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Hydrogel capsules synthesized by conventional water-in-oil emulsion systems are the less preferred choice for biomedical applications due to the use of oils and surfactants. An aqueous two-phase system (ATPS), which allows the formation of water-in-water emulsion, is considered a green alternative and therefore has been explored a lot for its application in the biomedical field. Herein, we present the synthesis of hydrogel capsules using a set-up consisting of a pneumatic valve integrated with the ATPS microfluidic system. In this arrangement, at first, a pneumatic valve facilitates the generation of the droplets of one aqueous system i.e. sodium alginate (SA) containing dextran solution into another aqueous phase comprising polyethylene glycol solution. The present approach allows good control over droplet generation by tuning the pressure of the pneumatic valve and the flow rates of the core and middle phases. The synthesis of hybrid capsules within the microfluidic device is carried out mainly by using the interfacial complexation of oppositely charged polyelectrolytes, chitosan with SA via electrostatic interactions. The interfacial complexed SA and chitosan hydrogel capsules were collected via the settling collection method, which ensures the retaining of the shape of the hybrid capsules. The morphological properties of as-synthesized droplets and hybrid capsules were examined via optical microscopy. The hydrogel capsules show good encapsulation capability for the magnetic particles. Even though this study mainly focuses on the synthesis part, we anticipate that the proposed approach will enable the encapsulation of cells within the hybrid capsules as well as enhance the cell adhesion on the surface of the hydrogel capsules hence, these hydrogel capsules can find the potent application in the biomedical engineering.
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1 INTRODUCTION
An aqueous two-phase system (ATPS) is an immiscible water-based solution system that is formed when two dissimilar solutes, polymers, or salts of high concentrations are dissolved in the aqueous media (Albertsson, 1970). The traditional purpose of ATPS was to use them in the separation and purification of various biological and non-biological materials (Ferreira-Faria et al., 2020; Assis et al., 2021). Later on, in the 20th century, researchers have begun exploiting the utility of ATPS in microfluidic systems to generate water-in-water (w/w) emulsion droplets (Choi et al., 2007; Ziemecka et al., 2011; Shum et al., 2012; Hann et al., 2017). However, the major challenge of using ATPS in microfluidic systems is the ultralow interfacial surface tension between two aqueous phases resulting in unstable droplets formation (Sauret et al., 2012; Azizian et al., 2019; Beldengrün et al., 2020). But, recent investigations have shown numerous ways for example, passive and active methods to stabilize the droplets within the microfluidic devices (Chao et al., 2020; Daradmare et al., 2022). The successful generation of w/w droplets within microfluidic devices provides a great opportunity to utilize these uniform-sized droplets in various applications, such as biological hosts, reactors, and templates in the synthesis of biomaterials (Chao et al., 2020). Howsoever, the stabilization of these w/w emulsion droplets remains challenging.
Interestingly, researchers have attempted several strategies for the stabilization of w/w emulsion droplets that prevent droplet coalescence (Chao et al., 2020; Daradmare et al., 2022). Most of the strategies such as the use of synthesizing customized macromolecular polymers and different kinds of colloidal particles have been employed in bulk ATPS emulsification to stabilize w/w emulsion droplets (Buzza et al., 2013; Binks et al., 2017; Dumas et al., 2021). However, in recent times, the use of polyelectrolyte (PE) complexation (PEC) at the water-water interface has been the only alternative employed in microfluidic devices to stabilize w/w droplets leading to the formation of hydrogel capsules (Hann et al., 2016; Ma et al., 2016). In this case, two PEs disperse in one or the other phase, for example, PE1 in one aqueous phase (droplet-forming phase) and PE2 in another aqueous phase (continuous phase), meet at the droplet interface during the formation of the droplets within the microfluidic device and form a robust solid shell via attractive electrostatic interactions.
