni, T.S.; Baluch, N.; Morgatskaya, E.; Kumar, S.; Das, B.; Yeger, H. Combination therapy in combating cancer. Oncotarget 2017, 8, 38022–38043. [Google Scholar] [CrossRef] [PubMed]

	



Kumar, L.; Harish, P.; Malik, P.S.; Khurana, S. Chemotherapy and targeted therapy in the management of cervical cancer. Curr. Probl. Cancer 2018, 42, 120–128. [Google Scholar] [CrossRef] [PubMed]

	



Kashkooli, F.M.; Soltani, M.; Souri, M. Controlled anti-cancer drug release through advanced nano-drug delivery systems: Static and dynamic targeting strategies. J. Control. Release 2020, 327, 316–349. [Google Scholar] [CrossRef]

	



Troendle, E.P.; Khan, A.; Searson, P.C.; Ulmschneider, M.B. Predicting drug delivery efficiency into tumor tissues through molecular simulation of transport in complex vascular networks. J. Control. Release 2018, 292, 221–234. [Google Scholar] [CrossRef]

	



Jaragh-Alhadad, L.; Behbehani, H.; Karnik, S. Cancer targeted drug delivery using active low-density lipoprotein nanoparticles encapsulated pyrimidines heterocyclic anticancer agents as microtubule inhibitors. Drug Deliv. 2022, 29, 2759–2772. [Google Scholar] [CrossRef]

	



Abdulridha, M.K.; Al-Marzoqi, A.H.; Al-Awsi, G.R.L.; Mubarak, S.M.H.; Heidarifard, M.; Ghasemian, A. Anticancer Effects of Herbal Medicine Compounds and Novel Formulations: A Literature Review. J. Gastrointest. Cancer 2020, 51, 765–773. [Google Scholar] [CrossRef]

	



Andleeb, A.; Andleeb, A.; Asghar, S.; Zaman, G.; Tariq, M.; Mehmood, A.; Nadeem, M.; Hano, C.; Lorenzo, J.M.; Abbasi, B.H. A Systematic Review of Biosynthesized Metallic Nanoparticles as a Promising Anti-Cancer-Strategy. Cancers 2021, 13, 2818. [Google Scholar] [CrossRef] [PubMed]

	



Tay, K.C.; Tan, L.T.; Chan, C.K.; Hong, S.L.; Chan, K.G.; Yap, W.H.; Pusparajah, P.; Lee, L.H.; Goh, B.H. Formononetin: A Review of Its Anticancer Potentials and Mechanisms. Front. Pharmacol. 2019, 10, 820. [Google Scholar] [CrossRef] [PubMed]

	



Morelli, M.B.; Bongiovanni, C.; Da Pra, S.; Miano, C.; Sacchi, F.; Lauriola, M.; D’Uva, G. Cardiotoxicity of Anticancer Drugs: Molecular Mechanisms and Strategies for Cardioprotection. Front. Cardiovasc. Med. 2022, 9, 847012. [Google Scholar] [CrossRef] [PubMed]

	



Chade, A.R.; Bidwell, G.L., 3rd. Novel Drug Delivery Technologies and Targets for Renal Disease. Hypertension 2022, 79, 1937–1948. [Google Scholar] [CrossRef]

	



Qamar, Z.; Qizilbash, F.F.; Iqubal, M.K.; Ali, A.; Narang, J.K.; Ali, J.; Baboota, S. Nano-Based Drug Delivery System: Recent Strategies for the Treatment of Ocular Disease and Future Perspective. Recent Pat. Drug Deliv. Formul. 2019, 13, 246–254. [Google Scholar] [CrossRef]

	



Qiu, X.; Cao, K.; Lin, T.; Chen, W.; Yuan, A.; Wu, J.; Hu, Y.; Guo, H. Drug delivery system based on dendritic nanoparticles for enhancement of intravesical instillation. Int. J. Nanomed. 2017, 12, 7365–7374. [Google Scholar] [CrossRef]

	



