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ABSTRACT  

Polymeric microparticles used as long-acting drug delivery systems provide advantages relative to 

conventional oral dosage forms including improved efficacy and safety. However, development 

of these formulations, including generics, is constrained by current manufacturing techniques. 

Conventional approaches have limited control over process parameters and are difficult to scale. 

Droplet microfluidic techniques produce individual particles sequentially enabling unparalleled 

consistency on key material properties including particle size and dispersity. While microfluidics 

approaches have much promise, including affording continuous rather than batch production; 

designing, constructing, and operating these systems is challenging reducing adoption by 

formulation scientists. Herein, we describe the operation of a modular microfluidic system built 

with commercially available components to prepare photo-cross-linked microparticles by droplet 

generation, inline dilution, and inline irradiation with UV. We synthesized monodisperse cross-

linked polyester microparticles with a median size of 37.6 ± 0.4 µm at 20, 60 and 120 mg batch 

sizes with average yields of 92 ± 5 %. Additionally, as a means to tailor material properties, 

particles were produced at varying degrees of cross-linking. The particle’s properties were further 

characterized, loaded with celecoxib at a low and a high level, then the in vitro drug release 

evaluated. Overall, the degree of cross-linking and drug loading modulated key formulation 

properties such as in vitro release rate. With this work, we showcase the potential of microfluidic 

systems and aim to foster further adoption of microfluidic techniques to manufacture comparable 

materials. 
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1. INTRODUCTION 

With a globally aging population, the development of technologies to treat chronic disease is an 

increasing priority [1]. Aside from implants and in situ forming gels, polymer-based microparticles 

(MPs) are a popular strategy to prepare long-acting injectables (LAIs) [2,3]. These are micron-

sized biodegradable particles that encapsulate a drug and provide sustained parenteral drug release 

[4,5]. In these systems, drug release is enabled via various mechanisms including diffusion, 

erosion, and swelling [6]. LAI formulations can confer several advantages over conventional oral 

dosage forms including improved patient adherence, lower medication burden, reduced first-pass 

metabolism, and sustained drug levels that can lead to a more consistent therapeutic effect with 

fewer side effects [7–9]. 

The first MP formulation, Lupron Depot®, was approved by the FDA in 1989 for delivery of a 

synthetic peptide to palliatively treat prostate cancer and then subsequently to treat central 

precocious puberty and endometriosis in 1993 and 2012, respectively [10,11]. Nowadays, there 

are a number of clinically-approved MP-based LAIs for treatment of a wide range of indications 

with many more in development [12–14]. To date, the vast majority of FDA-approved polymer 

MPs are composed of poly(lactide-co-glycolide) (PLGA) due to its biocompatibility and good 

safety profile. The composition of PLGA including the lactide to glycolide ratio, molecular weight, 

and end group chemistry as well as manufacturing processing parameters can be varied to tailor 

the physicochemical properties of the drug-loaded MPs and drug release rate [2]. To expand the 

material alternatives to PLGA, MPs have been prepared from poly(caprolactone) [15], 

methacrylates [16], hydrogels [17], naturally-sourced polymers [18], and silica [19]. Our group 

has explored polyesters functionalized with pendant olefinic groups which can be UV irradiated 

to prepare cross-linked polyester MPs (xMP) [20,21]. 
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In spite of much academic work, clinical translation of MPs remains limited in part due to complex 

manufacturing processes. The majority of clinically approved MPs are manufactured in batches 

by coacervation, bulk emulsification or spray-drying [22]. These techniques have limited control 

over MP size, and difficulties achieving high yields as well as consistency across batches [12,23]. 

A multitude of material (e.g., polymer composition) and process parameters (e.g., equipment 

geometry) collectively determine the properties of the MPs which hinder technology transfer, 

scale-up, and post-approval process changes [22]. For example, Nutropin Depot® the only FDA 

approved protein-loaded MP was withdrawn from the market in 2004 because of complications 

encountered in scaling up production; preparing a single 500-gram batch required two weeks 

[24,25]. The manufacturing complexity also contributes to the lack of generic MP-based LAI 

products being approved despite the expiry of patent protection for reference listed drugs [14]. As 

a result, alternative manufacturing techniques have been explored [26]. 

In the last 20 years, microfluidic methods have been increasingly deployed pre-clinically to 

produce polyester [27–50] and cross-linked [23,51] MPs. The simplest manufacturing technique, 

emulsification, generates polymer droplets by applying shear to two immiscible fluids and then 

removing the dispersed phase solvent (typically by extraction or evaporation) to yield MPs [22]. 