The foremost function of hydrogel capsules (biocompatible) is the encapsulation and controlled release of chemically sensitive reagents that found their applications in various fields including the targeted drug delivery of pharmaceutical actives and live cell encapsulation, with applications ranging from the fundamental study of microbes to the development of artificial organs (Hann et al., 2016). Several classical ways have been used to fabricate hydrogel capsules in past years are listed somewhere (Perro et al., 2022). Most of which use chemical reactions or physical interactions in oil-water media. The reagents such as oils and/or surfactants may reduce the biocompatibility of the hydrogel capsules, and may have a toxic interaction with encapsulating cells or proteins, or other biological entities (Hann et al., 2016; Zhang et al., 2016). Therefore, the microfluidic device via the PEC-based stabilization technique offers a promising approach to the fabrication of uniform-sized hydrogel capsules. This approach offers several advantages including rapid complexation, diverse materials selection, and scalable single-step processing (Hann et al., 2017). The PE/PE hydrogel capsules have flexible and elastic membranes that can support pressure differences, as evidenced by their ability to wrinkle and expand under osmotic stresses. The polyelectrolyte complex layer is also permeable, allowing chemical exchange between the interior and exterior of the microcapsule. Finally, these capsules are stimuli-responsive; the electrostatic interactions can be modulated using external stimuli such as pH and ionic strength (Hann et al., 2017). And when these hydrogel capsules form by an ATPS, the system offers some extra advantages such as providing a highly favorable environment for sensitive biological or chemical cargo. In addition, no extra washing steps are required, so the cargo can be loaded into the emulsion templates at the time of the fabrication of PEC-based capsules. This feature is highly desirable for loading expensive pharmaceutical reagents because of lower reagent consumption (Navi et al., 2020).
To the best of our knowledge, to this date, there are only a fingerful of work has been studied on the fabrication of PECs within a microfluidic device using ATPS (Zhang et al., 2016; Zou et al., 2019; Liu et al., 2020; Navi et al., 2020; Wang et al., 2020). Zhang et al. reported the fabrication of PEC-based capsules using ATPS droplets generated in a glass capillary microfluidic device. They used polyelectrolyte microcapsules (PEMCs) for the encapsulation and release of proteins (Zhang et al., 2016). Recently, Zou et al. used the same platform a glass capillary microfluidic device along with a mechanical wave generator, and added silica nanoparticles to the shell material to generate PEC-based capsules. They reported successful encapsulation and release of the enzyme trypsin (Zou et al., 2019). Further, the pneumatic valve-integrated microfluidic device was employed to fabricate PEC-based capsules that provided a robust platform to engineer human islet organoids (Liu et al., 2020; Wang et al., 2020). In the same year, Navi et al. fabricated the magnetic PEMCs using an ATPS-integrated microfluidic device (Navi et al., 2020).
Our work is inspired and motivated by previous works, and is a result of the integration of ideas from these previously reported platforms for the generation of PEC-based capsules (Zhang et al., 2016; Zou et al., 2019; Liu et al., 2020; Navi et al., 2020; Wang et al., 2020). However, developing a new platform based on the integration of a new collection method is in the manuscript. In our work, we present a one-step on-chip microfluidic approach for the fabrication of the hybrid capsules using an aqueous two-phase system (ATPS) based on the interfacial complexation of two oppositely charged PEs: polycations of chitosan and polyanions of sodium alginate (SA). In this present study, we employ a pneumatic valve to generate the w/w droplets. We found that the factors such as the pressure of the valve, and flow rates of the core and middle phases tune the size of the w/w droplets. Further, we compared the conventional vertical tubing collection method with the settling collection method for collecting the as-fabricated capsules and found that the settling collection method involves the controlled release of the as-generated capsules within the microfluidic chip from the bottom outlet that maintains their regular size. We observed that the flow rate of the core phase affects the capsules’ size. We also demonstrated our capsules are capable of encapsulating the magnetic particles.