Rudsari, H.K.; Veletic, M.; Bergsland, J.; Balasingham, I. Targeted Drug Delivery for Cardiovascular Disease: Modeling of Modulated Extracellular Vesicle Release Rates. IEEE Trans. Nanobiosci. 2021, 20, 444–454. [Google Scholar] [CrossRef]

	



Tang, H.; Xiang, D.; Wang, F.; Mao, J.; Tan, X.; Wang, Y. 5-ASA-loaded SiO2 nanoparticles-a novel drug delivery system targeting therapy on ulcerative colitis in mice. Mol. Med. Rep. 2017, 15, 1117–1122. [Google Scholar] [CrossRef]

	



Zhang, L.; Shi, D.; Shi, C.; Kaneko, T.; Chen, M. Supramolecular micellar drug delivery system based on multi-arm block copolymer for highly effective encapsulation and sustained-release chemotherapy. J. Mater. Chem. B 2019, 7, 5677–5687. [Google Scholar] [CrossRef]

	



Ashique, S.; Sandhu, N.K.; Chawla, V.; Chawla, P.A. Targeted Drug Delivery: Trends and Perspectives. Curr. Drug Deliv. 2021, 18, 1435–1455. [Google Scholar] [CrossRef]

	



Baveloni, F.G.; Riccio, B.V.F.; Di Filippo, L.D.; Fernandes, M.A.; Meneguin, A.B.; Chorilli, M. Nanotechnology-based Drug Delivery Systems as Potential for Skin Application: A Review. Curr. Med. Chem. 2021, 28, 3216–3248. [Google Scholar] [CrossRef] [PubMed]

	



Ford Versypt, A.N.; Pack, D.W.; Braatz, R.D. Mathematical modeling of drug delivery from autocatalytically degradable PLGA microspheres—A review. J. Control. Release 2013, 165, 29–37. [Google Scholar] [CrossRef] [PubMed]

	



Mansor, N.I.; Nordin, N.; Mohamed, F.; Ling, K.H.; Rosli, R.; Hassan, Z. Crossing the Blood-Brain Barrier: A Review on Drug Delivery Strategies for Treatment of the Central Nervous System Diseases. Curr. Drug Deliv. 2019, 16, 698–711. [Google Scholar] [CrossRef] [PubMed]

	



Mohammadipour, F.; Kiani, A.; Amin, A. The High Potency of Polymeric Nanoparticles in the Drug Delivery System for Hypertension Treatment: A Systematic Review. Curr. Hypertens Rev. 2022, 18, 54–63. [Google Scholar] [CrossRef]

	



Puccetti, M.; Pariano, M.; Renga, G.; Santarelli, I.; D’Onofrio, F.; Bellet, M.M.; Stincardini, C.; Bartoli, A.; Costantini, C.; Romani, L.; et al. Targeted Drug Delivery Technologies Potentiate the Overall Therapeutic Efficacy of an Indole Derivative in a Mouse Cystic Fibrosis Setting. Cells 2021, 10, 1601. [Google Scholar] [CrossRef]

	



Salari, N.; Faraji, F.; Torghabeh, F.M.; Faraji, F.; Mansouri, K.; Abam, F.; Shohaimi, S.; Akbari, H.; Mohammadi, M. Polymer-based drug delivery systems for anticancer drugs: A systematic review. Cancer Treat Res. Commun. 2022, 32, 100605. [Google Scholar] [CrossRef]

	



Aberoumandi, S.M.; Mohammadhosseini, M.; Abasi, E.; Saghati, S.; Nikzamir, N.; Akbarzadeh, A.; Panahi, Y.; Davaran, S. An update on applications of nanostructured drug delivery systems in cancer therapy: A review. Artif. Cells Nanomed. Biotechnol. 2017, 45, 1058–1068. [Google Scholar] [CrossRef]

	



Daniyal, M.; Liu, B.; Wang, W. Comprehensive Review on Graphene Oxide for Use in Drug Delivery System. Curr. Med. Chem. 2020, 27, 3665–3685. [Google Scholar] [CrossRef]

	