In contrast, microfluidic techniques produce droplets sequentially introducing immiscible fluids at 

a microchannel junction, rather than all at once. Particles produced with microfluidic have shown 

higher monodispersity, encapsulation efficiency, and yields compared to bulk emulsification or 

spray-drying [33]. Additionally, microfluidic has the potential to be incorporated into continuous 

manufacturing processes affording greater flexibility and reduced scale-up difficulties compared 

to batch techniques [52–54]. However, the small characteristic length (i.e., >1 mm) of 

microfluidic-based droplet generation necessitates more stringent manufacturing conditions in 

terms of specialized equipment and training compared to conventional techniques, discouraging 

widespread adoption. Recent publications have highlighted the need to consider the microfluidic 

system components as a whole rather than a sole focus on the microfluidic chip to achieve reliable 

operation [35]. 

In this study, we describe the design and operation of a microfluidic system, reliant on 

commercially available components, to produce xMP. We prepared particles, denoted 1xMP, using 

the pendant functionalized polyester poly(1-allyl-3-methyl-glycolide) (pPLA) and hexanedithiol 

(HDT). Nominal batch sizes of 1xMP were prepared from 20–120 mg at 60 mg/hr achieving 92 ± 

5 % yields. Furthermore, various stoichiometric mixtures of both HDT and propanethiol (PT) were 

reacted with pPLA to produce particles with nominal degrees of cross-linking of 0.75 and 0.5 

(denoted 0.75xMP and 0.5xMP, respectively) with distinct material properties. The xMP were 

characterized, loaded with the drug celecoxib (CXB) at low and high levels, and the release was 

evaluated in vitro. 

2. MATERIALS & EQUIPMENT 

2.1 Reagents 

Methanol (MeOH) and Dichloromethane (DCM) were purchased from Caledon Laboratory 

Chemicals. Poly(vinyl alcohol) (PVA [Mw 13–23 kDa]), deuterated dimethyl sulfoxide (DMSO-

d6), tetrahydrofuran (THF), ethyl acetate (EA), 2,2-dimethoxy-2-phenylacetophenone (DMPA, 

99%), acetone, 1,6-hexanedithiol (HDT, 96%) 1-propanethiol (PT, 99%), trifluoroacetic acid 

(TFA), phosphate buffered saline (PBS), sodium dodecyl sulfate (SDS), were purchased from 
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Sigma-Aldrich. Poly(1-allyl-3-methyl-glycolide) (AI108) (pPLA) was purchased from Akina 

(Indianapolis, USA). Celecoxib (CXB) was purchased from Toronto Research Chemicals 

(Toronto). 

2.2 Microfluidic Equipment 

A 3D flow-focusing droplet generator with hydrophilic channels (Dolomite 3200433); droplet 

generation chip hydrophilic channels (Dolomite 3000436); pressure pumps (Dolomite Mitos 

3200175); oil-free air compressor (California Air Tools); flow sensor (30–1000 µL/min) 

(Dolomite Mitos 3200097); flow sensor (1–50 µL/min) (Dolomite Mitos 3200098) with a 

converter (Dolomite 3200285); chip H interface (Dolomite 3000155); 4-way linear connector 

(Dolomite 3000024); 1/4 in.-28 flangeless fittings (IDEX, XP-230); 1/4 in.-28 super flangeless 

fittings (IDEX, XP-141); 1/4 in.-28 straight female couplings (Dolomite 30000399); ethylene 

tetrafluoroethylene (ETFE) 1/4-28 female to female luer, (IDEX, P-678); fluorinated ethylene 

propylene (FEP) tubing with 0.1 mm, 0.25 mm, and 0.5 mm inner diameters (Dolomite 3200300, 

3200063, 3200064, respectively); linear connector 4-way (Dolomite 3000024); ferrule with 

integrated filter (Dolomite 3200245); PEEK-Sil flow resistors (Dolomite 3200269, 3200271) 

sensor interface (Dolomite 3200200); end fittings and ferrules for 1.6 mm tubing (Dolomite 

30000477); 2-way in-line valve (Dolomite 3200087); digital high-speed microscope (Dolomite 

3200531); X-Y stage for high-speed digital microscope (Dolomite 3200600); flow-control center 

software (Dolomite 4.1.9 free version); 6-way rotary valve (e.g., IDEX CV900-100); and a UV 

curing oven (UVP 95-0228-01). 

2.3 Cross-linked Microparticle Characterization  

Following synthesis, xMP were characterized with a variety of techniques including light 

microscopy, laser light scattering, scanning electron microscopy, infrared spectroscopy, nuclear 

magnetic resonance and differential scanning calorimetry. Subsequently, xMP were loaded with 

CXB at 5 and 40 wt% initial drug-to-material ratios via immersion in a common organic solvent. 

The loading efficiency, morphology and thermal properties of CXB loaded xMP were also 

characterized. Finally, the in vitro release kinetics were assessed using the sample-and-separate 

method. Full details are given in section 2 of supporting information. 

3. MICROFLUIDIC MANUFACTURING  

3.1 System Overview  

In previous work, we prepared xMP using standard bulk emulsification and then irradiated the 

emulsion with UV light [19]. In this contribution, xMP were synthesized by integrating the 

established bulk emulsion technique microfluidic flow-focusing for droplet formation [30]. The 

microfluidic system described herein is pressure-driven and produces reactive pPLA droplets via 

3D flow-focusing. These droplets are subsequently diluted in a secondary flow-focusing chip (Fig. 