2 MATERIALS AND METHODS
2.1 Materials
Dextran (500 kDa, Alfa Aesar), PEG (20 kDa, Sigma Aldrich), sodium alginate (250 cps, Sigma Aldrich), chitosan (>400 cps, Sigma Aldrich), glacial acetic acid (≥99%, Sigma Aldrich), sodium hydroxide (95%, Jin Chemical Pharmaceutical Co., Ltd.), fluorescein isothiocyanate isomer 1 (FITC, 90%, Sigma Aldrich), ferric oxide, Fe2O3 nanoparticles (<50 nm average size, Sigma Aldrich) were used for the process of the hydrogel capsules’ synthesis. Sodium phosphate dibasic (99%, Sigma Aldrich), potassium phosphate monobasic (99%, Sigma Aldrich), sodium chloride (99.5%, Sigma Aldrich), potassium chloride (99%, Duksan Pharmaceutical Co., Ltd.) were used to prepare the PBS solution. Polydimethylsiloxane and the curing agent (Sylgard 184, Dow Corning, MI, United States), and photoresist (SU-8 3035, Microchem Corp, Newton, MA) were used for the fabrication of the microfluidic chip. Methanol (90%, Samchun Pure Chemicals Co., Ltd.) and DI water were used as solvents. All reagents are used as received.
2.2 Fabrication of the microfluidic device
The microfluidic chip was fabricated by a standard soft lithography method (Jang et al., 2016; Jin et al., 2021). The desired outlay of the microfluidic device was made by using AutoCAD software. Further, the master mold (patterned silicon wafer) of the required height was prepared by a photolithography method using SU-8 3035 photoresist (Jang et al., 2016; Jin et al., 2021). The PDMS prepolymer and the curing agent at a weight ratio of 10:1 were mixed and degassed using a vacuum pump at room temperature to remove the air bubbles. The homogeneous mixture was then poured over the master mold and thermally cured at 65°C for 12 h in a convection oven to form the structure at the bottom of the cured PDMS sheet (PDMS replica). The structured PDMS replica was carefully peeled off the mold without damaging the structure. The inlet and outlet ports on the structured PDMS replica were produced by punching holes with a biopsy punch of diameter (ɸ) 0.75 mm and 1.5 mm, respectively. As we collected the hybrid capsules via the settling collection method, for this system, the outlet port of 2 mm ɸ on a glass slide was made using a glass drilling machine (KITECH Device, Sherline Model 2010; United States). Subsequently, the structured PDMS replica that has the inlet and outlet ports was bound with a plain PDMS slab (for the vertical tubing collection method), and the structured PDMS replica that has only inlet ports was bound with a glass slide with an outlet port (for settling collection method) after oxygen-plasma treatment for about 1–2 min, then the aligned microfluidic device was kept in an oven at 100°C for at least 2 h to stabilize the bond strength.
The dimensions of the final fabricated microfluidic channels are as follows; the height of the microfluidic channels is 100 ± 5.4 µm. In addition, the length and width of the pneumatic valve are 800 ± 7.87 µm and 200 ± 3.45 µm, respectively, which could control the generation of the droplets. The widths of the inlet channels, outlet channel along with serpentine channel are 100 ± 2.13 µm and 200 ± 3.10 µm, respectively.
2.3 Fabrication of hybrid capsules
The ATPS-integrated microfluidic system was composed of two polymer solutions, 15 wt% dextran (DEX) and 17 wt% PEG were dissolved in DI water. The core phase consisting of different amounts of SA was dissolved in the 15 wt% DEX solution to form the core flow solution of different concentrations. The middle phase was the pure solution of 17 wt% PEG. Different amounts of chitosan were dissolved in the 17 wt% PEG solution, pH was adjusted to five by acetic acid to form a homogeneous chitosan solution (of different concentrations) as the shell flow solution. The solutions of the core, middle and shell phases were loaded in the syringes (KOVAX, South Korea) and pumped into the inlets of the microfluidic device by using syringe pumps (PHD ULTRA, Harvard Apparatus, United States). The pneumatic valve was located near the first flow-focusing junction which squeezes and opens (a switching cycle) the main channel with the help of the carrier nitrogen gas leading to the generation of droplets at the end of a switching cycle. A nitrogen gas provided to the pneumatic valve was controlled by the pressure regulator gauge. The period of a switching cycle was 1.0 Hz and was kept constant throughout our experiment. We identified the shape of the signal was sinusoidal. Once then, droplets generated by the pneumatic valve were carried toward the second flow-focusing junction with the help of the middle phase where the droplets meet shell flow leading to the capsules’ fabrication. At the second flow-focusing junction, the electrostatic complexation between oppositely charged PEs, SA, and chitosan occurred. The as-fabricated capsules were collected in the collection chamber containing PBS solution and characterized using an inverted microscope (TE-2000U, Nikon, Japan) equipped with a high-resolution CCD camera (Coolsnap cf, Photomaterials, AZ, United States). The software ImagePro (Media Cybernetics, MD, United States) was used to obtain images. The size of the capsules was measured using ImageJ (NIH, National Institutes of Health, MD, United States).