Dong, P.; Rakesh, K.P.; Manukumar, H.M.; Mohammed, Y.H.E.; Karthik, C.S.; Sumathi, S.; Mallu, P.; Qin, H.L. Innovative nano-carriers in anticancer drug delivery—A comprehensive review. Bioorg. Chem. 2019, 85, 325–336. [Google Scholar] [CrossRef]

	



Kakkar, V.; Verma, M.K.; Saini, K.; Kaur, I.P. Nano Drug Delivery in Treatment of Oral Cancer, A Review of the Literature. Curr. Drug Targets 2019, 20, 1008–1017. [Google Scholar] [CrossRef]

	



Li, Z.; Tan, S.; Li, S.; Shen, Q.; Wang, K. Cancer drug delivery in the nano era: An overview and perspectives (Review). Oncol. Rep. 2017, 38, 611–624. [Google Scholar] [CrossRef] [PubMed]

	



Liu, B.; Yang, W.; Che, C.; Liu, J.; Si, M.; Gong, Z.; Gao, R.; Yang, G. A Targeted Nano Drug Delivery System of AS1411 Functionalized Graphene Oxide Based Composites. Chem. Open 2021, 10, 408–413. [Google Scholar] [CrossRef] [PubMed]

	



Meschi, S.S.; Farghadan, A.; Arzani, A. Flow topology and targeted drug delivery in cardiovascular disease. J. Biomech. 2021, 119, 110307. [Google Scholar] [CrossRef]

	



Pinelli, F.; Ortola, O.F.; Makvandi, P.; Perale, G.; Rossi, F. In vivo drug delivery applications of nanogels: A review. Nanomedicine 2020, 15, 2707–2727. [Google Scholar] [CrossRef] [PubMed]

	



Satapathy, S.; Patro, C.S. Solid Lipid Nanoparticles for Efficient Oral Delivery of Tyrosine Kinase Inhibitors: A Nano Targeted Cancer Drug Delivery. Adv. Pharm. Bull. 2022, 12, 298–308. [Google Scholar] [CrossRef]

	



Soica, C.; Trandafirescu, C.; Danciu, C.; Muntean, D.; Dehelean, C.; Simu, G. New improved drug delivery technologies for pentacyclic triterpenes: A review. Protein Pept. Lett. 2014, 21, 1137–1145. [Google Scholar] [CrossRef]

	



Gorantla, S.; Batra, U.; Puppala, E.R.; Waghule, T.; Naidu, V.G.M.; Singhvi, G. Emerging trends in microneedle-based drug delivery strategies for the treatment of rheumatoid arthritis. Expert Opin. Drug Deliv. 2022, 19, 395–407. [Google Scholar] [CrossRef]

	



Gadzinski, P.; Froelich, A.; Wojtylko, M.; Bialek, A.; Krysztofiak, J.; Osmalek, T. Microneedle-based ocular drug delivery systems—Recent advances and challenges. Beilstein J. Nanotechnol. 2022, 13, 1167–1184. [Google Scholar] [CrossRef]

	



Nazary Abrbekoh, F.; Salimi, L.; Saghati, S.; Amini, H.; Fathi Karkan, S.; Moharamzadeh, K.; Sokullu, E.; Rahbarghazi, R. Application of microneedle patches for drug delivery; doorstep to novel therapies. J. Tissue Eng. 2022, 13, 20417314221085390. [Google Scholar] [CrossRef]

	



Arauna, D.; Vijayakumar, S.; Duran-Lara, E. Latest Advances in Hydrogel-Based Drug Delivery Systems for Optimization of Metabolic Syndrome Treatment. Curr. Med. Chem. 2021, 28, 6274–6286. [Google Scholar] [CrossRef]

	



Chatterjee, S.; Hui, P.C. Review of Applications and Future Prospects of Stimuli-Responsive Hydrogel Based on Thermo-Responsive Biopolymers in Drug Delivery Systems. Polymers 2021, 13, 2086. [Google Scholar] [CrossRef]

	



