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Cell-laden hydrogel microspheres with uniform size show great potential for tissue repair and drug screening applications. Droplet microfluidic systems have been widely used for the generation of cell-laden hydrogel microspheres. However, existing droplet microfluidic systems are mostly based on complex chips and are not compatible with well culture plates. Moreover, microspheres produced by droplet microfluidics need demulsification and purification from oil, which requires time and effort and may compromise cell viability. Herein, we present a simple one-step approach for producing and purifying hydrogel microspheres with an easily assembled microfluidic device. Droplets were generated and solidified in the device tubing. The obtained hydrogel microspheres were then transferred to a tissue culture plate filled with cell culture media and demulsified through evaporation of the oil at 37°C. The removal of oil caused the gelled microspheres to be released into the cell culture media. The encapsulated cells demonstrated good viability and grew into tumor spheroids in 12–14 days. Single cell-laden hydrogel microspheres were also obtained and grown into spheroid in 14 days. This one-step microsphere generation method shows good potential for applications in automated spheroid and organoid cultures as well as drug screening, and could potentially offer benefits for translation of cell/microgel technologies.
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INTRODUCTION
Spheroids are three-dimensional (3D) spherical cellular aggregates that allow cells to interact with neighboring cells and their extracellular matrix. Spheroids can recapitulate cell morphology as well as reproduce gene expression, cell connectivity, and tissue morphology. Compared with two-dimensional models, spheroids are more physiologically relevant and predictive (Du et al., 2008; Dyson, 2019). Spheroids have therefore become the most common and versatile three-dimensional model since they were first used in cell cultures in the 1950s (Dyson, 2019; Boucherit et al., 2020; Sivakumar et al., 2020; Decarli et al., 2021; Roper et al., 2021).
Various scaffold-free and scaffold-based approaches have been developed to generate three-dimensional spheroids. Scaffold-free approaches include using hanging drop plates (Kelm et al., 2003; Guo et al., 2014), low cell attachment plates (Ivanov et al., 2015), and emerging techniques such as magnetic levitation (Türker et al., 2018), ultrasound waves, and acoustic waves. Scaffold-free approaches are easy to perform and can be applied to various cell types (Franchi-Mendes et al., 2021). Microfabrication techniques such as photolithography (Du et al., 2008; Brandenberg et al., 2020) and micromolding (Tekin et al., 2011; Tao et al., 2019) have also been used to create spheroids, allowing the volume and shape of spheroids to be precisely controlled. However, most spheroid fabrication approaches require an excessive amount of time and effort, and producing uniform spheroids with a high throughput and in a reproducible manner is particularly challenging.
Droplet microfluidics is a versatile technology that allows for the manipulation of small volumes of liquids on a microfluidic chip (Zhu et al., 2019; Mohamed et al., 2020; Balasubramanian et al., 2021). Previous studies have applied droplet microfluidics in the fields of molecular and cellular biology and analytical chemistry for applications such as clonal development (Dolega et al., 2015), drug screening (Courtney et al., 2017), single-molecule/single-cell analysis (Najah et al., 2012; Shembekar et al., 2018; Shao et al., 2020), tissue engineering (Liu et al., 2018), organoid modeling (Vadivelu et al., 2017; Zhang et al., 2021), and spheroid fabrication (Lopa et al., 2020; Mohamed et al., 2020). Droplet microfluidic technology is especially suitable for 3D cell cultures (Eqbal et al., 2021). Three-dimensional cell culture technology based on microfluidic droplets has many advantages. For instance, droplet size distributions from tens to hundreds of microns allow nutrients and oxygen to effectively diffuse into cells. In addition, droplet microfluidic systems provide high throughput and high controllability, and they can produce uniform cell-encapsulated microspheres with tunable microenvironments in a high throughput manner. Currently, various materials and microfluidic chips have been used to generate hydrogel microspheres for cell culture and spheroid fabrication.
