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Introduction: Hydrogel microspheres are an attractive option for drug delivery applications due to their ease of injection and potential for tunable controlled delivery. However, their utility is limited due to high initial burst release and rapid overall release, which is especially pronounced for small molecules or small size microspheres. We and others have shown that the addition of two-dimensional nanosilicate (NS) particles to hydrogels can significantly prolong release kinetics from hydrogels while minimizing burst release.
Materials and Methods: Here we explored whether NS could modulate release kinetics of small molecules from small size injectable microspheres. Polyethylene glycol (PEG)-based hydrogel microspheres were fabricated via polymer/salt aqueous two-phase separation (ATPS), which is facile, high yield, and scalable, without the need for organic solvents or oils.
Results and Discussion: Importantly, NS and acridine orange (AO), a model cationic small molecule, were shown to phase separate into the PEG-rich phase, allowing for successful encapsulation within hydrogel microspheres. The fabricated microspheres were stable, similar in size to red blood cells, and easily injectable. The effect of various fabrication parameters, including the addition of NS and AO, on microsphere size and polydispersity were explored. Release of AO was significantly slowed from PEG-NS microspheres compared to PEG-only microspheres and correlated with NS concentration. Two additional small molecules, the chemotherapeutic doxorubicin (positive charge), and the model small molecule Brilliant Blue FCF (negative charge), were shown to exhibit prolonged release, underscoring the broad utility of the system. The dependence of release kinetics on encapsulated NS concentration allows for tunable and prolonged release of small molecules from an injectable hydrogel delivery device.
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1 INTRODUCTION
Hydrogels are widely used for drug delivery applications due to their potential for controlling release kinetics, localizing release, and reducing the need for frequent dosing, while preserving the bioactivity of encapsulated therapeutics (Wen et al., 2015). Hydrogel microspheres are especially desirable for drug delivery applications due to their injectability and potential for systemic release (Mandal et al., 2020; Zhao et al., 2021). Polyethylene glycol (PEG) hydrogels are especially well-suited for drug delivery because they are bioinert, biocompatible, and could be made biodegradable with highly tunable degradation kinetics (Zustiak et al., 2012). However, a significant drawback to hydrogel-mediated release is a high initial burst release of the drug, which disrupts sustained release kinetics and poses a toxicity risk due to the release of large quantities of drugs in a short time (Yoo and Won, 2020). This phenomenon is especially pronounced in small size hydrogels (<500 μm) due to the high surface to volume ratio and in the release of small molecules, which can rapidly diffuse out of the hydrogel (Li and Mooney, 2016a). This poses a serious challenge to achieving sustained release of small molecules from injectable hydrogel microspheres.
The addition of two-dimensional layered nanosilicate Laponite XLG (NS) particles to hydrogels has been shown to achieve sustained release of small molecules (Khachani et al., 2022). The high surface area, biocompatibility and biodegradability of NS particles makes them a suitable addition to PEG hydrogels (Tomás et al., 2018). Small molecules are electrostatically adsorbed to the negatively charged faces or positively charged edges of the disc-shaped NS particles, slowing release up to 1000-fold compared to no NS hydrogels (Jansson et al., 2020; Stealey et al., 2021; Stealey et al., 2022). While the effect of NS particles on slowing release of small molecules has been studied in macroscale hydrogels by us and others (Samimi Gharaie et al., 2018; Stealey et al., 2022), microscale hydrogels present an even greater challenge due to small distances required for drug diffusion out of the hydrogel microparticles.
Hydrogel microspheres can be fabricated using many established methods. Mechanical methods of forming hydrogel microspheres include microfluidics and micromolding, which offer greater control over microsphere size but may lack scalability (Zhao et al., 2021). Alternatively, solution-phase methods allow for scalability of hydrogel microsphere production, but may lead to greater polydispersity (King et al., 2011). Solution-phase methods can be classified based on the phase locations of the monomer and the initiator during polymerization. Precipitation polymerization occurs when the monomer and initiator are initially in the same phase, but phase separation occurs due to the insolubility of the formed polymer in the original phase, resulting in the formation of microparticles (Flake et al., 2011).
Aqueous two-phase separation (ATPS), which relies on the immiscibility of a polymer/polymer or polymer/salt mixture, has been widely employed for protein extraction and, more recently, to fabricate PEG-based hydrogel microspheres (Annunziata et al., 2002; Elbert, 2011; Flake et al., 2011; Mytnyk et al., 2017; Mastiani et al., 2019). ATPS is an attractive fabrication method because it allows for quick and facile fabrication of a large number of spheres with sizes of just a few microns in diameter. The smaller sizes are advantageous for injectability in a variety of administration sites and allow for higher packing densities compared to larger microspheres, which theoretically could result in higher drug loading per injection volume. Furthermore, ATPS does not require the use of oil or organic solvents, negating the need for surfactants or extra washing steps that may be toxic or hinder molecule release (Zhang et al., 2022). The ATPS method is also very versatile as demonstrated by Nicols et al. (2009) who modulated gelation kinetics and crosslink density to control microsphere size and swelling. However, the effect of incorporation of nanomaterials on hydrogel microsphere size, polydispersity, properties, and drug release profiles remains unexplored.
In this study, ATPS was used to fabricate PEG-NS nanocomposite hydrogel microspheres capable of sustaining release of small molecules. The effect of various fabrication parameters, as well as the incorporation of NS within hydrogels, was explored to observe the resultant effect on microsphere size and polydispersity, both factors that could affect release kinetics. Mechanical testing revealed the injectability of the microsphere solutions, while bulk release studies demonstrated significantly prolonged release compared to PEG-only hydrogel microspheres. Thus, these PEG-NS nanocomposite microspheres show great potential for an injectable hydrogel microsphere delivery device.
2 MATERIALS AND METHODS
2.1 Materials
4-arm PEG-Acrylate (4-arm PEG-Ac; 10 kDa) and PEG-dithiol (PEG-diSH; 3.4 kDa) were purchased from Laysan Bio Inc. (Arab, AL, United States). Acridine Orange, triethanolamine (TEA), and doxorubicin were obtained from Millipore Sigma (Saint Louis, MO, United States). Nanosilicate particles (Laponite XLG, abbreviated here as NS) were obtained from BYK Additives (Wesel, Germany). Sodium sulfate and Brilliante Blue FCF were obtained from Sigma-Aldrich (Saint Louis, MO, United States). Barium iodide and potassium bromide (KBr) were procured from ThermoFisher Scientific (Saint Louis, MO, United States).