1a) and then UV-irradiated inline (UV oven, λirradiation 365 nm, 100 µJ/cm2, 3.5 minutes) to 

facilitate thiol-ene cross-linking (Supplementary Video 1). In section 3 of supporting 

information, we provide additional detail, discussion and practical tips to help interested readers 

deploy microfluidic techniques for comparable applications.  We also recommend the following 

publications to provide background to those unfamiliar with: building MF systems [35,55], MF 

droplet generation mechanics [56,57], and MF cross-linking [23,51]. 

During xMP production, five distinct fluids were used, each serving a specific purpose: 1) sample 

indicator (DCM with orange pigment), 2) sample (reactive pPLA solution), 3) sample driver 
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(DCM), 4) surfactant (PVA solution), and 5) diluent (PVA solution with NaCl). The complete 

compositions and functions of the fluids are detailed in Fig. 1b (further details on fluid preparation 

are given in section 3.7 of supporting information). 

The microfluidic system was configured as illustrated in Fig. 1a. To ensure solvent compatibility, 

fluidic fittings were composed of FEP, ETFE, poly(tetrafluoroethylene) (PTFE), poly(ether-ether 

ketone) (PEEK), stainless steel or glass. The microfluidic system is pressure-driven with pumps 

(Dolomite Mitos 3200175) that have a 30 mL capacity and operate up to 10 bar. Five 

accompanying thermal mass flow sensors (Dolomite Mitos 320096-3200100) provide access to a 

wide range of flow rates (i.e., 70 nL/min to 5 mL/min). Some of the advantages of pressure pumps 

compared to syringe pumps (e.g., pulseless-flow, low response time) have been described 

elsewhere [35,58–60]. While using syringe pumps is feasible for producing xMP, we highlight the 

ease of switching fluids (simply replacing the vial in the pressure vessel) and real-time flow 

rate/pressure monitoring as features that increase the practicability of operation and 

troubleshooting using pressure pumps. 

Due to its reasonable transmission at 365 nm, FEP tubing was used in the UV oven [61]. Fluid 

lines B and C (Fig. 1a) have inline filters (2 µm, stainless steel) which are a redundant risk-

reduction measure to ensure particulates do not reach the primary chip. To clean fouled/clogged 

chips, a dedicated chip cleaning rig was employed (Fig. 1a). Wherein aqueous fluid lines were 

split for flow focusing, microfluidic T-junctions (Fig. 1a) were used in lieu of larger void volume 

PEEK T-junctions to reduce bubble formation. Moreover, flow resistors were incorporated 

downstream of the microfluidic chips to reduce bubble formation. The backpressure regulators 

placed downstream of detectors in some HPLC systems have an identical function [62]. Flow 

resistors were also placed upstream of microfluidic chips to stabilize flow rates. Despite using 

pressure-pumps (which are pulseless) upstream flow resistors were required to dampen oscillations 

caused by the mixing of immiscible fluids as well as other components in the described system 

(e.g., inline filters, hydrodynamic compliance of FEB tubing). 

The physicochemical properties of the sample fluid (i.e., reactive pPLA solution) make it 

challenging to manipulate within microfluidic geometries using pressure pumps. The sample fluid 

is viscous, viscoelastic, volatile, light-sensitive, and fetid (due to the thiol cross-linker). Therefore, 

taking inspiration from common HPLC systems, a 6-way rotary valve with a sample loop was used 

and sample driver fluid (i.e., DCM) was placed in the pressure pump chamber. In addition to 

avoiding sample fluid evaporation in the pressure pumps, advantages to using driver fluids include: 

1) reduction in waste as the dead volume between the primary chip and the sample fluid is 

decreased (i.e., it doesn’t pass through the flow sensor), 2) lower pressure required to achieve a 

given flow rate due to the lower viscosity of the sample driver fluid, DCM, than the reactive pPLA 

solution, 3) cleaning of the system by the sample driver fluid once it has pushed the sample through 

the loop. The length of the sample loop was adjusted to alter the batch size of MPs being 

manufactured. In the current study, 200, 600, and 1200 µL sample loops (with tubing I.D. <1 mm) 

were used to produce 20, 60, and 120 mg batches of 1xMP (0.75xMP and 0.5xMP were only 

produced at 120 mg batch sizes). 

3.2 Procedure 

First, the microfluidic system was conditioned with sample driver, surfactant and diluent fluids 

(see section 3.8 in supporting information for additional detail). To load the sample loop, a 

dedicated pressure pump was used (pump A, Fig. 1a) and the sample indicator fluid was first 
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pumped through so that loading could be determined visually (i.e., the fluid displaced into the 

sample waste turned from orange to colorless) (Fig. S1a). The sample was kept pressurized (1600 

mbar) using the 2-way valves on either side of the sample loop. Pressurizing the sample minimized 

flow rate disruption when the sample loop was introduced into the flow path. 