The preparation of microdroplets by microfluidic methods typically uses two incompatible liquids as a continuous phase and a discrete phase, and the generation of droplets is controlled by the microtubule structure and two-phase flow rate ratio of the microfluidic chip. Through precise pressure control, uniform and high-throughput droplet generation can be achieved. The obtained droplets can then be solidified into microspheres by a photosensitive or thermal reaction. After gelation, demulsification and centrifugation are carried out to obtain the encapsulated hydrogel microspheres (Caballero Aguilar et al., 2021). However, this method is complex and time-consuming, and exposing the cells to demulsifiers affects their viability. Alternatively, other studies have used an aqueous two-phase system as a template for hydrogel microspheres generation in water to avoid extra washing steps (Moon et al., 2015; Mao et al., 2017; Liu et al., 2018). However, aqueous two-phase systems require two water phase reagents that are immiscible with each other. Only a limited number of reagent combinations, such as polyethylene glycol and dextran, meet this requirement. Therefore, the limited number of solution combinations hinders the wide application of this technology in cell encapsulation.
To avoid this problem, Choi et al. developed a method for the one-step generation of monodisperse cell-laden hydrogel microspheres. They first generated double emulsion droplets with an ultrathin oil shell, then used UV light to solidify the droplets. After polymerization of the inner droplets, the thin oil shells of the double emulsion droplets gradually wet and subsequently transfer into the aqueous solution. This results in hydrogel microspheres dispersed in the aqueous phase without extra washing steps (Choi et al., 2016). However, this method requires complex microfluidic control and is not compatible with conventional cell culture plate systems. Recently, on-chip methods for the generation and purification of hydrogel microspheres in an integrated microfluidic chip have been developed (Deng et al., 2011; Hong et al., 2012; Choi et al., 2016; Mohamed et al., 2019). Deng et al. designed filter blocks in a microfluidic chip for on-chip hydrogel microsphere filtration. The filter blocks separated hydrogel microspheres from an oil phase by infusing the oil phase and the aqueous phase. After filtration, the hydrogel microspheres were sequentially maintained by the filter blocks (Deng et al., 2011). In another study, Hong et al. extracted collagen microspheres from a mineral oil phase into a cell culture with an aqueous extraction chamber. The fluid exchange and filter gates on the chip aided the separation and release of the microspheres into the aqueous solution (Hong et al., 2012). Other microfluidic chip-integrated on-chip fabrication and purification methods and off-microfluidic approaches have also been used for hydrogel microsphere purification (Lee et al., 2014). For instance, hydrogel microspheres have filtered by a micropost array to achieve their removal from an oil phase to an aqueous phase (Mohamed et al., 2019). However, these methods require complex chip design and processing steps.
In this study, a simple one-step approach for generating and purifying encapsulated hydrogel microspheres was designed. Droplets were generated with a commercial adapter and solidified in the system’s tubing. The hydrogel microspheres were then transferred to a tissue culture plate filled with cell culture media. The gelled microspheres were demulsified through oil evaporation, causing them to be released into the cell culture media. The obtained encapsulated cells maintained good viability and grew into tumor spheroids in 14 days. The one-step microsphere generation method presented herein may have potential application in biomedical fields.
METHODS
Materials
Gelatin methacryloyl (GelMA) and Lithium phenyl(2,4,6-trimethylbenzoyl) phosphinate (LAP) were obtained from Stemeasy Biotech Co., Ltd. (Wuxi, China). HFE7500 fluorinated oil were purchased from 3M Company (Shanghai, China), and SF33 fluorinated oil were purchased from Chemours Co., Ltd. (Shanghai, China). Perfluoropolyether–polyethylene glycol (PFPE–PEG) block-copolymer fluorosurfactants (PEG-based fluorosurfactants) were synthesized as described previously (Holtze et al., 2008). Calcein-AM/PI Double Stain Kit was purchased from Yeasen Biotech Co., Ltd. (Shanghai, China). 0.22 µm filters were purchased from Millipore (Bedford, MA, United States). All other chemicals were analytical grade, and double-distilled water was used throughout the experiments. MicroCross were obtained from IDEX Health & Science LLC (Oak Harbor, WA, United States).