2.2 Fabrication of PEG and PEG-NS microspheres via ATPS
Stock solutions of 20% w/v 4-arm PEG-Acrylate (4-arm PEG-Ac) and 20% w/v PEG-diSH were prepared by dissolving PEG powder in 1X phosphate buffered saline (PBS). For a 500 μL total reaction volume, 29.8 μL of 20% w/v 4-arm PEG-Ac and 20.2 μL of 20% w/v PEG-diSH were mixed to crosslink via a Michael-type addition reaction for a given amount of time, deemed the “pre-reaction time” for a final concentration of 2% w/v in PEG, unless otherwise noted. Next, 300 uL of 1X PBS was added to the mixture allowing for significant dilution, effectively halting the pre-reaction between 4-arm PEG-Ac and PEG-diSH. For PEG-NS nanocomposite microspheres, NS powder was dispersed in DI water and probe sonicated for 30 s using a Sonic Dismembrator 100 (Fisher Scientific, Hampton, NH) in a 1 s on/1 s off pattern. NS stock solution was then added to the PEG precursor solution for final NS concentrations ranging from 0.01 μg/mL to 1,000 μg/mL. The solution was moved to a 37°C incubator and 150 μL of 1.25 M sodium sulfate solution was added without agitating the PEG-NS mixture. The solution was removed from the incubator after 45 min, and 1,000 μL of fresh 1X PBS was added to dilute the sodium sulfate and allow for microsphere dispersion. The microspheres were further dispersed by vigorous pipetting, and the solution was centrifuged for 30 s at ×2000 g to sediment the microspheres. The supernatant was removed, and the microspheres were resuspended in PBS to a final volume of 1.5 mL. The solution was then probe sonicated for 30 s in a 1 s on/1 s off pattern to disperse microsphere aggregates.
Similar procedure was used for the fabrication of PEG-NS-AO microspheres, with the following modifications. Following addition of PEG precursor solutions and specified NS concentration, AO (final concentration 0.004 mM) was added to the reaction volume immediately prior to addition of Na2SO4. Following phase separation, microspheres were buffer exchanged and sonicated as described above.
2.3 PEG reaction efficiency
To determine whether all PEG polymer was incorporated in the hydrogel microspheres, sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was utilized. Following microsphere formation with 0, 1, or 1,000 μg/mL NS, 1,000 μL of fresh ×1 PBS was added to each microcentrifuge tube containing the 500 μL of microsphere suspension, and the solution was gently mixed to disperse hydrogel microspheres. Microcentrifuge tubes were then centrifuged (60 s at ×2000 g) and supernatant was decanted and collected for analysis. Standards of 0.67% w/v, 0.33% w/v, 0.1% w/v, 0.05% w/v and 0% PEG (equimolar ratio of 4-arm PEG-Ac: PEG-diSH in PBS), as well as a 100 μg/mL NS negative control were also prepared. Samples were diluted with 65 μL of sodium dodecyl sulfate for every 35 μL of sample. Lanes were loaded with 5 μL of each standard or sample. SDS-PAGE was performed at a voltage of 200 V on a 4%–12% gradient Bis-Tris gel for 40 min in an XCell SureLock cell (Thermo Fisher Scientific) powered by a PowerPac Basic power supply (Bio-Rad). Gels were stained with barium iodide for PEG (Ghassemi et al., 2021).
2.4 Microsphere size and polydispersity
Microspheres were imaged using an inverted microscope (Zeiss Axiovert 200, Thornwood, NY) with a ×20 or a ×40 objective. Microsphere diameters were measured using ImageJ software (Schneider et al., 2012) and % coefficient of variance (% CV) was calculated using the following formula:
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At least 200 microspheres from each sample were measured to ensure accurate representations of microsphere size and polydispersity.
2.5 Confirmation of phase separation
To prepare samples for Fourier-transform infrared spectroscopy (FT-IR) analysis, PEG-only, PEG-NS, PEG-AO, and PEG-NS-AO microspheres were fabricated with a final NS concentration of 100 μg/mL and final AO concentration of 0.004 mM. The prepared samples were centrifuged (×2000 g for 30 s), the supernatant was removed, and the sedimented microspheres were lyophilized (Lyophilizer, VirTris Sentry 2.0, Warminster, PA). Lyophilized microspheres were then mixed with potassium bromide (KBr) powder in a 10:1 w/w ratio and pelletized. Pellets were then used to confirm phase separation of the NS particles and AO into the PEG-rich phase using FT-IR (Shimadzu FTIR-8400S, Tokyo, Japan). Spectra were plotted and analyzed for peaks indicative of PEG, AO, or NS.
Fluorescent microscopy was also utilized to confirm phase separation of AO in the PEG microspheres. PEG microspheres containing 0.1 mM AO were imaged using inverted fluorescence microscope (Zeiss Axiovert 200, Thornwood, NY) with a ×40 objective. Note the higher concentration of AO used here to ensure microspheres were visible and imageable.
2.6 Gelation Time and Injectability measurements of microsphere slurry solutions
Microsphere gelation time was evaluated by observing the time at which stable microspheres were formed for each group. PEG and PEG-NS precursor solutions in 0.375 M Na2SO4 salt solution (2% w/v in PEG) were prepared and incubated at 37°C for a specified amount of time, with measurements taken every 3 min for up to 60 min. Following the indicated incubation time, the microcentrifuge tube was removed and imaged. Droplet formation, as indicated by opacity of the solution, was noted and buffer exchange into PBS was performed as described above. Following buffer exchange, solutions were again centrifuged, and pellet formation was noted, indicative of stable microsphere formation. To further confirm stable microsphere formation, 30 μL aliquots of each re-resuspended solution were imaged using an inverted microscope to observe microspheres. This process was repeated with PEG groups at varying temperatures (4C, 25, 37, or 60°C) to observe the effect of temperature on gelation time.
The viscosity of the PEG and PEG-NS precursor solutions was measured as a function of shear rate using an AR2000 ex Rheometer (TA Instruments, New Castle, DE, United States) at 37°C with a gap of 400 μm and a 20 mm parallel plate geometry (Supplementary Figure S1). The precursor solutions were pipetted onto the rheometer Peltier plate, and viscosity was measured at shear rates of 0.01–100 s−1 at a constant strain of 2%. The flow consistency index, K, and the flow behavior index, n, were calculated using the Ostwald-de Waele relationship (where η represents the measured viscosity (Pa·s) and γ represents the shear rate (s-1) (Wilson et al., 2017):
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To determine if the shear stresses encountered during injection, a peak-hold shear recovery test was used (Deo et al., 2022). Following buffer exchange and sonication, microspheres slurry solutions with 0, 1, or 100 μg/mL NS were pipetted onto the Peltier plate and the gap was lowered to 400 μm and the solution was allowed to equilibrate for 1 min. A multi-step peak-hold test was performed in the following sequence: 50 s of shear rate 0.01 s-1, 10 s of shear rate 1,000 s-1 to simulate shear stresses encountered during extrusion from a syringe, and 60 s of shear rate 0.01 s-1. Separately, aliquots of microsphere solutions were imaged prior to and immediately following extrusion through a 27 G hypodermic needle tip (Exelint, Redondo Beach, CA) using phase contrast microscope to visualize any negatively impacted hydrogel microsphere structure.