The primary microfluidic chip is designed to create droplets from 25–70 µm in diameter. The 3D 

pore geometry prevents the sample fluid wetting the channel walls at the junction reducing fouling 

[56,63,64]. The flow rates of the sample driver and surfactant fluids (10 and 35 µL/min, 

respectively) were chosen as they resulted in dripping droplets [55]. 

Thiol-ene reactions occur on the order of seconds to minutes [65]. Accordingly, we selected a UV 

exposure time of 3.5 minutes. Inline dilution was incorporated in a secondary microfluidic chip to 

mitigate clogging. The diluent flow rate was 135 µL/min which corresponds to a 4-fold dilution 

of the primary chip outlet (180 µL/min total flow rate). During preliminary studies, we found the 

cross-linking tubing still clogged over longer periods of operation when using DI as the diluent 

(i.e., after 30 minutes). The composition of the dilution fluid was changed to 1wt% PVA and 

clogging was no longer observed. However, we found that the resulting xMPs had a subpopulation 

of much smaller particles despite the high homogeneity of droplets being produced in the primary 

chip (Fig. S2). We hypothesized that the loss in homogeneity arose from droplet fission that was 

occurring in the cross-linking tubing. Therefore, increasing the ionic strength of the diluent would 

increase the interfacial surface tension and reduce droplet fission [66]. Adding 4wt% NaCl to the 

diluent was found to be sufficient to maintain the homogeneity of the xMPs (Fig. S2). As a result, 

the composition of the diluent fluid was optimized to 1wt% PVA + 4wt% NaCl. 

Following the completion of a microfluidic run, the xMPs were worked up as previously described 

by our group [20]. In brief, they were washed three times in DI, then acetone, and again with DI 

(centrifuging each time to remove the supernatant) before being lyophilized. 
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Figure 1. a Schematic of the pressure-driven (Dolomite Mitos 3200175) microfluidic system configuration used in 

the current studies to produce cross-linked microparticles (xMP) with microfluidic junction geometries and cleaning 

rig. b Function and compositions of the fluids used to prepare cross-linked microparticles by microfluidics. c 

Tabulated fluids placed in the pressure pumps during storage, to remove bubbles, to condition, and to run samples. 

Abbreviations: microfluidic (MF), isopropyl alcohol (IPA), deionized water (DI), poly(1-allyl-3-methyl-glycolide) 
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(pPLA), 2,2-dimethoxy-2-phenylacetophenone (DMPA), 1,6-hexanedithiol (HDT), propanethiol (PT), poly(vinyl 

alcohol) (PVA), dichloromethane (DCM). 

4. RESULTS & DISCUSSION  

4.1 Droplet Size, Batch Yield & Particle Size 
The initial size of the 1xMP droplets was assessed over the course of the run (i.e., during the first, 

second, and last third) by taking images of the droplets generated for all batch sizes (20, 60, or 120 

mg). The runtimes varied from 20–120 minutes. Overall, the average size of the 1xMP droplets 

from all batch sizes across the duration of the run was 69.5 ± 3.2 µm (Fig. 2a). The average droplet 

size of 0.75xMP and 0.5xMP were similar (69.1 ± 3.6 and 68.9 ± 1.7 µm, respectively). Over a 

120-minute run, the recorded flow rates were stable and within 10% of the target (Fig. S1b) and 

no fouling or clogging was observed. The flow sensors accuracy, determined gravimetrically, was 

21.6   1.3, 3.1 ± 0.78, and 16.6 ± 1.7 % for the sample driver, surfactant and diluent fluids, 

respectively (Fig. S1c). The accuracy of the flow sensors (i.e., percent difference between 

measured and target flow rates) was proportional to the relative difference in specific heat and 

density between the operating fluid and the fluid to which the flow sensor was calibrated 

(hexadecane and water for organic and aqueous lines, respectively) (Fig. S1c). In future studies, 

calibration curves can address the discrepancy between the target and actual flow rates. 

The average batch yield for 1xMP was 92 ± 5 % (Fig. 2b). Higher yields (98 ± 3 %) were achieved 

with the 120 mg batch. The yields for 0.75xMP and 0.5xMP (120 mg batch only) were slightly 

lower at 93.9 ± 10.2 and 81.9 ± 12.8, respectively. To ensure residual water did not confound the 

reported yields, we lyophilized one batch of 0.5xMP, 0.75xMP and 1xMP overnight, then weighed 

the vials, and then lyophilized for a further 24 hours. We found the weight changed by less than 

1% (data not shown). To the author’s knowledge, only one other publication preparing polymeric 

MPs via microfluidic has reported the batch yield (73–76%) [33]. Having an adjustable batch size 

has some considerable advantages during formulation development. With a smaller amount of 

xMP (i.e., 20 mg), various manufacturing parameters (e.g., flow rates, polymer concentration etc.) 

can be explored and optimized while reducing material and time. When more material is required 

for xMP characterization, the batch size can be increased simply by including a larger sample loop 

in the microfluidic system. In the current study we used 200–1200 µL sample loops as a proof of 

concept; there are no technical limitations to further increasing or reducing this. 