2.4 Synthesis of FITC labeled chitosan
To confirm the complexation at the interface of the hybrid capsules, FITC was chosen for labeling the chitosan. The labeling of chitosan with FITC occurred by the conjugation of the primary group of the amine of the chitosan with the isothiocyanate group of FITC (Sharma et al., 2012). FITC-labeled chitosan was prepared according to the reported literature (Liu et al., 2020; Wang et al., 2020). Briefly, 0.5 g chitosan was dissolved in the solution of 50 ml acetic acid (0.1 M). 50 ml methanol was then added to the homogeneous chitosan solution followed by the addition of 25 ml methanol containing FITC (2 mg/ml). The mixture solution was stirred for 3 h in the dark at room temperature. After the reaction, 0.2 M NaOH solution was added to the final mixture solution until the pH reached 9–10 to obtain the precipitation of FITC- chitosan. The FITC-chitosan precipitate was collected after the centrifugation (LABOGENE 2236R, LS Industrial Systems, South Korea) at 4°C at 15000 rpm for 10 min. Free FITC was separated by repeated washing with the mixture of methanol/water (7:3 volume ratio) and centrifuged until no fluorescence was detected in the supernatant. The FITC- chitosan was then dialyzed using a dialysis bag (cut-off MW = 6–8 kD, Spectrum Laboratories, Inc., United States) against DI water for 3 days in the dark with the exchange of fresh DI water daily. The dialyzed FITC-chitosan was freeze-dried in a lyophilizer (EYELA FDU-2200, Tokyo Rikakikai Co., Ltd., Japan) for about 3 days to obtain a dry powder. Further, the dry powder of FITC-chitosan was used for the subsequent experiments.
3 RESULTS AND DISCUSSION
3.1 Design and manipulation of ATPS droplet microfluidic platform
The design of our microfluidic device includes three inlets, a pneumatic valve, the two flow-focusing junctions, one is for droplet generation and another is for the fabrication of capsules and a serpentine channel provided more time for the capsules to undergo interfacial complexation to form a strong solid interface which was then connected with an outlet for the capsules collection as can be seen in Figure 1A. In this present work, SA/DEX, PEG, and chitosan/PEG solutions were employed as core, middle, and shell phase solutions. In the past, because of the ultralow interfacial tension between water-water phases, researchers have tried active-microfluidic methods that involve the use of external perturbation to generate the droplets (Chao et al., 2020; Daradmare et al., 2022). A pneumatic valve that converts mechanical energy into surface energy partially addressed the limitation of ultralow interfacial tension between water-water phases (Wang et al., 2020). A pneumatic valve compresses and opens the microchannel of the core phase periodically when the carrier nitrogen gas goes in and out of the microchannel of the valve that activating the generation of the droplets at the end of the one complete valve cycle. These ATPS droplets served as templates for the capsules’ fabrication. The fabrication of capsules is mainly based on the interfacial complexation of PEs, negatively charged SA and positively charged chitosan. Specifically, the ATPS droplets containing SA generated at the first flow-focusing junction were then carried toward the second flow-focusing junction where they meet with the shell phase containing chitosan. Because of the concentration gradient, SA and chitosan diffuse from the droplets, and shell phase, respectively toward the middle phase and form a complexation via electrostatic interactions (Zou et al., 2019; Liu et al., 2020; Wang et al., 2020). It was observed that the hydrogel capsules swelled immediately because of the water uptake in the microcapsule while the shell structure was intact when they were transferred to the PBS medium (their sizes can be compared from Figure 1B).
[image: Figure 1]FIGURE 1 | (A) Schematic illustration of oil-free all-aqueous-phase droplet microfluidic system platform to fabricate hydrogel capsules via interfacial complexation between oppositely charged polyelectrolytes, and (B) corresponding digital photograph and optical microscope images highlight different sections of the microfluidic chip and as-fabricated hydrogel capsules.