MicroCross Construction and Droplet Generation
A microfluidic T-junction platform was designed and constructed for droplet generation, as shown in Figure 1. An IDEX MicroCross T-junction and a fluorinated ethylene-polypropylene (FEP) tube were used for device fabrication. The inner diameter of the MicroCross was 250 μm. HFE7500 fluorinated oil containing 1% PFPE–PEG fluorinated surfactant was selected as the continuous phase and 6% photocrosslinkable gelatin, GelMA in PBS, containing 0.4% photoinitiator LAP was selected as the disperse phase. To generate droplets, the continuous phase and disperse phase were loaded into two syringes (20 and 1 ml, respectively), which were propelled by peristaltic pumps (Baoding Longer Precision Pump Co., Ltd.). At the junction section, the disperse phase was broken into small droplets under the shear force caused by the continuous phase.
[image: Figure 1]FIGURE 1 | Schematic illustration of the developed microfluidic system for one-step hydrogel microsphere generation. (A) Schematic diagram of the microfluidic platform. (B) Configuration of the microfluidic chip. (C) Generation and separation procedures for obtaining hydrogel microspheres.
Generation of Cell-Laden Hydrogel Microspheres
HCT116 and U87 cells were digested by trypsin-EDTA and resuspended in DMEM supplemented with 10% FBS at a density of 8×106 cells/ml. Photocrosslinkable GelMA and photoinitiator LAP were dissolved in PBS and filtered with a 0.22 µm filter. The disperse phase was prepared by mixing 100 μl cell suspension with 200 µL 12% GelMA and 100 µL 1.6% LAP. A volatile fluorinated oil SF33 with low boiling point (33°C) containing 0.02% PFPE–PEG fluorosurfactant was chosen as the continuous phase. The continuous phase and disperse phase were loaded into two syringes (20 and 1 ml, respectively), which were propelled by peristaltic pumps. Droplets generated at the T-junction were cured using 405 nm light for 15 s. The obtained hydrogel microspheres were transferred to a tissue culture plate filled with cell culture media by an second oil syringe with SF33 fluorinated oil downstream of emulsification. Cells were cultured at 37°C in a humidified 5% CO2 and 95% air atmosphere.
Cell Viability Assessment
Cell viability was assessed using a commercial Calcein-AM/PI Double Stain Kit (Shanghai Yeasen Biotech. Co., Ltd.) according to the manufacturer’s instructions. Live/dead staining solution was prepared by adding 1 µl calcein AM and 3 µL ethidium homodimer into 1 ml assay buffer. The cell-laden hydrogel microspheres were harvested and centrifuged at 1,000 rpm for 5 min. Then, the cell-laden hydrogel microspheres were suspended in assay buffer and stained by live/dead staining solution at room temperature for 20 min. After staining, the hydrogel microspheres were imaged using a fluorescence microscope. The live and dead cell numbers were identified and the ratio of live cells to the total number of cells was determined using ImageJ software (Ma et al., 2017).
Statistical Analysis
Each experiment was performed at least three times. Data were presented as mean± standard deviation. Image analysis, data treatments, and statistical analysis were performed using ImageJ and Origin. Statistical analysis was performed using one-way ANOVA, and statistical significance was established at p < 0.05.
RESULTS
Design and Fabrication of the Assembled Microfluidic Platform
To generate and purify cell-encapsulated hydrogel microspheres in one step, we developed an easily assembled microfluidic platform. The microfluidic platform consisted of three major modules: a T-junction microfluidic module for droplets generation, a blue light curing module for on-line hydrogel microsphere gelation, and a microsphere injection module for microsphere distribution and purification (Figure 1A). The T-junction microfluidic module was designed and fabricated using commercial IDEX adapters. To generate droplets of an appropriate volume, several adapters were assessed, and micro static mixing T-junction with 250 μm and 150 internal diameter were chosen for droplet generation (Figure 1B). After droplet generation, the droplets were immediately solidified using a blue light (wavelength of 405 nm, power density of 2000 mW/cm2) in the FEP tube (Supplementary Video S1). An second oil syringe downstream of emulsification was used to increase the spacing between droplet and distribute the hydrogel microspheres into cell culture plates containing cell culture media. When the microsphere reaches the outlet, the second oil syringe extruded the microsphere into the 96 well plate, and then the tube outlet moved to the next position through the two-dimensional mobile platform, and extruded the next drop of microsphere into the 96 well plate. The cell culture plates were then transferred to a CO2 incubator. In the 37°C environment, the oil phase gradually evaporated within 4 h, leading to the direct transfer of the gel microspheres into the cell culture media without an additional washing step (Figure 1C).