Following cross-linking, xMPs were washed three times in aqueous and organic solvent to remove 

PVA, DCM, and residual thiols before lyophilization. The particle size distribution was assessed 

using laser light scattering (Mastersizer 3000, Malvern) (Fig. 2c, d). The median size of 1xMP 

was 37.6 ± 0.4 µm. The SPAN (0.4 ± 0.02) is a measure of the interdecile range of particle sizes 

normalized by the median and indicates that the MPs have a narrow size distribution. Both 

0.75xMP and 0.5xMP had a similar particle size distribution of 1xMP, though there was a slight 

trend of increasing polydispersity with decreasing cross-linking (SPAN = 0.5 ± 0.15, 0.62 ± 0.35, 

respectively). 
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Figure 2. a Violin plots of the flow focused droplet size generated in the primary microfluidic chip at 20, 60, and 120 

mg batch size for particles that had a fractional degree of cross-linking 1 and particles that had a fractional degree of 

cross-linking of 0.75 and 0.5, respectively (denoted 1xMP, 0.75xMP and 0.5xMP, respectively) (n = 3). The black bar 

denotes the median whereas the white bars show the interquartile range, the number of individual measurements is 

shown above. A representative image of the droplets used to generate the size measurements is also shown (top left 

insert). b The average yield for prepared xMP (n = 3 ± σ). c A table summarizing the distribution of xMP is where the 

10th (d10), 50th (d50), and 90th (d90) percentile diameters are shown. The SPAN is a dimensionless ratio of the difference 

between d90 and d10 over d50. d Average volume weighted size distribution of xMP measured by laser light scattering 

(n = 3 ± σ), an image of dispersed particles is shown in the insert. 

4.2 Particle Morphology 

Light microscopy images (DM IL LED, Leica) confirmed the results observed by laser light 

scattering and showed 1xMP, 0.75xMP and 0.5xMP had a smooth morphology (Fig. 3a). At high 

magnification, scanning electron microscopy (TM4000, Hitachi) (Fig. 3b) showed that both 1xMP 

and 0.75xMP had small pores on the surface, though fewer pores were evident on the 0.75xMP 

surface. In contrast, 0.5xMP particles had a smoother appearance with no surface pores. 

Macroscopically, 1xMP was a free-flowing powder whereas 0.5xMP particles were more cohesive 

and adhesive. Qualitative comparison of microscopy images shows that the xMP were more 

monodisperse compared to similar particles prepared using bulk-emulsification [20,21]. 

Sectioned 1xMP showed a ~2–3 µm thick shell at the surface with voids within the intra-particle 

matrix (Fig. 3c). A shell-like layer at the particle periphery is also apparent for 0.75xMP and 

0.5xMP. Consideration of cross-linking process for xMP may explain the observed morphology. 
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UV irradiates the droplets from the outside forming an immobilized covalent network before 

significant amounts of DCM have been removed. Therefore, heterogenous intra-droplet UV 

exposure may result in preferential cross-linking of pPLA chains closer to the surface forming a 

dense outer shell. During removal of organic solvent from PLGA droplets (i.e., hardening to form 

MPs), the nascent particle shrinks and transitions from a solution-, to a gel-, and then a glassy- 

state as the PLGA chains precipitate and anneal [67,68]. In contrast, the matrix of xMP is more 

restricted and cannot shrink to the same extent which is hypothesized to result in the formation of 

internal voids. The mass concentration of the reactive polymer solutions (i.e., pPLA + HDT + PT) 

is ~0.11 g/mL. So, the cross-linkable mass within each ~70 µm droplet (Fig. 2a) is approximately 

19 ng (assuming incompressible fluids and isovolumetric solvation). Whilst the density of pPLA 

as received has not been characterized, the absolute density of PLGA has been reported to be 1.34 

g/mL [69]. An 19 ng homogenous sphere with a density of 1.34 g/mL has a diameter of 30 µm 

(whereas xMP has 37–38 µm median diameter). Overall, the morphology of xMP varies with the 

degree of cross-linking and the intra-particle voids suggests that they may be amenable to entrap 

drugs for sustained release applications. To probe the internal environment of xMP, NMR analysis 

then compared the solid state 13C NMR spectra of xMP to the solution state 13C NMR spectra of 

PT, HDT and pPLA materials (Fig. 4). 