3.2 Controllable generation of ATPS droplets
Figure 2 presents a phase diagram showing the different flow regimes over a wide range of the flow rates of the core phase (QCore) and capillary number (based on QMiddle) (CaMiddle). To conduct this study, 15 wt% DEX, and 17 wt% PEG solutions were used as core and middle phases, respectively. The pneumatic valve at the pressure of 0.35 MPa was used to generate the droplets at the first flow-focusing junction. We observed three typical flow patterns in the junction such as unstable droplets, monodisperse droplets, and thread-like continuous flow. The optical microscope images represent the three different flow regimes in the flow-focusing junctions as shown in Figure 2A. As can be seen in Figures 2A,B phase diagram is mainly divided into three flow regimes: jetting, dripping, and elongation. Jetting is the regime where the breaking of the droplets happens from the elongated thread of the core phase due to Rayleigh-Plateau instability resulting in polydisperse droplets (Kumar et al., 2020). The dripping regime yields droplets at the flow-focusing junction that are highly monodisperse which is the most wanted regime in the droplet generation process to manipulate the size of the droplets. An elongation regime is the continuous thread-like form of the core phase flowing in the middle phase (Kim et al., 2018).
[image: Figure 2]FIGURE 2 | W/w droplet generation in the microfluidic device. (A) Optical microscope images of the different flow regimes observed during the droplet generation at the flow-focusing junction, and (B) phase diagram plotted as a function of the QCore and capillary number (based on QMiddle) (CaMiddle) showing different flow regimes such as jetting, dripping, and elongation. The pneumatic valve at a pressure of 0.35 MPa was used for all the experiments.
The formation of the flow at the flow-focusing junction is mostly determined by a force balance between the viscous stress and the surface tension stress (Kim et al., 2018). Therefore, the dimensionless number Ca (Ca = µU/γ) comes into existence, where, U (U = QMiddle/A, where, A is the cross-section area microfluidic channel) is the velocity of the middle phase, µ indicates the viscosity of the middle phase (35 ± 1.98 cP), measured by a Brookfield rheometer (RC, United States), and γ represents the interfacial tension (40 ± 4.34 μn/m) between the core and middle phases measured by an interfacial tensiometer (Attension, United States), overall, the Ca was controlled by varying QMiddle. A phase diagram is important in understanding droplet generation, plotting various flow rates of the core phase (0.03–0.2 μL/min) as a function of different CaMiddle ranging from 0.0025 to 0.176. It was observed that the jetting and dripping regimes appear at low flow rates of the core phase over the wide range of CaMiddle as shown in Figure 2. The jetting regime is seen for 0.03 < QCore < 0.2 μL/min and 0.0025 < CaMiddle < 0.176. However, the monodisperse w/w droplets are generated only within the limited regime. The first transition from jetting to the dripping regime occurs at CaMiddle ≈ 0.018 for QCore = 0.03 μL/min. In this regime, shear forces from the middle phase are generated on the core phase, enabling droplet generation with uniform size (Sattari et al., 2021). The upper limit of the QCore and CaMiddle for the droplet generation are 0.2 μL/min and 0.7, respectively. Further, the second transition from dripping to elongation regime was then observed. The elongation regime appeared at a high QCore (≥0.2 μL/min) over the wide range of the CaMiddle. In this regime, the viscous force exerted by the middle phase at the core phase’s surface is insufficient to overcome the interfacial tension, due to which, both the phases flow parallel to each other without causing droplet generation (Venkateshwarlu et al., 2021). Therefore, the low QCore and CaMiddle are recommended to generate the w/w droplets in the microfluidic device.