Swelling of the microspheres was measured prior to buffer exchange, after buffer exchange, and after sonication and characterized by measuring microsphere diameters as described above.
2.7 Bulk release studies
Bulk release studies were performed with AO as the model small molecule. PEG (2% w/v in PEG) and PEG-NS microspheres (2% w/v in PEG and 0–1,000 μg/mL in NS) were prepared as described above, with AO (final concentration of 0.004 mM) added immediately prior to addition of Na2SO4. After incubating for 45 min, 1,000 μL of 1X PBS was added to the microcentrifuge tubes and the phase-separated microspheres were dispersed via gentle pipetting. The microspheres were then centrifuged (×2000 g for 30 s) and the supernatant was removed and stored for PEG recovery and encapsulation efficiency calculations. The microspheres were then resuspended in 1.5 mL of fresh ×1 PBS, marking the beginning of the release test.
At specified time points, the microspheres were centrifuged (2000 x g for 30 s) and 200 μL aliquots of the supernatant were removed from each tube and analyzed immediately. Fresh ×1 PBS (200 μL) was added to maintain a sink volume of 1,500 μL. AO concentration for each releasate sample was determined by measuring the fluorescence of the collected samples at excitation/emission wavelengths of 500/540 nm, respectively, using a SpectraMax i3 plate reader (Molecular Devices, San Jose, CA, United States).
The total mass of released AO at each time point was calculated using a mass balance:
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where Mi represents AO concentration at time i, Minf represents AO concentration at infinite time, Mi/Minf represents the fractional release, Ci represents the AO concentration in the releasate at time i, V represents the total volume of the release solution, and Vs represents the releasate sample volume.
For short release times, the effective diffusion coefficient was calculated using a modified form of Fick’s Law (Ritger and Peppas, 1987):
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where D is the diffusion coefficient and a is the radius of the microsphere.
To demonstrate the effect of release buffer salinity on release kinetics, 0.004 mM AO was loaded into either hydrogel microspheres containing 0 μg/mL NS (PEG-only) or 100 μg/mL NS using the procedure described above. Instead of PBS, 100 mg/mL NaCl solution was used as the release buffer for both samples. AO concentration was again measured via fluorescence, where the decrease in AO fluorescence due to higher solution salinity was accounted for, as previously described (Khachani et al., 2022).
Two additional small molecules with varying size and charge were also utilized to demonstrate the robustness of this nanocomposite delivery device (Table 1). Doxorubicin (DOX), a clinically relevant chemotherapeutic, and Brilliant Blue FCF (BB) were loaded into hydrogel microspheres containing 0 μg/mL NS (PEG-only) or 100 μg/mL NS (PEG-NS) using the procedure described above. Concentration of DOX was measured via fluorescence using the excitation and emission wavelengths described in Table 1. BB concentration was measured using absorption at 570 nm. To negate effects of PEG or NS on absorption of releasate samples, additional “blank” groups containing 0 μg/mL NS (PEG-only) or 100 μg/mL NS (PEG-NS) with no BB were fabricated an analyzed. BB concentrations at each time point were calculated by subtracting respective absorbance of blank groups from BB-containing samples.
TABLE 1 | Properties of small molecules used for bulk release studies. molecular weight, net charge, and excitation/emission wavelengths for acridine orange (AO), doxorubicin (DOX), and Brilliant Blue FCF (BB). Ex/Em refers to excitation and emission wavelengths of fluorescence measurements, while Abs refers to absorption measurement at indicated wavelength.
[image: Table 1]2.8 Statistical analysis
The results of experiments are the mean values ± standard deviation of at least three separate experiments. For all microsphere size data, measurements consisted of at least 200 measurements of individual microspheres from four separate batches. For all experiments, comparisons between two groups were performed with student’s t-tests and were considered statistically significant when p < 0.05. Comparisons between multiple groups were performed with single-factor analysis of variance (ANOVA) followed by Tukey’s post hoc test and were considered statistically significant when p < 0.05. All statistics were performed with GraphPad Prism software (Version 6.0, San Diego, CA).
3 RESULTS
3.1 Microsphere fabrication via aqueous two-phase separation (ATPS)
PEG microspheres were successfully fabricated via aqueous two-phase separation (ATPS, Figure 1). Above a given temperature and kosmotropic salt concentration (Supplementary Figure S2), the polymer phase becomes more immiscible within the aqueous solvent, forming a polymer-rich phase. The droplets of this polymer-rich phase are unstable following buffer exchange into a solution below the cloud point. However, when polymer macromer and crosslinker phase separate together into these polymer-rich droplets, gelation occurs, forming stable hydrogel microspheres. Here, two-dimensional nanosilicate particles (NS) were phase separated into the PEG-rich phase and subsequently encapsulated within the hydrogel microspheres to allow for sustained release of AO, a cationic model small molecule.
[image: Figure 1]FIGURE 1 | Schematic depicting the fabrication of PEG and PEG-NS-AO microspheres by aqueous two-phase separation.
Salt concentration can play a critical role in determining phase separation kinetics and microsphere size (Supplementary Figure S3). At salt concentrations below the cloud point, such as 0.125 M for this system, at a given temperature, no phase separation occurs, and no microspheres are formed. At higher salt concentrations, the salt phase becomes denser than the PEG-rich phase, rising to the top of the reaction volume. When this buoyancy occurs rapidly and before gelation occurs, PEG-rich phase droplets can coalesce to form larger microspheres, as can be observed in the 0.875 M Na2SO4 group. To ensure minimal coalescence and polydispersity, a Na2SO4 concentration of 0.375 M was used for all future experiments.
A critical step of the fabrication process is the buffer exchange into a more physiologically compatible solvent. Microspheres were easily exchanged into 1X PBS by centrifuging microspheres and decanting the supernatant that contained diluted Na2SO4. Microspheres were shown to swell significantly following this buffer exchange (Supplementary Figure S4). Even after re-suspension in PBS, microspheres exhibited aggregation that was not easily separated via pipetting or use of Tween 80 surfactant (data not shown). As such, microsphere suspension solutions were sonicated, effectively breaking up microsphere aggregates, thereby resulting in individual hydrogel microspheres.