 

Figure 3. a Representative light microscopy images of cross-linked microparticles (xMP) suspended in water with a 

fractional degree of cross-linking of 0.5, 0.75 and 1 (purple, pink and blue boarders, respectively). b Scanning electron 

microscopy (SEM) images of xMP. c SEM images of the intra-particle morphology of sectioned xMP. 
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4.3 NMR Analysis 

During xMP cross-linking, pendant allyl groups react with thiols (either HDT or PT) to form 

sulfide bonds (Fig. 4a). Though the stability of particles when washed with acetone (during work-

up steps) qualitatively suggests that xMP were cross-linked, NMR analysis provides molecular 

insight into the matrix of xMP. The flow sensor accuracy results (Fig. S1c) imply that the exposure 

time was 3.1 mins rather than the targeted 3.5 mins. Nevertheless, experimental spectra agreed 

with the simulation of the repeating cross-linked structures suggesting inline cross-linking was 

complete (Fig. 4b, c). Characteristic olefinic 13C resonances present in the pPLA spectrum at 119 

ppm and 132 ppm were not evident in the solid state magic angle spinning (MAS) spectrum of 

xMP. Inline cross-linking is attractive as it ensures all particles have identical UV exposure 

irrespective of batch size reducing challenges when scaling manufacturing. In the current study, 

FEP tubing and a UV oven were used because it is easy to modify the exposure time by adjusting 

the tubing length. However, we recognize that dedicated serpentine microfluidic chips, which have 

a fixed channel length, may have advantages for inline cross-linking long-term (e.g., easier to 

visualize, higher UV transmission). Therefore, we have prototyped a high channel-density silica 

serpentine chip (i.e., 4 m long channel on 50 x 50 mm substrate) using subtractive 3D printing 

(LightFab) that is compatible with commercially available chip manifolds (Fig. S3). 

The repeat structure of 0.5xMP includes sulfur-adjacent methyl and methylene groups from the 

inclusion of PT which are not present in 1xMP. As expected, resonances at 14.1 and 23.6 ppm 

corresponding to these groups increased in intensity as the degree of cross-linking reduced (i.e., 

for 0.75xMP and 0.5xMP). A low intensity resonance at ~123 ppm in the MAS NMR spectrum of 

all xMP (marked by the asterisk) is likely a spinning sideband of the carbonyl resonance at 169 

ppm as samples were spun at 8 kHz, corresponding to sidebands at ~ ± 45.5 ppm in the MAS NMR 

spectrum. This sideband shifted by 2 kHz in the MAS spectra when 0.75xMP samples were spun 

at 8 kHz and 10 kHz, respectively (data not shown). The absence of olefinic peaks and varying 

peaks upfield (i.e., from 30–14 ppm) across the xMP NMR spectra suggested successful inline 

cross-linking and that 1xMP, 0.5xMP, and 0.75xMP had distinct molecular structures. 
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Figure 4. a Overview of the thiol-ene cross-linking reaction of poly(1-allyl-3-methyl-glycolide) (pPLA) with 

propanethiol (PT) and hexanedithiol (HDT) in the presence of 2,2-dimethoxy-2-phenylacetophenone (DMPA) under 

UV irradiation. The repeating structure of the cross-linked microparticles (xMP) with a fractional degree of cross-

linking of 1, 0.75, and 0.5 (denoted 0.5xMP, 0.75xMP and 1xMP) is shown. b Solution state 13C NMR spectrum of 

PT, HDT (dissolved in deuterated chloroform) and pPLA (dissolved in dimethyl sulfoxide, DMSO-d6). c Solid state 
13C NMR spectra of 0.5xMP, 0.75xMP and 1xMP. The peaks at 123 ppm marked by an asterisk are attributed as 

spinning sidebands. 

4.4 Additional Physicochemical Properties 

As expected, given the NMR analysis, infrared absorption peaks typical of olefinic groups (i.e., 

bending and stretching) evident in the pPLA material are absent in the spectra of xMP (Fig. 5a). 

The glass transition temperature (Tg) of xMP was higher than the received pPLA material (10.4 ± 
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1.0 °C). The Tg increase was proportional to the degree of cross-linking (R2 = 0.95), rising by 11.3, 

26.4 and 39.2 °C for 0.5xMP, 0.75xMP and 1xMP, respectively (Fig. 5b). This trend is consistent 

with other reports examining the effect of the degree of cross-linking on the Tg [70,71]. The 

difference in Tg between 0.5xMP and 1xMP also explains the different powder flow properties 

observed at room temperature. 

As previously described [20,21], drug is loaded into xMP by immersion in an organic solvent 

which is subsequently dried. A high degree of swelling is desirable as it will increase the amount 

of drug that penetrates the xMP. Therefore, the swelling of xMP was characterized in three 

solvents: EA, THF and DCM. The swelling of the xMP was inversely proportional to the squared 

difference in Hildebrand solubility parameters (Fig. 5c) which is consistent with previous literature 

[72]. Representative microscopy images of 1xMP in various solvents illustrate this trend (Fig 5c). 