Formation of Emulsion Droplets With the Assembled Microfluidic System
To assess the efficiency of the assembled microfluidic system for droplet generation, HFE7500 fluorinated oil and SF33 fluorinated oil were tested. HFE7500 oil is less volatile and the droplets generated are stable at room temperature. In contrast, SF33 oil is volatile and the droplets are not as stable as droplets generated with HFE7500 oil and some droplets fuse when the droplets gather together. So we chose HFE7500 oil for the initial optimization of fabrication conditions. HFE7500 with 1 wt% PFPE–PEG fluorosurfactant and 6% GelMA in PBS were loaded into two syringes and propelled by peristaltic pumps. At the T-junction, the disperse phase was broken into small droplets under the shear force generated by the continuous phase. To evaluate the effect of the continuous phase on droplet generation, the flow rate of the continuous phase was increased from 15 to 75 μl/min while the flow rate of the disperse phase was held constant at 5 μl/min. The results show that the droplet size gradually decreased from 368 to 290 µm as the continuous phase flow rate increased to 75 μl/min (Figure 2A). To test the effect of the disperse phase on droplet generation, the flow rate of the disperse phase was increased from 2.5 to 12.5 μl/min while the flow rate of the continuous phase was held constant at 30 μl/min. The results in Figure 2B show that the droplet size increased when the flow rate of the disperse phase was increased. These results reveal that the droplet size can be adjusted by the flow rates of the continuous phase and the disperse phase. It was also determined that droplets are less likely to collide and coalescence and the droplet size becomes more uniform with increasing flow rate ratio of the continuous phase to the disperse phase. And the results also indicated that the assembled microfluidic system could generate monodispersed emulsion droplets and the average diameter was 326 ± 11 µm (Figures 2C,D).
[image: Figure 2]FIGURE 2 | Effects of the disperse phase and continuous phase flow rates on the diameter of generated droplets. (A) Variation in droplet diameter with increasing continuous phase flow rate from 15 to 75 μl/min (disperse phase flow rate: 5 μl/min). (B) Variation in droplet diameter with increasing disperse phase flow rate from 2.5 to 12.5 μl/min (continuous phase flow rate: 30 μl/min). (C) Representative microscopy image of droplets generated by the microfluidic system. (D) Size distribution of the droplets. The scale bar represents 200 µm.
Production of Monodisperse Hydrogel Microspheres Through Oil Evaporation
To produce monodisperse hydrogel microspheres, a volatile fluorinated oil SF33 with low boiling point (33°C) was used. HFE7500 oil was not used because HFE7500 oil is less volatile and the use of HFE7500 is not compatible with the oil evaportation method. Different from the demulsification and purification methods used before, we report a hydrogel microsphere production method without demulsification and washing steps. After the droplets were generated and solidified by 405 nm light for 15 s in the microfluidic system tubing, the resulting hydrogel microspheres were transferred to a cell culture plate filled with cell culture media. Although the density of fluorinated oil SF33 (1.36 g/ml) was higher than that of culture medium, the microspheres in the fluorinated oil remained on top of the cell culture media due to interfacial tension. The tissue culture plate was then placed in a 37°C incubator. Because the incubator temperature was higher than the boiling point of the fluorinated oil (33°C), the oil phase evaporated in 4 h, destroying the stability of the surfactant layer on the droplet surfaces. As a result, the hydrogel microspheres were gradually released from the oil phase into the cell culture medium over 4 h (Figure 3A). The size distribution of the hydrogel microsphere indicated microspheres were monodisperse and the average diameter was 328 ± 13 µm (Figure 3B). It should be noted that the surfactant concentration in the continuous phase should be within an appropriate range. When the surfactant concentration is lower than 0.02%, droplet coalescence occurs before photocuring takes place. When the surfactant concentration is too high, such as 1%, the microspheres aggregate together after oil partially evaporation. Microspheres hang on the surface of the aqueous phase due to the hydrophobic effect of surfactants and are unable to be released into the aqueous phase (Figure 3C).