Hani, U.; Osmani, R.A.; Bhosale, R.R.; Shivakumar, H.G.; Kulkarni, P.K. Current Perspectives on Novel Drug Delivery Systems and Approaches for Management of Cervical Cancer: A Comprehensive Review. Curr. Drug Targets 2016, 17, 337–352. [Google Scholar] [CrossRef]

	



How, K.N.; Yap, W.H.; Lim, C.L.H.; Goh, B.H.; Lai, Z.W. Hyaluronic Acid-Mediated Drug Delivery System Targeting for Inflammatory Skin Diseases: A Mini Review. Front. Pharmacol. 2020, 11, 1105. [Google Scholar] [CrossRef]

	



Hsu, X.L.; Wu, L.C.; Hsieh, J.Y.; Huang, Y.Y. Nanoparticle-Hydrogel Composite Drug Delivery System for Potential Ocular Applications. Polymers 2021, 13, 642. [Google Scholar] [CrossRef]

	



Sonker, M.; Bajpai, S.; Khan, M.A.; Yu, X.; Tiwary, S.K.; Shreyash, N. Review of Recent Advances and Their Improvement in the Effectiveness of Hydrogel-Based Targeted Drug Delivery: A Hope for Treating Cancer. ACS Appl. Bio. Mater. 2021, 4, 8080–8109. [Google Scholar] [CrossRef]

	



Villalba-Rodriguez, A.M.; Parra-Saldivar, R.; Ahmed, I.; Karthik, K.; Malik, Y.S.; Dhama, K.; Iqbal, H.M.N. Bio-Inspired Biomaterials and their Drug Delivery Perspectives—A Review. Curr. Drug Metab. 2017, 18, 893–904. [Google Scholar] [CrossRef]

	



Wani, S.U.D.; Gautam, S.P.; Qadrie, Z.L.; Gangadharappa, H.V. Silk fibroin as a natural polymeric based bio-material for tissue engineering and drug delivery systems—A review. Int. J. Biol. Macromol. 2020, 163, 2145–2161. [Google Scholar] [CrossRef]

	



Gao, N.; You, H. Recent applications of point-of-care devices for glucose detection on the basis of stimuli-responsive volume phase transition of hydrogel. BioChip J. 2021, 15, 23–41. [Google Scholar] [CrossRef]

	



Yuk, H.; Lu, B.; Lin, S.; Qu, K.; Xu, J.; Luo, J.; Zhao, X. 3D printing of conducting polymers. Nat. Commun. 2020, 11, 1604. [Google Scholar] [CrossRef]

	



Zhao, Q.; Liu, J.; Wu, Z.; Xu, X.; Ma, H.; Hou, J.; Xu, Q.; Yang, R.; Zhang, K.; Zhang, M. Robust PEDOT: PSS-Based hydrogel for highly efficient interfacial solar water purification. Chem. Eng. J. 2022, 442, 136284. [Google Scholar] [CrossRef]

	



Abbasalizadeh, F.; Alizadeh, E.; Bagher Fazljou, S.M.; Torbati, M.; Akbarzadeh, A. Anticancer Effect of Alginate-chitosan Hydrogel Loaded with Curcumin and Chrysin on Lung and Breast Cancer Cell Lines. Curr. Drug Deliv. 2022, 19, 600–613. [Google Scholar] [CrossRef] [PubMed]

	



David, L.; Dulong, V.; Le Cerf, D.; Cazin, L.; Lamacz, M.; Vannier, J.P. Hyaluronan hydrogel: An appropriate three-dimensional model for evaluation of anticancer drug sensitivity. Acta Biomater. 2008, 4, 256–263. [Google Scholar] [CrossRef] [PubMed]

	



Rezk, A.I.; Obiweluozor, F.O.; Choukrani, G.; Park, C.H.; Kim, C.S. Drug release and kinetic models of anticancer drug (BTZ) from a pH-responsive alginate polydopamine hydrogel: Towards cancer chemotherapy. Int. J. Biol. Macromol. 2019, 141, 388–400. [Google Scholar] [CrossRef]

	