When dispersed in DCM the diameter of 1xMP was 70 ± 1 µm, similar compared to the initial 

droplet diameter (Fig. 2a). The particles are amenable to drug loading via swelling as it is 

reversible (i.e., xMP shrinks as the solvent evaporates). As the degree of cross-linking reduced, 

the swelling of xMP in organic solvent increased, consistent with previous studies [73]. To ensure 

xMP integrity in organic solvent, a minimum degree of cross-linking >0.2 is required. During 

preliminary studies, 0.2xMP ruptured due to excess swelling when immersed in DCM (Fig. S4). 

Taken together, the spectral, thermal, and swelling characterization of xMP indicate it is a platform 

with which the physicochemical properties can be easily tuned to load a range of drugs as required. 
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Figure 5. a Infrared spectra of poly(1-allyl-3-methyl-glycolide) (pPLA) material as received and of cross-linked 

microparticles (xMP) with a fractional degree of cross-linking of 0.5, 0.75 and 1 (0.5xMP, 0.75xMP, 1xMP, 

respectively). Absorptions at 1643 and 920 cm-1 are attributed to vinyl stretching and bending, respectively. b 

Thermograms of pPLA and xMP with glass transition temperatures (Tg) shown indicated (n = 3 ± σ). c Bar chart 

showing the average diameter of xMP, when immersed in water, tetrahydrofuran (THF), and dichloromethane (DCM) 

plotted on the left axis (n = 3 ± σ). The squared difference between the Hildebrand solubility parameter of the solvent 

(δsolvent) and xMP (δxMP) is shown by the crosses (right axis). The insert shows 0.5xMP. 0.75xMP and 1xMP batches 

(left to right) in acetone during particle workup, illustrating the effect of the degree of cross-linking while 

representative light microscopy images of 1xMP below show the effect of different solvents. 

4.5 Drug loading  

The swelling properties of xMP suggested that they were amenable to load celecoxib (CXB). The 

poor water solubility as well as dose-limiting gastro and cardio-vascular toxicity (when 
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administered orally) make CXB attractive to formulate as an LAI [74]. Though xMP showed the 

greatest degree of swelling in DCM, THF was selected as the loading solvent as xMP floated in 

DCM (Fig. 6a). Both 5 and 40wt% initial CXB was added to the xMP (denoted xMP5 and xMP40, 

respectively). For xMP5, drug loading efficiency decreased with increasing cross-linking, ranging 

from 89 ± 10 to 79 ± 8 % for 0.5xMP and 1xMP, respectively (Fig. 6b). xMP40 particles showed 

a similar trend (with loading efficiencies ranging from 88 ± 10 to 75 ± 5 %). The decrease in CXB 

loading with increased cross-linking is likely due to reduced swelling in THF (Fig. 5c). Thermal 

analysis showed Tg increased for 0.5xMP5 but decreased for 1xMP5 compared to the 

corresponding non-loaded xMP, whereas all xMP40 showed an increase in the Tg (Fig. 6c). Weak 

melting peaks at 142.1, 144.5 and 149.5 °C for 0.5xMP40, 0.75xMP40 and 1xMP40, respectively, 

increased with the degree of cross-linking but were lower than the melting point of pure CXB 

(163.1 ± 0.1 °C, Fig. S5g). 

Electron microscopy revealed that higher CXB loading in 0.5xMP resulted in less spherical 

particles and increased surface pores (Fig 6d). In contrast, 1xMP remained spherical but exhibited 

needle-like structures on the surface at higher CXB content (i.e., 1xMP40). The internal 

morphology was more heterogenous across individual CXB-loaded particles than non-loaded 

xMP. Generally, higher CXB content increased the number of internal voids within the particles 

(Fig. 6e). Both the degree of cross-linking and the initial CXB added modulated loading efficiency, 

thermal properties and particle morphology. Beyond the cross-linking and drug loading design 

spaces, many process parameters described in the literature (e.g., chip junction geometry, flow rate 

ratio, sample fluid composition, surfactant composition) can also be varied as a means to tailor 

xMP properties. For instance, cross-linked particles manufactured using a preliminary microfluidic 

system with a 15% (w/v) pPLA solution showed reduced swelling and drug loading efficiency 

(Fig. S5) compared to 1xMP manufactured with a 7.5% (w/v) pPLA solution. 
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Figure 6. a Cartoon overview of the main process steps to post-load cross-linked microparticles (xMP) with the drug 

celecoxib (CXB). b Bar chart showing the CXB content of xMP with 0.5, 0.75, and 1 fractional degree of cross-linking 

(0.5xMP, 0.75xMP, and 1xMP, respectively) when 5 and 40wt% CXB is added (bars, left axis) and loading efficiency 

(symbols, right axis) (n = 3 ± σ). c Thermograms of the CXB-loaded xMPs with the glass transition temperature 

indicated. d Scanning electron microscopy (SEM) images of xMPs loaded with 5wt% (upper) and 40wt% (lower) 

CXB. e Corresponding SEM images of sectioned particles. 