[image: Figure 3]FIGURE 3 | Generation and extraction of hydrogel microspheres. (A) Schematic diagram of the microsphere extraction process by oil evaporation. (B) Size distribution of the hydrogel microspheres. (C) Representative microscopy image of extraction process. The scale bar represents 200 µm.
Generation of Tumor Spheroid Using the Microfluidic Platform
The utility of the hydrogel microsphere production method for the generation of tumor spheroid was studied. HCT116 cells were suspended in 6% GelMA and encapsulated into droplets (Figure 4A). The size distribution of these hydrogel microspheres was then measured. As shown in Figure 4B, the average diameter of the cell-laden hydrogel microspheres was 313 µm within a 5% coefficient of variation, indicating that they were homogeneous. The number of cell-encapsulated in the microspheres was 50 ± 12 µm (Figure 4C). Cell viability was evaluated after encapsulation, and the results show that the HCT116 cells maintained good viability and formed cell clusters in the hydrogel microspheres after 7–14 days of culturing (Figures 4D–F).This microfluidic system was further verified with the U87 tumor cell line. In contrast to the densely packed cellular organization formed by HCT116 cells (Supplementary Figure S1), the U87 cells behaved completely differently after being encapsulated into hydrogel microspheres. The U87 cells spread out from the hydrogel microspheres after culturing for 12 days (Supplementary Figure S2). The cell viability of the encapsulated U87 cells was assessed with a live cell staining kit. The results show that the encapsulated cell viability was comparable to that of non-encapsulated cells, indicating that this microfluidic system is highly biocompatible with 3D cell cultures.
[image: Figure 4]FIGURE 4 | Generation of cell-laden hydrogel microspheres in the microfluidic system. (A) Representative image of cell-laden hydrogel microspheres. The scale bar represents 200 µm. (B) Size distribution of cell-laden hydrogel microspheres. (C) The number of cell-encapsulated in the hydrogel microspheres. (D) Fluorescence microscopy image of HCT116-laden hydrogel microspheres after culturing for 3, 7, and 14 days. The scale bar represents 100 µm. (E) Percentage viability of encapsulated cells in the hydrogel microspheres of 3, 7, and 14 days. (F) The diameter of the cell spheroids formed within the hydrogel microspheres after culturing for 3, 7, and 14 days.
Single cell-laden hydrogel microspheres have been shown to have great potential in the fields of stem cells and tissue engineering. Herein, we generated single U87 tumor cell-laden hydrogel microspheres by adjusting the diameter of the microcross (Supplementary Figure S3A). 100 µm microspheres which is the favorable size for single cell applications were generated. Single cell tumor spheroid formed after 14 days culture, and the live cell staining revealed the U87 cells maintained good viability (Supplementary Figure S3B).
DISCUSSION
Prior work has documented the potential of droplet microfluidic in spheroid and organoid generation. For example, uniform patient-derived tumor spheroids and engineering human islet organoids have been fabricated using droplet microfluidic based platform (Siltanen et al., 2016; Tao et al., 2019). Droplet microfluidic ensures high-throughput formation of cell-encapsulated hydrogel microspheres of controlled size and cell seeding density by adjusting flow velocity and cell suspension concentration. Morever, droplet microfluidic based platform requires only 30–50% percentage of 3D culture medium compared with traditional 3D culture. Besides, hydrogel microspheres generated by droplet microfluidic can be used combing with other microfluidic device for more complex interdisciplinary studies. However, current technologies for cell-laden microsphere generation need either demulsification and centrifugation or complex microfluidic device to transfer the encapsulated hydrogel microspheres into the culture medium (Caballero Aguilar et al., 2021). These methods are complex and time-consuming, and exposing the cells to demulsifiers affects their viability (Mohamed et al., 2020).