Wang, Q.; Zhang, H.; Xu, H.; Zhao, Y.; Li, Z.; Li, J.; Wang, H.; Zhuge, D.; Guo, X.; Xu, H.; et al. Novel multi-drug delivery hydrogel using scar-homing liposomes improves spinal cord injury repair. Theranostics 2018, 8, 4429–4446. [Google Scholar] [CrossRef] [PubMed]

	



Burdick, J.A.; Chung, C.; Jia, X.; Randolph, M.A.; Langer, R. Controlled degradation and mechanical behavior of photopolymerized hyaluronic acid networks. Biomacromolecules 2005, 6, 386–391. [Google Scholar] [CrossRef]

	



Burdick, J.A.; Prestwich, G.D. Hyaluronic acid hydrogels for biomedical applications. Adv. Mater. 2011, 23, H41–H56. [Google Scholar] [CrossRef]

	



Ondeck, M.G.; Engler, A.J. Mechanical Characterization of a Dynamic and Tunable Methacrylated Hyaluronic Acid Hydrogel. J. Biomech. Eng. 2016, 138, 021003. [Google Scholar] [CrossRef]

	



Spearman, B.S.; Agrawal, N.K.; Rubiano, A.; Simmons, C.S.; Mobini, S.; Schmidt, C.E. Tunable methacrylated hyaluronic acid-based hydrogels as scaffolds for soft tissue engineering applications. J. Biomed. Mater. Res. A 2020, 108, 279–291. [Google Scholar] [CrossRef]

	



Trombino, S.; Servidio, C.; Curcio, F.; Cassano, R. Strategies for Hyaluronic Acid-Based Hydrogel Design in Drug Delivery. Pharmaceutics 2019, 11, 407. [Google Scholar] [CrossRef]

	



Vasvani, S.; Kulkarni, P.; Rawtani, D. Hyaluronic acid: A review on its biology, aspects of drug delivery, route of administrations and a special emphasis on its approved marketed products and recent clinical studies. Int. J. Biol. Macromol. 2020, 151, 1012–1029. [Google Scholar] [CrossRef]

	



Xu, X.; Jha, A.K.; Harrington, D.A.; Farach-Carson, M.C.; Jia, X. Hyaluronic Acid-Based Hydrogels: From a Natural Polysaccharide to Complex Networks. Soft. Matter. 2012, 8, 3280–3294. [Google Scholar] [CrossRef] [PubMed]

	



Yang, M.; Lee, S.Y.; Kim, S.; Koo, J.S.; Seo, J.H.; Jeong, D.I.; Hwang, C.; Lee, J.; Cho, H.J. Selenium and dopamine-crosslinked hyaluronic acid hydrogel for chemophotothermal cancer therapy. J. Control. Release 2020, 324, 750–764. [Google Scholar] [CrossRef] [PubMed]

	



Roh, D.; Choi, W.; Kim, J.; Yu, H.-Y.; Choi, N.; Cho, I.-J. Fabrication of multi-layered macroscopic hydrogel scaffold composed of multiple components by precise control of UV energy. BioChip J. 2018, 12, 280–286. [Google Scholar] [CrossRef]

	



Yi, M.H.; Lee, J.E.; Kim, C.B.; Lee, K.W.; Lee, K.H. Locally Controlled Diffusive Release of Bone Morphogenetic Protein-2 Using Micropatterned Gelatin Methacrylate Hydrogel Carriers. BioChip J. 2020, 14, 405–420. [Google Scholar] [CrossRef] [PubMed]

	



Weiss, T. Cellular Biophysics: Transport; MIT Press: Cambridge, UK, 1996. [Google Scholar]

	



Pal, P.; Pandey, J.P.; Sen, G. Sesbania gum based hydrogel as platform for sustained drug delivery: An ‘in vitro’ study of 5-Fu release. Int. J. Biol. Macromol. 2018, 113, 1116–1124. [Google Scholar] [CrossRef]

	



Wang, Y.; Gong, C.; Yang, L.; Wu, Q.; Shi, S.; Shi, H.; Qian, Z.; Wei, Y. 5-FU-hydrogel inhibits colorectal peritoneal carcinomatosis and tumor growth in mice. BMC Cancer 2010, 10, 402. [Google Scholar] [CrossRef]