4.6 In Vitro Release  

The in vitro release of xMP5 and xMP40 was characterized using a sample-and-separate method 

for up to 72 days (Fig. 7). For xMP5 formulations, the release rate was inversely proportional to 

the degree of cross-linking, ranging from 93 ± 11 to 27 ± 3 % release at 24 days for 0.5xMP5 and 

1xMP5, respectively (Fig. 7a). A similar trend was observed for xMP40 with 82 ± 5 and 14.3 ± 5 

% released at 24 days for 0.5xMP and 1xMP, respectively (Fig. 7b). Over 72 days, 1xMP5 and 

1xMP40 showed 82 ± 19 and 26 ± 4 % total release, respectively. CXB was stable in the release 

media (Fig. S6b) and the remaining CXB was extracted from xMP post-study (Table S1). The 

degradation of the particles was not examined for CXB-loaded xMP. However, the degradation of 

poly(lactide) has been well-explored [75] and cross-linked poly(lactide-b-ethylene glycol-b-

lactide) based hydrogels have shown degradation rates inversely proportional to the degree of 

cross-linking [76–78]. Therefore, we expect a similar trend in terms of relative degradation rate 

for xMP described in the current study; quantification of xMP degradation kinetics will be carried 

out in future work. 

The loading and in vitro release of CXB from xMP is comparable to CXB-loaded MPs which have 

shown efficacy treating osteoarthritis in rats [79] and dogs [74]. There have been a number of 

studies preparing CXB-loaded PLGA MPs using emulsion-based [80–84] and spray-based [85–

88] methods. While it is difficult to make direct comparisons due to multiple differences across 

formulations (e.g., polymer Mw, particle size, etc.), in general, they report lower loading and more 

rapid in vitro release compared to 1xMP40. Since the degree of cross-linking is a continuous design 

parameter, it is feasible to achieve any release profile between 0.5xMP and 1xMP by adjusting the 

stoichiometry of HDT and PT. 

The value proposition for using microfluidic manufactured xMP in LAI applications is two-fold. 

As proof of concept, we have shown that the degree of cross-linking can tailor xMP properties. 

Additionally, the structure of the cross-linker can be modulated. For example, preliminary data 

characterizing particles cross-linked with pentaerythritol tetrakis(3-mercaptopropionate) (denoted 

0.75x2MP, Fig. S7) show that inclusion of a tetra-functional, hydrolysable cross-linker increased 

Tg and lowered the in vitro release rate compared to 0.75xMP. Since thiol-ene click chemistry is 

highly established, many diverse thiols are readily available. Second, xMP stability in organic 

solvent facilitates drug loading post-matrix production in two independent steps. While this does 

increase the complexity of the process overall, decoupling the xMP production from drug loading 

affords flexibility in the design space which can be optimized independently of xMP production. 
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Figure 7. Average fractional and absolute in vitro release of cross-linked microparticles with a fractional degree of 

cross-linking of 0.5, 0.75, 1 (0.5xMP, 0.75xMP and 1xMP, respectively) when 5wt% (a) and 40wt% (b) celecoxib 

(CXB) was added during loading (n = 3 ± σ, 0.5xMP and 1xMP formulations loaded with 5wt% CXB are n = 2 ± σ).  

5. CONCLUSIONS 
The microfluidic technique detailed herein has demonstrated capabilities to manufacture xMP by 

generating monodisperse reactive droplets and cross-linking them via inline UV exposure. Overall, 

production rates for xMP of 60 mg/hr, at batch sizes from 20–120 mg with 89–98% yields were 

achieved. Robust deployment of microfluidic techniques for xMP manufacturing requires both 

chemical and mechanical considerations of the whole system as well as methodological 

considerations beyond droplet generation. Physicochemical characterization of xMP indicated that 

the cross-linking reaction was both achievable and that the degree of cross-linking was easily 

tunable. This tunable cross-linking enabled precise modulation of key material properties such as 

in vitro release rate. The three distinct design spaces (microfluidic process, cross-linking 

chemistry, and drug loading) provide xMP with a wide range of tunable properties. Therefore, 

microfluidic-manufactured xMP has the potential to be a platform LAI technology for sustained 

release of many drugs across various indications. 
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methyl-glycolide) (pPLA), hexanedithiol (HDT), pronpanethiol (PT), celecoxib (CXB), methanol 

(MeOH), dichloromethane (DCM), poly(vinyl alcohol) (PVA), deuterated dimethyl sulfoxide 

(DMSO-d6), tetrahydrofuran (THF), ethyl acetate (EA), 2,2-dimethoxy-2-phenylacetophenone 
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(SDS), ethylene tetrafluoroethylene (ETFE), fluorinated ethylene propylene (FEP), 

poly(tetrafluoroethylene) (PTFE), poly(ether-ether ketone) (PEEK), high pressure liquid 

chromotography (HPLC), deionized water (DI), nuclear magnetic resnoance (MNR), ultraviolet 

light (UV), magic angle spinning (MAS). 
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