3.3 Influence of the operating parameters on the droplets’ generation
The influence of the various operating parameters such as the pressure of the valve and flow rates of the core and middle phases have been systematically explored on the droplets’ generation as shown in Figure 3. In this study, 15 wt% DEX solution as a core phase, and 17 wt% PEG solution as a middle phase were used to generate the w/w droplets in the microfluidic device. As discussed above in Section 2.3, the w/w droplets were generated with the pneumatic valve, hence, the pressure of the pneumatic valve was considered to be the most important key parameter. Figure 3A presents the optical microscope (OM) images captured at the flow-focusing junction of the microfluidic device where the pressure of the valve varied from 0 to 0.4 MPa for typical flow rates of the core (0.03 μL/min) and middle (0.2 μL/min) phases. It was observed that the core phase formed a continuous thread in the middle phase with no droplet formation without a pneumatic valve (0 MPa). This confirms the pneumatic valve plays an important role in droplets’ generation. When the valve was switched on and the applied pressure increased to 0.25 MPa that causes the low perturbation due to the partial squeezing and opening of the microchannel (valve switching cycle) leads to the formation of a knot-like structure or wavy interface between two phases. However, the w/w jet does not break up into droplets at this pressure. As the pressure is increased to 0.35 MPa, due to a complete squeezing and opening of the microchannel, the w/w jet starts to break up into droplets of uniform size of 61.30 ± 3.51 µm near the flow-focusing junction. On further increasing the pressure to 0.4 MPa, the monodisperse droplet with a relatively smaller size (56.00 ± 2.11 µm) formed at the flow-focusing junction. Though, the difference is not significant as there is not much difference in the valve pressure. Further increasing the valve pressure to more than 0.4 MPa (to be more specific, 0.45 MPa) led to debonding of the microfluidic chip from the glass slide. Based on our systematic investigation of the influence of valve pressure on droplet generation, 0.35 MPa pressure was considered the optimized valve pressure and was used for further experiments and investigations.
[image: Figure 3]FIGURE 3 | Droplet generation snapshots; the influence of the different operating parameters on the droplets’ generation such as; (A) pressures of the valve at the constant QCore and QMiddle of 0.03 and 0.2 μL/min, respectively, (B) QCore at the constant QMiddle of 0.2 μL/min and 0.35 MPa valve pressure, and (C) QMiddle at the constant QCore of 0.03 μL/min and 0.35 MPa valve pressure.
Flow rates are crucial factors in microfluidic systems to affect the size of droplets. The effect of the different QCore ranges from 0.03 to 0.3 μL/min on the droplet length (size) was examined by keeping the QMiddle constant (0.2 μL/min) as depicted in Figure 3B. The formation of the monodisperse spherical w/w droplets was observed at QCore = 0.03 μL/min. In general, the size of the droplets increased when increasing the QCore. In the present study, when QCore = 0.1 μL/min, the droplets squeezed in the microchannel where the length of the droplets increased may result in an increment in the size. When the QCore was increased to 0.2 μL/min, more squeezing was observed increasing the length of the droplets inside the microchannel which might provide a bigger size to the droplets. The growth in droplet size occurs when there is an increase in the both inertial and viscous forces of the core phase, which indicates that more surface tension force is required to dominate inertia and viscous forces for the breakup process that can be achieved by larger droplets at the same surface tension states (Sattari et al., 2021). On further increasing the QCore to 0.3 μL/min, the jetting phenomenon was observed. This validates that high valve pressure (>0.35 MPa) is required to generate the w/w droplets at the flow-focusing junction. To demonstrate the influence of QMiddle on droplet generation, we performed systematic experiments by varying the QMiddle from 0.08 to 0.8 μL/min at fixed QCore at 0.03 μL/min. It can be seen from Figure 3C that the droplet size decreased with increasing QMiddle. When the QMiddle = 0.08 μL/min, the w/w droplets formed from the elongated thread away from the flow-focusing junction due to the Rayleigh-Plateau instability, suggesting the surface tension is not sufficient to break up the jet into droplets at the flow-focusing junction (Rayleigh et al., 1879; Middleman, 1998; Yuen, 1968). As the QMiddle increased to 0.2 μL/min, the spherical droplets formed with a relatively smaller size than the droplets formed at QMiddle = 0.08 μL/min. On further increasing the QMiddle (0.5 and 0.8 μL/min), the size of the droplets decreased. This is due to the fact that increasing the QMiddle increases the shear force on the core phase at the flow-focusing junction and accelerates the fast detachment of the droplets from the core phase, consequently, it leads to the formation of smaller droplets (Kim et al., 2012; Sontti et al., 2019). It is apparent from Figure 3C that the increasing shear forces also caused a change in a droplet shape, increase in the droplet length confirms the increase in the shear force. We observed that the droplet generation frequency at 0.35 MPa valve pressure irrespective of the flow rates was about 3.0 Hz. Overall, the size of the droplets can be tuned by controlling the flow rates of the core and middle phases.