	



Yu, Z.; Ma, S.; Wu, M.; Cui, H.; Wu, R.; Chen, S.; Xu, C.; Lu, X.; Feng, S. Self-assembling hydrogel loaded with 5-FU PLGA microspheres as a novel vitreous substitute for proliferative vitreoretinopathy. J. Biomed. Mater. Res. A 2020, 108, 2435–2446. [Google Scholar] [CrossRef]

	



Escobar-Chavez, J.J.; Lopez-Cervantes, M.; Naik, A.; Kalia, Y.N.; Quintanar-Guerrero, D.; Ganem-Quintanar, A. Applications of thermo-reversible pluronic F-127 gels in pharmaceutical formulations. J. Pharm. Pharm. Sci. 2006, 9, 339–358. [Google Scholar]

	



Li, W.; Hu, Y.; Shi, L.; Zhang, X.; Xiong, L.; Zhang, W.; Ullah, I. Electrospinning of Polycaprolactone/Pluronic F127 dissolved in glacial acetic acid: Fibrous scaffolds fabrication, characterization and in vitro evaluation. J. Biomater. Sci. Polym. Ed. 2018, 29, 1155–1167. [Google Scholar] [CrossRef]

	



Oliveira, C.P.; Ribeiro, M.E.; Ricardo, N.M.; Souza, T.V.; Moura, C.L.; Chaibundit, C.; Yeates, S.G.; Nixon, K.; Attwood, D. The effect of water-soluble polymers, PEG and PVP, on the solubilisation of griseofulvin in aqueous micellar solutions of Pluronic F127. Int. J. Pharm. 2011, 421, 252–257. [Google Scholar] [CrossRef]

	



Quintans-Junior, L.J.; Brito, R.G.; Quintans, J.S.S.; Santos, P.L.; Camargo, Z.T.; Barreto, P.A.; Arrigoni-Blank, M.F.; Lucca-Junior, W.; Scotti, L.; Scotti, M.T.; et al. Nanoemulsion Thermoreversible Pluronic F127-Based Hydrogel Containing Hyptis pectinata (Lamiaceae) Leaf Essential Oil Produced a Lasting Anti-hyperalgesic Effect in Chronic Noninflammatory Widespread Pain in Mice. Mol. Neurobiol. 2018, 55, 1665–1675. [Google Scholar] [CrossRef]

	



Rill, R.; Liu, Y.; Ramey, B.; Van Winkle, D.; Locke, B. Capillary gel electrophoresis of nucleic acids in pluronic F127 copolymer liquid crystals. Chromatographia 1999, 49, S65–S71. [Google Scholar] [CrossRef]

	



Wang, P.; Wang, Q.; Ren, T.; Gong, H.; Gou, J.; Zhang, Y.; Cai, C.; Tang, X. Effects of Pluronic F127-PEG multi-gel-core on the release profile and pharmacodynamics of Exenatide loaded in PLGA microspheres. Colloids Surf. B Biointerfaces 2016, 147, 360–367. [Google Scholar] [CrossRef] [PubMed]

	



Wei, Z.; Yuan, S.; Hao, J.; Fang, X. Mechanism of inhibition of P-glycoprotein mediated efflux by Pluronic P123/F127 block copolymers: Relationship between copolymer concentration and inhibitory activity. Eur. J. Pharm. Biopharm. 2013, 83, 266–274. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Z.; Cui, C.; Wei, F.; Lv, H. Improved solubility and oral bioavailability of apigenin via Soluplus/Pluronic F127 binary mixed micelles system. Drug Dev. Ind. Pharm. 2017, 43, 1276–1282. [Google Scholar] [CrossRef]

	



Almasian, A.; Najafi, F.; Eftekhari, M.; Shams Ardekani, M.R.; Sharifzadeh, M.; Khanavi, M. Preparation of Polyurethane/Pluronic F127 Nanofibers Containing Peppermint Extract Loaded Gelatin Nanoparticles for Diabetic Wounds Healing: Characterization, In Vitro, and In Vivo Studies. Evid. Based Complement. Altern. Med. 2021, 2021, 6646702. [Google Scholar] [CrossRef]