3.2 Optimization of microsphere fabrication
The effects of PEG concentration, pre-reaction time, incubation temperature and pH on microsphere diameter and polydispersity were studied to optimize microsphere fabrication conditions to achieve microspheres <10 μm and minimize polydispersity (Figure 2). For all experiments we used 2% w/v PEG, 5 min pre-reaction time, 37°C, and pH 7.4, unless otherwise noted.
[image: Figure 2]FIGURE 2 | Parametric Optimization of Fabrication Conditions. Effect of pH (A), pre-reaction time (B), incubation temperature (C), and pH (D) on microsphere diameter and polydispersity. For each condition, we used 2% w/v PEG, 5 min pre-reaction time, 37°C, and pH 7.4, unless noted otherwise. Data represents >200 microspheres for each condition. (E) Calculated % coefficient of variance (% CV) for each measured group. * indicates statistically significant difference (n = 3, p < 0.5).
First, final PEG concentration was varied between 0.5% w/v to 5% w/v (Figure 2A). It was expected that increasing PEG concentration would decrease microsphere size due to higher local concentrations of PEG, allowing for gelation to proceed more rapidly, thereby preventing droplet coalescence. As expected, 0.5% w/v PEG resulted in microspheres with diameters of ∼10 μm and ∼6 μm at a PEG concentration of 5% w/v. No significant effect on polydispersity, as measured by percent coefficient of variance (% CV) was detected, with % CV values of ∼20% for all groups.
Similarly, an increase in pre-reaction time between 4-arm PEG-Ac and PEG-diSH was expected to decrease microsphere diameter as solutions would be near the “gel-point”, minimizing the time needed for PEG droplets to gel and form stable microsphere, thereby lessening coalescence of droplets (Figure 2B). This was shown to be the case as microsphere size decreased from ∼8 μm with no pre-reaction to ∼6 μm with a pre-reaction time of 10 min. However, pre-reaction times above 10 min resulted in premature gelation of solutions prior to phase separation and were therefore not considered. No significant difference in polydispersity was observed, though a trend was noted that increasing pre-reaction time decreased polydispersity.
Next, reaction temperature was explored (Figure 2C). As expected, no phase separation or microsphere formation were observed at 4°C, which fell below the cloud point (Supplementary Figure S2). As temperature was increased, microsphere size significantly decreased. At 25°C, a number of large spheres (>50 μm) were observed. The lower temperature led to slower phase separation and slower gelation kinetics, allowing for coalescence of PEG droplets. At 37°C and 60°C, phase separation and gelation were more efficient, leading to significantly smaller sizes (∼50% decrease) and polydispersity (∼66% decrease) than the 25°C group.
Lastly, solution pH was modulated to alter the gelation kinetics. At more basic pH, the thiol groups of PEG-diSH become more reduced, leading to faster reaction with acrylate groups of 4-arm PEG-Ac. Similar to the 25°C group, a wide spread of microsphere diameters were observed at slightly acidic pH of 6.5 At mildly basic pH 7.4, microsphere diameters were significantly smaller, and polydispersity decreased compared to the pH 6.5 group. At more basic pH 8.5 and pH 10, microsphere diameters decreased to averages of ∼6 μm and ∼5 μm, respectively, due to even faster gelation kinetics.
Overall, across conditions a positive correlation between microsphere diameter and polydispersity was observed, where conditions with larger diameters exhibited higher % CV (Supplementary Figure S5). This can be attributed to the interplay between phase separation and gelation, where faster gelling conditions decrease the amount of time possible for coalescence, thereby resulting in both small microsphere diameters and lower polydispersity.
For all future experiments, 37°C and pH 7.4 were used to provide mild conditions that were unlikely to denature or degrade encapsulated drugs while still providing small microsphere size and minimal polydispersity. A pre-reaction time of 5 min was used to reduce polydispersity without causing premature gelation. Lastly, a PEG concentration of 2% w/v was utilized to provide relatively higher PEG concentrations to slow small molecule release.
Another consideration of utilizing ATPS to fabricate these nanocomposite microspheres is the efficiency of the Michael-type addition reaction. Ideally, a high efficiency of conversion of PEG macromer and crosslinker (4-arm PEG-Ac and PEG-diSH, respectively) to a fully gelled mesh network is desirable to achieve high yield of microspheres. To determine the efficiency of the phase separation, PEG-poor salt phase following phase separation and dilution of Na2SO4 was collected and analyzed for the presence of PEG. As seen in Supplementary Figure S6, PEG was found in the PEG poor-phase, indicating that not all polymer was incorporated into the microspheres. Little difference was observed between samples with varying NS concentrations, indicating that NS did not affect phase separation efficiency. The high amount of smearing observed for sample groups compared to control groups (unreacted PEG) can be attributed to the reaction between 4-arm PEG-Ac and PEG-diSH and subsequent chain growth. The NS only (no PEG) negative control also reveals that NS did not affect staining and interfere with data analysis.
3.3 Successful incorporation of NS and AO into PEG microspheres
In this study, NS was incorporated into PEG hydrogel microspheres to control release of a model small molecule, AO. To confirm NS and AO were present in the PEG-rich phase and successfully encapsulated within the hydrogel microspheres, Fourier transform infrared spectroscopy (FTIR) was utilized (Figure 3A). Microspheres containing only PEG (PEG-only), PEG +100 μg/mL NS (PEG-NS), PEG + 0.004 mM AO (PEG-AO), and PEG +100 μg/mL NS + 0.004 mM AO (PEG-NS-AO) were lyophilized and analyzed. Peaks indicative of PEG were present in each of the four samples as expected. Specifically, the peak at 1,051 cm-1 that represents C-O stretching and the peak at 1,453 cm-1 indicative of C-H bending were observed in each sample. The small peak at 1,633 cm-1 in the PEG only group, which represents the C=C bond present within the acrylate end groups of 4-arm PEG-Ac, indicates that not all acrylate end groups were reacted with thiol groups.
[image: Figure 3]FIGURE 3 | Confirmation of NS and AO Hydrogel Microsphere Encapsulation. (A) FTIR spectra of microspheres containing PEG-only, PEG-NS, PEG-AO, and PEG-NS-AO. Black drop lines indicate peaks representative of PEG, blue drop lines represent peaks indicative of NS, and red drop lines are for peaks typical of AO. (B) Fluorescent images of PEG microspheres containing 0.1 mM AO and 0, 1, or 100 μg/mL NS following buffer exchange and sonication. Scale bar = 50 μm.