3.4 Collection of hydrogel capsules by vertical tubing and settling methods
The hydrogel capsules were fabricated via interfacial complexation between oppositely charged SA and chitosan polysaccharides in the microfluidic device using 0.1 wt% SA containing 15 wt% DEX solution as a core phase (QCore = 0.03 μL/min), solution of 17 wt% PEG as a middle phase (QMiddle = 0.8 μL/min) and the shell phase comprising 0.25 wt% chitosan in 17 wt% PEG solution (QShell = 1.0 μL/min). Eventually, the SA from the core phase and chitosan from the shell phase migrate towards the middle phase, and complexation occurred via electrostatic interactions resulting in the formation of the hydrogel capsules with a core of DEX solution and shell composed of the SA-chitosan complexation. The resulting hydrogel capsules were collected by the conventional vertical tubing method where the Tygon tube is fixed at the outlet port as shown in Figure 4A. The OM image shows the polydisperse size of the hydrogel capsules collected from the vertical tubing method and subsequently suspended in the PBS medium (Figure 4B). The average size of the hydrogel capsules in the PBS medium was ≈304.47 µm with a large coefficient of variation (CV = 19.12%) as can be seen in the distribution graph (Figure 4C). In the case of the vertical tubing collection method, we faced three basic problems related to the collection of the hydrogel capsules. Firstly, we observed that the hydrogel capsules aggregated at the outlet port before entering the Tygon tube while moving against gravity. As a result, more pressure exerts on the capsules causes aggregation and therefore the hydrogel capsules tend to merge. Secondly, when the hydrogel capsules enter the conventional Tygon tube that has a larger diameter induces the sudden expansion of the fluid channel which decreased the flow rate of the flowing fluid, and therefore the separating distance between the hydrogel capsules decreases resulting in the aggregation and merging of the hydrogel capsules (C. Kim, Park, Kim, Jeong, & Lee, 2017). The third possible problem could be the wetting properties between the PDMS chip and plain PDMS slab, in other words, the hydrophobic nature of the PDMS walls causes aggregation which then led the merging of the capsules (which are hydrophilic). The merged microcapsule collected in the PBS medium is shown in the yellow dotted highlighted area in Figure 4B.
[image: Figure 4]FIGURE 4 | The collection of the hydrogel capsules by; (A–C) vertical tubing collection method, and (D–F) settling collection methods. (A,D) Schematic representation of the collection methods, (B,E) corresponding optical microscope image of the hydrogel capsules collected in PBS solution, and (C,F) size distribution graph showing the average size and coefficient of variation (CV) of the collected hydrogel capsules.
In the case of the settling collection method, where the hydrogel capsules collected from the outlet port in the downward direction (in the direction of gravity) were settled into PBS solution as presented in Figure 4D. The OM image of the hydrogel capsules collected in the PBS solution confirms that there is no merging but aggregation was observed (Figure 4E). The aggregation is the result of the inevitable pressure difference between the inside and outside of the microfluidic device. It seems that the aggregation did not affect the intact structure of the shell of the hydrogel capsules that retained their sphericity. Also, the size distribution graph of the collected hydrogel capsules via the settling collection method showed the relative monodispersity with the 267.47 µm average size and with a CV of 6.11% which is three times lesser than the standard deviation of the hydrogel capsules obtained by the vertical tubing collection method (Figure 4F). Based on the above analyses, it can be concluded that the settling collection method efficiently collects the hydrogel capsules without merging problems. Further, we tuned the size of the hydrogel capsules by controlling the QCore from 0.03 to 0.2 μL/min by keeping the other parameters such as QMiddle and QShell constant. The OM images confirm the average size of the hydrogel capsules increased with the increase of QCore (Figure 5A). This result is in line with the previous reports in accordance with the general droplet microfluidic system due to the correlation between the core phase flow rate and droplet size within a certain limit (Liu et al., 2020; Wang et al., 2020). The plot of the size of the capsules as a function of different core flow rates showed the average capsule size varied from ≈260 to 510 µm by simply changing the QCore from 0.03 to 0.2 μL/min (Figure 5B).