In this study, we developed an easily assembled microfluidic platform for one-step and high-throughput monodisperse hydrogel microsphere preparation and cell encapsulation. Compared with traditional hydrogen microsphere fabrication methods, this method does not require the addition of a demulsifier or other chemicals, reducing the toxic effect on cells and improving the cell survival rate. Evaporation-based microfluidic strategy has been used to produce cell encapsulated hydrogel microsphere. However, evaporation of oil phase resulted in an aggregation of cell encapsulated hydrogel microspheres, and only 40% percentage of cells survive after 6 days culture (Fan et al., 2015). We found that the realization of hydrogel microsphere fabrication without a separate washing step relies on the concentration of surfactant in the oil phase. The surfactant concentration should not be too high, so as to ensure that hydrogel microspheres don’t aggregate and can be released into the culture medium. The surfactant concentration also should not be too low, so as to ensure that the droplets do not fuse before gelation. By adjusting the concentration of surfactant, monodisperse hydrogel microspheres were prepared by real-time solidification in the microfluidic system tube, and over 90% percentage of cells keep alive after 14 days culture. It should be noted that the surfactant in the oil phase should be biocompatible, otherwise the residual surfactant after oil volatilization may affect cell survival (Clausell-Tormos et al., 2008).
Several studies have indicated that spheroids above 200 µm undergo core necrosis (Vadivelu et al., 2017; Corrado et al., 2019). Due to the limitation of mass transport, cells encapsulated in the hydrogel microspheres suffer from different levels of waste products, low nutrients and even hypoxia. Hypoxia may induce cell death in the hydrogel microspheres of a few hundred micrometers (Ling et al., 2007). Previous study indicated that the microsphere diffusivity depends on the microsphere size relative to the network pore size and also on the stress relaxation dynamics of the network. The diffusion of nutrients, growth factors and other molecules in hydrogel can change depending the degree of crosslinking (Burla et al., 2020). Studies also indicated that the concentration of GelMA and its degree of crosslinking are inversely proportional to the degree of porosity and the network pore size, and the decrease of gel concentration is correlated with decreased stiffness of the gel, which promotes cell proliferation and survival (Cuvellier et al., 2021); [45]. Compared with 7.5–10% GelMA used in previous study, low-concentration (6%) GelMA is chosen for cell-encapsulated microsphere generation in our study. By reducing the LAP concentration and the UV exposure time, the viability of the cells are improved while keeping the stability of the microsphere. Moreover, we found that low-concentration gelma microspheres were more likely to aggregate when separated by demulsification and centrifugation, while the microspheres were more likely to disperse rather than aggregate through the oil-phase evaporation and hydrophilic adsorption separation.
Besides, the assembled microfluidic platform is compatible with existing 96 well plates and other cell culture systems, which is conducive to the realization of high-throughput three-dimensional culturing and screening. This method is expected to have important application value in the fields of tumor high-throughput drug screening and organoid preparation.
However, some limitations are worth noting. Cells such as HCT116 generated more than one cluster in one microsphere. Similar results has also been reported in prevrious study (Choi et al., 2016). This may affects the uniform of spheroid generated. Recently, cell aggregation in low-concentration matrigel has been used for uniform spheroids generation. Cells sediment by gravity and aggregate into tumor spheroids (Brandenberg et al., 2020). Cell aggregation for uniform spheroids generation in droplet microfluidic should be further evaluated. It also should be noted that many of the encapsulated cells in the system were located in a non-central position in the hydrogel microspheres, resulting in the partial encapsulation of the cells and allowing some cells to escape into the cell culture. Non-central encapsulation can lead to asymmetric biomechanical stimuli and biochemical culture conditions, which may affect the uniformity of the generated spheroids or organoids. Hence, a strategy for centering the encapsulated cells in the hydrogel microspheres for long-term 3D culturing needs to be developed in the future.
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