The peak at 991 cm-1, indicative of Si-O stretching of NS, was present in the PEG-NS and PEG-NS-AO samples but absent in PEG-only and PEG-AO samples, as expected. This result confirmed that NS phase separated into the PEG-rich phase and was encapsulated within the hydrogel microspheres. Other peaks typical of NS, including at 472 cm-1 and 534 cm-1, representative of Si-O-Mg and Si-O-Al, were convoluted with PEG peaks and could not be used for analysis. Peaks indicative of AO were present in the PEG-AO and PEG-NS-AO samples, including at 1,563 cm-1 and 1,503 cm-1, representative of skeletal vibrations of the phenyl ring of AO and the σCN stretching of AO, respectively. Similar to NS, other peaks typically indicative of AO were convoluted by PEG and NS peaks.
Fluorescent imaging was also used to confirm NS and AO were successfully encapsulated within PEG microspheres (Figure 3B). To ensure imageability, AO concentration was increased to 0.1 mM in the initial solution. In microspheres containing 0 μg/mL NS (PEG-only) and 1 μg/mL NS, microspheres were only faintly visible due to lower encapsulation efficiency. The “unbound” AO was also visible following centrifugation of microspheres, as evidenced by an orange color in the supernatant (Supplementary Figure S7). Conversely, in the 100 μg/mL NS group, microspheres were clearly visible against a mostly dark background, confirming the majority of AO had been successfully encapsulated. The supernatant of the 100 μg/mL NS also remained clear, further corroborating the fluorescent imaging results. The dependence of this fluorescence on NS concentration further confirms NS and AO were incorporated into the microspheres.
3.4 Characterization of PEG-NS microspheres properties
The effect of NS concentration of microsphere size and polydispersity was investigated via phase contrast microscopy (Figure 4). As NS concentration increased, so too did microsphere diameter, ranging from 8.8 μm at an NS concentration of 0 μg/mL to 11.8 μm at 1,000 μg/mL NS, representing a 34% increase. Microspheres were significantly larger than PEG-only microspheres at NS concentrations greater than 1 μg/mL. Microscope images also revealed increased microsphere clumping and aggregation at NS concentrations greater than 100 μg/mL (Figure 4C). Microsphere polydispersity did not exhibit a statistically significant dependence on NS concentration, though polydispersity did trend upwards as NS concentration increased. Note that further addition of AO to the PEG-NS microspheres did not affect microsphere diameter or polydispersity (Supplementary Figure S8). While microsphere diameter increased with increasing NS concentration for PEG-NS-AO, microsphere diameter and polydispersity were statistically insignificantly different from PEG-NS groups at comparable NS concentrations.
[image: Figure 4]FIGURE 4 | Effect of NS concentration on PEG microsphere size. (A) Microsphere diameter as a function of NS concentration. * indicates statistically significant difference from 0 μg/mL NS group (n = 3, p < 0.5). (B) % CV of microsphere diameter as a function of NS concentration. (C) Phase contrast microscope images of microspheres at various NS concentrations. Scale bar represents 20 μm.
To characterize whether NS addition affected microsphere gelation time or mechanical properties, PEG-NS solutions were prepared at three NS concentrations, namely, 0 μg/mL, 1 μg/mL, and 100 μg/mL, and gelation time was evaluated by measuring the time after which stable microspheres were formed (Figures 5A, B). This testing revealed the presence of NS did not significantly alter the gelation time, though gelation time did trend downward. PEG droplet formation was observed as early as 20 min, but upon buffer exchange almost no spheres were visible, indicating gelation had not yet occurred. For all conditions, stable gelation occurred at about 30 min. As can be seen in Supplementary Figure S9, temperature had a significant effect on gelation time, with increased temperature leading to shorter gelation time. Gelation was twice as fast at 60°C compared to 25°C. As expected, no gelation was observed in the absence of Na2SO4 or PEG-diSH, as no stable microspheres were observed following buffer exchange (results not shown). The results seen here corroborate the 45 min allotted for phase separation as gelation was assumed complete with no significant increase observed in the number of spheres after 40 min at 37°C.
[image: Figure 5]FIGURE 5 | Gelation Time and Injectability of PEG-NS Microspheres. (A) Gelation time of microspheres as a function of NS concentration as determined from imaging as shown in (B). (B) Representative macro and microscopy images showing the presence of PEG-rich droplets prior to gelation (20 min) and following gelation (35 min) for 100 μg/mL NS samples. Images of were taken following buffer exchange into PBS. Scale bar represents 20 μm. (C) Shear-thinning behavior of microspheres in the absence and presence of NS. (D) A representative rheological simulation of shear stresses encountered during extrusion from an insulin needle. A period of low shear rate was followed by 10 s of high shear rate (simulating extrusion), which was then followed by another period of low shear rate. Microspheres fabricated with 0, 1, or 100 μg/mL NS regained their initial viscosities, indicating hydrogel structure was not adversely impacted.
All microsphere suspension solutions exhibited shear-thinning behavior, with NS containing groups showing significantly lower flow index values of n, representing a higher degree of shear-thinning than PEG-only microspheres (Figure 5C, Supplementary Table S1).
Hydrogel microspheres offer a unique opportunity for delivery via injection. However, microspheres must maintain their structure after experiencing the high shear environment during extrusion through a syringe needle. Here, rheology was used to simulate the shear stresses encountered during extrusion (Figure 5D, Supplementary Figure S10). An initial period of 50 s at low shear (0.01 s-1) was followed by 10 s of high shear (1,000 s-1), which was then followed by an additional 60 s of low shear (0.01 s-1). Both PEG-only and PEG-NS hydrogel microspheres exhibited recovery of pre-high stress shear viscosities, indicating the hydrogel structure remained intact. Additionally, microscopy images qualitatively revealed no difference in microsphere morphology or size following extrusion through a hypodermic needle, further showing the injectability of the fabricated hydrogel microspheres.
3.5 Characterization of AO release from PEG-NS-AO microspheres
AO was encapsulated within PEG-NS microspheres to characterize the effect of NS concentration on small molecule release from PEG microspheres. Here, AO was used as the model cationic small molecule because its innate fluorescence allowed for facile detection and measurement of concentration in the releasate.
First, AO encapsulation efficiency of microspheres as a function of NS concentration was determined by measuring AO concentration in the supernatant following Na2SO4 dilution and centrifugation of microspheres (Figure 6A). For the PEG-only condition, AO encapsulation efficiency was 35%. As NS concentration increased, the encapsulation efficiency of AO increased significantly to 98% at 1,000 μg/mL NS. Encapsulation efficiency was significantly higher than the 0 μg/mL NS control group at NS concentrations higher than 1 μg/mL. This suggests that the addition of NS particles to PEG microspheres allows adsorption of small molecules to NS particles, thereby retaining AO within the microspheres.