[image: Figure 5]FIGURE 5 | Influence of the QCore on the size of the hydrogel capsules collected by the settling collection method. (A) Optical microscope images and (B) histogram of the size of hydrogel capsules as a function of different QCore ranging from 0.03 to 0.2 μL/min. The QMiddle and QShell were kept constant at 0.8 and 1.0 μL/min, respectively.
3.5 Confirmation and encapsulation of the hydrogel capsules
The well-defined composition, uniform size, and internal structure are the most important features of hydrogel capsules, making them ideal for encapsulating nonbiological and biological molecules (Hann et al., 2016; Perro et al., 2022). To confirm the formation of the intact shell of the hydrogel capsules via interfacial complexation between SA and chitosan, we first synthesized FITC-chitosan as mentioned in Section 2.4, and used it in performing the hydrogel capsule synthesis process. Further, the capsules were investigated under the optical microscope and exhibited a transparent core with a darker edge than the central part as can be seen in Figure 6A. It was then proved from the fluorescence image that the FITC-chitosan was accumulated only at the edge of the hydrogel capsules (Figure 6B). This confirms that there was no further diffusion of FITC-chitosan happened inside the capsules because of the presence of a semipermeable membrane formed after complexation between negatively charged SA and positively charged FITC-chitosan via electrostatic interactions at the interface. In addition, to explore the encapsulation capability of the hydrogel capsules, we used nonbiological magnetic particles, Fe2O3, and suspended them in the core phase. The compositions and flow rates are; core phase of 0.1 wt% SA containing 15 wt% DEX solution (QCore = 0.03 μL/min), solution of 17 wt% PEG as a middle phase (QMiddle = 0.8 μL/min) and the shell phase of 0.25 wt% chitosan in 17 wt% PEG solution (QShell = 1.0 μL/min). The hydrogel capsules were collected in the PBS solution by the settling collection method. The hydrogel capsules exhibit good encapsulation capability for the Fe2O3 particles while maintaining their structural integrity as can be seen in Figure 6C. The size distribution graph shows the average size of the Fe2O3 encapsulated hydrogel capsules was 280.20 µm and the CV of 5.39% suggesting a narrow size distribution (Figure 6D). Based on this result, we observed that the encapsulation of magnetic particles into the core phase did not affect the generation of the relatively monodisperse hydrogel capsules.
[image: Figure 6]FIGURE 6 | Confirmation (A) Bright-field image, (B) fluorescence image of the hydrogel capsules confirming the interfacial complexation between SA and FITC-chitosan. The encapsulation of magnetic particles, Fe2O3 nanoparticles, (C) optical microscope image of the hydrogel capsules encapsulating Fe2O3 nanoparticles, and (D) histogram of the size distribution of Fe2O3 nanoparticles encapsulated hydrogel capsules with small variation.
4 CONCLUSION
In summary, we designed an all-water-based microfluidic device platform for the one-step fabrication of hydrogel capsules that enabled the encapsulation of magnetic particles in a continuous process by introducing a pneumatic valve promoting droplet generation. The w/w droplet generation could be controlled by simply adjusting the pressure of the valve and flow rates of the core and middle phases. The transformation of the w/w droplets into the hydrogel capsules relies on the interfacial complexation between oppositely charged PEs, SA (polyanion), and chitosan (polycation). This microfluidic platform was further modified after its combination with the settling collection method which minimizes the coalescence between the hydrogel capsules facilitating their safe collection. The fabricated hydrogel capsules display well-defined properties of uniformity, biocompatibility, and stability which are beneficial to make them potent candidates for biomedical applications. Furthermore, we confirmed the capability of our hydrogel capsules for the encapsulation of magnetic particles, and therefore we can envision that these hydrogel capsules can be utilized in cell encapsulation and organoid construction which can be considered as our future work. Stanley, 1998, Cheung Shum et al., 2012.
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