	



Saad, N.M.; Zubir, S.A. Palm kernel oil polyol-based polyurethane as shape memory material: Effect of polyol molar ratio. J. Phys. Sci. 2019, 30, 77–89. [Google Scholar] [CrossRef]

	



Wei, Y.; Chang, Y.H.; Liu, C.J.; Chung, R.J. Integrated Oxidized-Hyaluronic Acid/Collagen Hydrogel with beta-TCP Using Proanthocyanidins as a Crosslinker for Drug Delivery. Pharmaceutics 2018, 10, 37. [Google Scholar] [CrossRef]

	



Rodrigues, A.; Brito, A.; Janknecht, P.; Proenca, M.F.; Nogueira, R. Quantification of humic acids in surface water: Effects of divalent cations, pH, and filtration. J. Environ. Monit. 2009, 11, 377–382. [Google Scholar] [CrossRef]








[image: Bioengineering 09 00742 g001 550] 





Figure 1. Scanning electron microscopy (SEM) images of (a) hydrophobic (PU) side, (b) hydrophilic (PU-PF) side, and (c) cross section of electrospun bilayer membrane. 
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Figure 2. Results of wettability test on the tilted bilayer membrane. (a) The absorbed watercolor ink (red) on hydrophilic surface at lower area and (b) upper area, and (c) the aspects of repelling and attracting water on the bilayer membrane. 
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Figure 3. Results of trapped beads on each side of bilayer membrane. (a,b) SEM images and (c,d) fluorescent images of residual beads. 
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Figure 4. The results of the cross-linked HA hydrogel array. (a) HA hydrogel array on the hydrophilic surface of the electrospun bilayer membrane. (b) The images of encapsulated 10 µm fluorescent beads in the HA hydrogel array. (c) Comparison of yield of HA array on PU (hydrophobic) and PU-PF (hydrophilic) layers. 
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Figure 5. Release profiles of FITC-BSA according to HA hydrogel concentration (2.5% (w/v), 5% (w/v), and 10.0% (w/v)). 
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Figure 6. The role of electrospun bilayer membranes for diffusion profiles as a substrate at different wettability values. (a–d) The tracked images of HA hydrogel array mixed with watercolor ink (blue) toward the upside and (e–h) in the opposite direction. 
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Figure 7. Images of the porcine tissue with the bilayer membrane containing the FITC-BSA-immobilized HA hydrogel array. (a) HA hydrogel array at a concentration of 2.5% (w/v), (b) HA hydrogel array at a concentration of 5.5% (w/v), (c) HA hydrogel array at a concentration of 10% (w/v), (d–f) different expression of fluorescence in HA hydrogel arrays on bilayer membranes at concentrations of 2.5, 5, and 10% (w/v), and (g–i) diffused fluorescence from HA hydrogel arrays on bilayer membranes to porcine tissue. 
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Figure 8. Live/dead assay images of YD-10B cells on a bilayer membrane containing HA hydrogel array. (a) Control group, (b) concentration of 1% (v/v) 5-FU (c) concentration of 2% (v/v) 5-FU, (d) concentration of 5% (v/v) 5-FU, and (e) viability of YD-10B cells on a bilayer membrane containing HA hydrogel array. 
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Table 1. Condition of electrospinning for bilayer membrane.
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Polymer

	
Solvent

	
Concentration

	
Total Volume






	
Polyurethane (PU)

	
Dimethylformamide:Tetrahydrofuran = 1:1.5 (v/v)

	
10% (w/v)

	
10 mL




	
PU-Pluronic F-127 (PU-PF)

	
PU: 10% (w/v)

PU-PF: 10% (w/v)

	
5 mL




	
Voltage

	
Tip-to-collector distance

	
Flow rate

	
Needle gauge




	
13.5 kV

	
40 cm

	
0.4 mL/h

	
23 G
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