[image: Figure 6]FIGURE 6 | Release of AO from PEG-NS Microspheres. (A) Encapsulation efficiency of AO following hydrogel microsphere fabrication. * indicates statistically significant difference from 0 μg/mL NS group (n = 4, p < 0.05). (B) Fractional release profiles of AO from microspheres containing varying concentration of NS over short release times. Error bars are omitted here to improve clarity of graph (n = 4). (C) Calculated diffusivities based on Eq. 4 and data from (B) * indicates statistically significant difference from 0 μg/mL NS group (n = 4, p < 0.05). (D) Fractional release profiles of AO from microspheres containing varying concentration of NS over long release times.
The release of AO from PEG microspheres containing 0–1,000 μg/mL NS was evaluated for short release times (Figure 6B). In PEG-only (0 μg/mL NS) microspheres, AO release was rapid, and a high initial burst release was observed as expected, with more than 90% of AO molecules released after 2 h. Conversely, AO release was significantly reduced from PEG-NS microspheres. As NS concentration increased, the initial burst release of AO was further controlled, with 63%, 25%, and 4% of AO released within 2 h for NS concentrations of 1, 100 and 1,000 μg/mL, respectively.
The effective diffusion coefficients of the microspheres for each condition were determined with a modified Fick’s Law (Eq. 3; Figure 6C). In the absence of NS, PEG-only microspheres exhibited a normalized diffusivity of 0.82, equating to an 18% reduction in diffusivity compared to diffusivity in water. PEG-NS microspheres with at least 0.1 μg/mL NS showed significantly reduced diffusivities compared to the 0 μg/mL NS group, with normalized diffusivities of 0.32, 0.05, and 0.004 for the 1, 100, and 1,000 μg/mL NS groups, respectively. These decreases represent 2.5-fold 16-fold, and 200-fold decreases from the 0 μg/mL, respectively. This suggests that the addition of NS to PEG microspheres significantly limits the diffusion of AO molecules out of the microspheres, revealing an efficient mechanism for sustained small molecule release.
AO release was also followed up to 20 days for various NS concentrations, and the same trend was observed where an increase in NS concentration resulted in reduced initial burst release and slower release of AO over time (Figure 6D). After 20 days, 100% of AO was released from the 1 μg/mL NS group and 92% AO was released from the 10 μg/mL NS microspheres and 47% of AO was released from 1,000 μg/mL NS.
To demonstrate the reversibility of NS-AO interactions, AO was released from 0 μg/mL NS and 100 μg/mL NS microspheres in a high salt concentration (100 mg/mL NaCl) release buffer (Supplementary Figure S11). The release buffer salinity did not affect the release kinetics from the 0 μg/mL (PEG-only) group, with all AO being released within 24 h. However, for the PEG-NS (100 μg/mL NS) group, the higher salt concentration led to 2.4-fold faster release of AO than at the lower NaCl concentration. This release kinetics were also observed in the change in effective diffusion coefficient, which was significantly higher at the higher NaCl concentration for the PEG-NS samples.
3.6 Effect of small molecule net charge on release kinetics
To further validate the robustness of this PEG-NS microsphere delivery device, two other small molecules with varying charge were released from microspheres containing either 0 μg/mL NS or 100 μg/mL NS (Figure 7). These two small molecules were the chemotherapeutic doxorubicin (DOX), which is positively charged at pH 7.4, and another model small molecule, Brilliant Blue (BB) which exhibits a negative charge at physiological pH (Table 1).
[image: Figure 7]FIGURE 7 | Effect of Small Molecule Charge on Encapsulation Efficiency and Release Kinetics. (A) Encapsulation efficiency of AO, DOX, or BB following hydrogel microsphere fabrication. * indicates statistically significant difference between groups (n = 4, p < 0.05). (B) Fractional release profiles of AO, DOX or BB from microspheres containing 0 μg/mL NS (PEG) or 100 μg/mL NS (PEG-NS) over short release times. Error bars are omitted here to improve clarity of graph (n = 4). (C) Calculated diffusivities based on Eq. 4 and data from (B) * indicates statistically significant difference between groups (n = 4, p < 0.05).
No significant change in encapsulation efficiency was observed for PEG-only (0 μg/mL NS) microspheres between AO, DOX, and BB (Figure 7A). Encapsulation efficiency was significantly higher for all PEG-NS samples compared to PEG-only microspheres. However, encapsulation efficiency was significantly lower for BB in PEG-NS microspheres (48%) than for AO (92%) or DOX (82%) for PEG-NS samples.
Similarly, all three small molecules were rapidly released from PEG-only microspheres, with over 90% of the encapsulated small molecule released within 4 h (Figures 7B, C). For PEG-NS microspheres, release was contingent on small molecule charge, with negatively charged BB being released faster than cationic AO or DOX. DOX demonstrated a 2-fold increase in diffusivity while BB showed a 10-fold increase in diffusivity compared to AO from PEG-NS microspheres.
4 DISCUSSION
Nanocomposite hydrogel microspheres with diameters of ∼10 μm were successfully fabricated via aqueous two-phase separation (ATPS), a method that allowed for quick, facile fabrication of a large number of microspheres in a short time. By incorporating two-dimensional nanosilicate particles within these microspheres, sustained release of small molecules with varying charge was made possible.
The ATPS fabrication method employed here involves mixing PEG macromers with an aqueous sodium sulfate solution and allowing for a thermally induced phase separation to occur, resulting in the formation of PEG microspheres (Nichols et al., 2009). Above a certain temperature, PEG undergoes nucleation or spinodal decomposition to phase separate into PEG-rich domains. This temperature is denoted by the cloud point, which represents the binodal line (Supplementary Figure S2) (Bae et al., 1991). The PEG-rich domains grow through coalescence caused by Brownian collision and subsequent merging of domains or by mass transfer from smaller to larger PEG-rich domains through diffusion, known as Ostwald ripening (Lifshitz and Slyozov, 1961; Friedlander and Wang, 1966).
PEG is widely used for both polymer/polymer and polymer/salt phase separation to extract large particles such as proteins or viruses (Glyk et al., 2015). Proteins can partition into a singular phase allowing for quick and scalable purification or enrichment (Asenjo and Andrews, 2011). In addition to macromolecules, small molecules may also be extracted via ATPS into the PEG-rich phase (Esmanhoto and Kilikian, 2004). While ATPS has been exploited for extraction of proteins in downstream processing applications, it also lends itself to applications in drug delivery. PEG can be easily crosslinked via chemical crosslinkers to form stable hydrogels with tunable swelling and degradation properties (Zustiak and Leach, 2010). Therefore, therapeutics may be easily encapsulated within hydrogel microspheres in a one-step fabrication method.
Here, polymer/salt ATPS was selected to fabricate PEG microspheres because it allows for rapid, scalable, and high yield production of microspheres. The simple process does not require special instrumentation and is easily accessible for any lab, regardless of personnel training level. The fabricated microspheres (∼10 μm) are smaller than what can typically be achieved via other fabrication methods such as microfluidics and electrospraying (20–1,000 μm and 50–1,000 μm, respectively) while still exhibiting relatively low polydispersity (Jain et al., 2015; Chen et al., 2021). The polydispersity of these ATPS-fabricated microspheres is not as low as other methods such as microfluidics (<5% CV), but still offers the potential for microspheres that are much smaller than typically fabricated with microfluidics and have diameters that vary by only a few microns (Sheth et al., 2021; Zhao et al., 2021). Therefore, the polydispersity of ∼20% was deemed acceptable for this study.
Interestingly, the measured polydispersity of this system was higher than that of some other PEG-based ATPS fabrication methods that utilized PEG-diacrylate with a photoinitiator (∼4% CV) (Flake et al., 2011). This could be attributed to the faster gelation kinetics of photo-initiated gelation compared to the Michael-type addition utilized here. The microspheres fabricated here did show lower polydispersity compared to ATPS-fabricated PEG-vinyl sulfone/PEG-amine microspheres (∼45% CV) (Nichols et al., 2009). Thus, the molecular weight of PEG macromer and crosslinker, as well as crosslinking chemistry, can have a significant impact on microsphere size and polydispersity.
Another benefit of ATPS is that it does not require the use of oil or other organic solvents that require additional washing steps and can require surfactants that have potential to cause toxicity. These extra washing steps lead to undesired elution of encapsulated drugs, leading to inefficient drug loading (Andre et al., 2010). Residual oil on microspheres could also lead to inflammation (Liang et al., 2003). Therefore, the entirely water-based ATPS fabrication offers advantages over other microsphere fabrication methods.
Hydrogel microspheres offer great potential due to their injectability and potential for systemic release applications, as compared to slab hydrogels that must be implanted. However, the utility of hydrogel microspheres as drug delivery devices is severely hampered by rapid release kinetics, especially for small molecules (Li and Mooney, 2016b). These small molecules, which are much smaller than the effective mesh size of the hydrogel, can easily diffuse out of the hydrogel matrix and into the surrounding environment (Mathias et al., 2010). The relatively small size of the hydrogel microspheres provides for short diffusion distances leading to much faster release than from larger hydrogel geometries. For example, a 30 μL hydrogel microsphere solution would have a surface area to volume ratio over one million times larger than that of a 30 μL slab hydrogel.
This study also demonstrated the effect of various ATPS parameters on microsphere size and polydispersity. As can be seen in Figure 2, incubation temperature had the most profound effect on microsphere sizing. This can be attributed to both affecting the phase separation speed (Supplementary Figure S2) and the gelation kinetics. At temperatures below the cloud point, phase separation did not occur, and no microspheres were formed, as PEG would not gel at such low (2% w/v) concentration. As temperature and thermal energy increased, PEG gelation proceeded more quickly, limiting coalescence and Ostwald ripening of PEG droplets to form larger microspheres (Nichols et al., 2009). This increasing of gelation kinetics was observed via gelation time measurements (Supplementary Figure S9).
For the other parameters studied, factors that led to the system reaching the “gel point” faster resulted in smaller and less polydisperse microspheres (Supplementary Table S2). More basic pH led to faster reaction kinetics between the thiols of PEG-diSH and acylate moieties of 4-arm PEG-Ac, leading to pH 10 showing the smallest microspheres (Zustiak and Leach, 2010). When PEG concentration was increased, more reactive groups were present within the reaction volume, increasing the effective reaction rate and leading to faster gelation. Similarly, when PEG was allowed to pre-react, polymer chain lengthening occurred prior to phase separation, allowing for gelation to occur rapidly following phase separation. These results are consistent with the literature, where faster gelation decreased microsphere diameters (Nichols et al., 2009).
Our results here indicate that not all PEG added to the system was converted to stable hydrogel structures (Supplementary Figure S6). However, this was to be expected as a relatively low concentration of Na2SO4 was utilized for this study. Therefore, phase separation was not as profound or efficient as was observed for higher salt concentrations, leading to more PEG to be found in the PEG-poor Na2SO4 phase. Similar studies have also revealed that not all PEG is found within the fabricated microspheres (Flake et al., 2011). PEG reaction efficiency was sacrificed here to minimize microsphere polydispersity, which was shown to decrease with lower Na2SO4 concentrations. Furthermore, while PEG conversion efficiency was not maximized, a substantial number of microspheres were fabricated (∼109 microspheres per mL).
ATPS-fabricated hydrogel microspheres have been previously used for delivery of proteins and growth factors through direct covalent attachment to PEG and though specific binding to the heparin-decorated PEG (Roam et al., 2010; Roam et al., 2014; Roam et al., 2015). Encapsulated proteins were released up to 12 days and maintained their bioactivity during release (Roam et al., 2014; Roam et al., 2015). These macromolecules could be loaded into the microspheres during temperature-induced phase separation or following microsphere buffer exchange and diffusion of macromolecules into the microspheres (Roam et al., 2014). Loading drug post-buffer exchange prevents thermal degradation or denaturation of encapsulated drug during the microsphere fabrication process. However, formation of microspheres at physiologic temperature, such as performed in this study, allows for simplified fabrication process and, potentially, higher loading efficiency.
Our lab and others have demonstrated the usefulness of incorporating two-dimensional nanosilicate clays such as Laponite (NS) into hydrophilic hydrogels to prolong release of both small molecules and proteins, including cationic, neutral, and anionic species (Howell et al., 2018; Cross et al., 2019; Stealey et al., 2021; Khachani et al., 2022; Stealey et al., 2022). Acridine Orange (AO) was used here as a model cationic small molecule. The positively charged nature of AO allowed for the slowest release kinetics to demonstrate the utility of this system due to interaction with the negatively charged faces of NS particles (Lv et al., 2011). Importantly, FT-IR revealed both NS and AO phase separated into the PEG-rich phase during ATPS, allowing for facile encapsulation of both NS and AO (Figure 3).
Hydrogel microspheres must demonstrate the ability to be easily injected and maintain their fidelity following the high shear stresses involved with the injection (Scott et al., 2011). Furthermore, these red blood cell-sized hydrogel microspheres must withstand high shear environments within the vasculature were they to be injected intravenously (Chertok et al., 2013). As expected, our PEG-NS microspheres demonstrated similar size and morphology following extrusion from a hypodermic needle (Supplementary Figure S10) (Henise et al., 2020). Additionally, PEG-NS microspheres exhibited more profound shear-thinning behavior than did PEG-only microspheres, further confirming the successful encapsulation of NS and utility as compressible microspheres (Sheikhi et al., 2018). Therefore, these PEG-NS microspheres are suitable for delivery via injection (Appel et al., 2015).
For the rheological measurements performed here, the sample was treated as a “viscous fluid” and measurements were not inferred to give details about a bulk hydrogel of the same composition. For shear-thinning and injectability measurements, the measured viscosities were indicative of the microsphere slurry solution, which is more representative of the expected results during injection, as opposed to the properties of a bulk hydrogel.
AO was added to initial solutions (prior to microsphere formation) at a concentration of 0.004 mM, representing 2 μg AO per reaction volume. For PEG-only microspheres, only 35% of AO (0.7 μg) was encapsulated within the microspheres following washing (Figure 6A). This can be attributed to AO only showing some encapsulation into the microspheres and being able to rapidly diffuse in and out of the microspheres. For microspheres with 0.1 μg/mL NS, 44% (0.88 μg) of AO was successfully encapsulated, while at the highest NS concentration of 1,000 μg/mL, 98% (1.96 μg) was encapsulated. Based on the dependence of AO encapsulation efficiency on NS concentration, the increase in encapsulation efficiency can be attributed to increased adsorption onto NS particles, which were subsequently encapsulated within the PEG hydrogel microspheres.
AO was released from PEG-only microspheres via simple diffusion. The small diameter of AO (<1 nm) is significantly smaller than the effective mesh size of the hydrogel microsphere (5–15 nm), allowing for AO and other small molecules to easily diffuse out of the microspheres via Brownian motion (Peppas et al., 1999; Zustiak et al., 2010). On the other hand, release of AO from PEG-NS microspheres could be attributed to a combination of desorption of AO from NS particles and NS particle degradation. In the reverse process of cationic exchange in which AO was intercalated and adsorbed to the NS, cations in the release buffer may dislodge AO molecules, freeing the AO to diffuse out of the hydrogel and be released. Higher release buffer salt concentrations were shown to increase release kinetics, as more cations were present to desorb AO, further implicating AO desorption as one of release mechanisms at play in this delivery device (Supplementary Figure S11). Similar studies have shown changing release buffer pH also affects release kinetics due to a similar desorption of small molecules from NS (Gonçalves et al., 2014a; Khachani et al., 2022). Additionally, NS particles naturally degrade into non-cytotoxic components within 30–50 days (Gaharwar et al., 2019). Once NS particles have degraded, AO is no longer held within the hydrogel matrix and can easily diffuse out into the local environment. Here, release was only followed to 20 days, so degradation of NS particles was likely not the main mechanism of AO release but could be expected to play a larger role for release times nearing the typical degradation time of NS (30–50 days). Crucially, release of AO could be tuned based on NS concentration, allowing for a “plug-and-play” type delivery device, in which release kinetics can be easily modulated by rational design (Khachani et al., 2022).
Two additional small molecules with varying size and charge were also loaded into PEG-only and PEG-NS microspheres to demonstrate the robustness of this nanocomposite delivery device (Figure 7). Cationic AO and DOX, and anionic BB all showed slower release profiles in PEG-NS microspheres compared to microspheres without NS. The prolonged release kinetics could be attributed to small molecule interactions with NS, either through intercalation via cationic exchange or surface adsorption onto the negatively charged faces or positively charged edges of NS particles (Jiang et al., 2022; Khachani et al., 2022). These interactions also serve to explain the variation in encapsulation efficiency observed for the small molecules in PEG-NS microspheres. Cationic AO could be adsorbed or intercalated onto or into NS particles, thereby allowing for a relatively high amount of loading (Adeyemo et al., 2017). DOX exhibits a positive charge at physiologic pH due to the protonation of an amino group, which could also interact with the negatively charged NS surface (Heger et al., 2013; Gonçalves et al., 2014b). Conversely, BB was limited to interactions with the edge of NS particles, a relatively small surface area to interact with compared to NS particle faces. Non-etheless, these results indicate that these PEG-NS microspheres may be used with a variety of small molecule drugs and therapeutics, as DOX has been previously shown to maintain its bioactivity following adsorption onto NS particles (Gonçalves et al., 2014a; Gonçalves et al., 2014b; Jiang et al., 2019).
The incorporation of NS into these PEG hydrogel microspheres represents an exciting Frontier to enhance the utility of hydrogel microspheres for drug delivery applications that would otherwise be hindered by rapid release of encapsulated therapeutics. Microspheres are desirable for delivery applications due to their ease of injection, targeting ability, and scalability (Vigata et al., 2020; Yawalkar et al., 2022). NS has only recently been explored for biomedical applications, including delivery (Cross et al., 2019; Gaharwar et al., 2019; Davis et al., 2021). The facile incorporation of NS into the polymer matrix and enhancement of microsphere mechanical properties enables a unique and versatile delivery platform for localized release (Zhang et al., 2020). By combining the benefits of microspheres with the sustained release provided by NS, this design offers a robust plug-and-play type delivery device that can be easily tuned and used for a variety of small molecules. Such nanocomposite hydrogel systems fabricated via ATPS have been previously unexplored to our knowledge. Future work will seek to improve microsphere polydispersity and determine the in vivo distribution of these red-blood cell sized hydrogel microspheres following injection. Cytotoxicity and blood clotting evaluation will be essential to ensure NS particles do not impart adverse side effects. Additionally, encapsulation and subsequent release of macromolecules such as proteins and enzymes may be explored.
5 CONCLUSION
Nanocomposite hydrogel microspheres containing two-dimensional nanosilicate particles were successfully fabricated via ATPS, representing an enhanced delivery device with improved mechanical and release properties. These microspheres were shown to be compressible and injectable with diameters of ∼10 μm and % CV of ∼20%. Microsphere diameter could be varied by altering fabrication parameters such as reaction temperature or pH, as well as polymer pre-reaction time or concentration. NS was shown to phase separate into the PEG-rich domain and was subsequently encapsulated within the fabricated microspheres, without adversely affecting microsphere polydispersity. Release of a model cationic small molecule could be modulated by varying NS concentration, demonstrating significantly prolonged release compared to PEG-only microspheres. Furthermore, small molecules of varying net charge all demonstrated sustained released from PEG-NS microspheres, highlighting device robustness. Thus, this delivery platform offers an exciting opportunity to combine the benefits of hydrogel microsphere delivery devices with the incorporation of nanomaterial’s, offering enhanced delivery kinetics and device tunability.
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