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Abstract

Encapsulating cells within biocompatible materials is a widely used strategy for cell delivery and 

tissue engineering. While cells are commonly suspended within bulk hydrogel-forming solutions 

during gelation, substantial interest in the microfluidic fabrication of miniaturized cell 

encapsulation vehicles has more recently emerged. Here, we utilize multiphase microfluidics to 

encapsulate cells within photopolymerized picoliter-volume water-in-oil droplets at high 

production rates. The photoinitiated polymerization of polyethylene glycol diacrylate (PEGDA) is 

used to continuously produce solid particles from aqueous liquid drops containing cells and 

hydrogel forming solution. It is well understood that this photoinitiated addition reaction is 

inhibited by oxygen. In contrast to bulk polymerization in which ambient oxygen is rapidly and 

harmlessly consumed, allowing the polymerization reaction to proceed, photopolymerization 

within air permeable polydimethylsiloxane (PDMS) microfluidic devices allows oxygen to be 

replenished by diffusion as it is depleted. This sustained presence of oxygen and the consequential 

accumulation of peroxy radicals produce a dramatic effect upon both droplet polymerization and 

post-encapsulation cell viability. In this work we employ a nitrogen microjacketed microfluidic 

device to purge oxygen from flowing fluids during photopolymerization. By increasing the 

purging nitrogen pressure, oxygen concentration was attenuated, and increased post-encapsulation 

cell viability was achieved. A reaction-diffusion model was used to predict the cumulative 

intradroplet concentration of peroxy radicals, which corresponded directly to post-encapsulation 

cell viability. The nitrogen-jacketed microfluidic device presented here allows the droplet oxygen 

concentration to be finely tuned during cell encapsulation, leading to high post-encapsulation cell 

viability.
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1. INTRODUCTION

Encapsulating cells within tissue-like semipermeable hydrogels can impart protection from 

mechanical stress and the host immune system, while allowing bidirectional diffusion of 

nutrients and wastes.1,2 Immobilizing cells within hydrogel scaffolds can therefore facilitate 

cell product delivery over long time periods, locate reparative cells at injury sites, and enable 

the potential for therapeutic transplantation of nonhuman cells. Stem cells, for instance, 

possess vast potential for tissue engineering applications and cell encapsulation technology 

will be necessary to provide permissive niches, guide differentiation and development, and 

prevent deleterious immune responses.3 Over the past two decades, cell encapsulation has 

been studied and developed as a potential therapy for type 1 diabetes,4 bone regeneration,5,6 

cartilage formation,7 and vascular differentiation.8 A host of natural and synthetic polymer 

hydrogels have been utilized for encapsulation,4,8–10 including PEG-based hydrogels, which 

are particularly versatile due to their excellent biocompatibility, tunable network structure, 

and readily modified properties.11 The photoinitiated gelation of PEG-based macromers has 

significantly expanded potential application as cells can now be encapsulated under 

physiological conditions with precise control over temporal and spatial properties.12

More recently, the miniaturization of hydrogels by microfabrication and microfluidic 

technologies13 has emerged as an area of intense research interest with broad utility in 

biosensing,14 materials synthesis,15,16 and therapeutics.17 Micropatterned hydrogels have 

also been used to study fundamental cell behavior, such as adhesion and motility.18,19 

Encapsulating cells within microstructured hydrogels may provide a mesoscale link between 

macromolecular and macroscopic length scales20,21 and can offer many benefits including 

controlled cell distribution, tailored mechanical properties, and improved diffusive 

properties, critical to regulating cell function and maintaining viability.22,23 Miniaturized 

encapsulation technologies have also been used to analyze cell productivity,17 molecular 

uptake and cellular survival,24 and cell–cell25 and cell–matrix26 interactions.

Several approaches have been explored for cell microencapsulation. Micromolding was first 

employed to generate shape-specific microgels that were subsequently self-assembled to 

generate tissue constructs.27 Stop flow lithography (SFL) was employed to photoencapsulate 

cells within PEG hydrogel particles of arbitrary two-dimensional shape at improved rates.28 
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While compromised cell viability was reported following in situ photopatterning, these 

examples represent a compelling demonstration of the potential for cell encapsulation in 

microgels. An array of microfabrication techniques have also been used to pattern PEG 

hydrogels and the spatial distribution of functional molecules or mechanical properties. For 

instance, gradient hydrogels were generated to study the effects of RGDS concentration on 

encapsulated cells,18,29 while oxygen gradients were exploited during SFL to form 

extremely elastic particles30 and particles with cross-linking density gradients and patterned 

degradation profiles.13 Interest in increasing the fabrication frequency of microscale 

hydrogels has brought attention to microfluidic emulsification, a method of forming 

surfactant-stabilized aqueous droplets in a continuous oil phase at intersecting microfluidic 

channels31,32 or in coaxial capillaries.33 This approach can produce highly monodisperse 

microdroplets at exceptionally high rates (~10 kHz), suggesting broad utility for high 

throughput cell compartmentalization and subsequent encapsulation via polymerization.13 

Indeed, single cells have been distributed into natural polymeric hydrogel particles,34 as well 

as very large PEGDA particles.26,35 As we demonstrate in this work, the lower size limit of 

these particles, as well as the viability of cells encapsulated via stop flow lithography, are 

constrained by the oxygen-inhibition of PEGDA photopolymerization.36,37

The ease of described techniques for microscale hydrogel molding and microparticle 

production has been largely enabled by the introduction of polydimethylsiloxane (PDMS)-

based microfluidic devices.38 PDMS devices, which have been widely adopted for use in 

bioengineering applications, can be quickly and inexpensively fabricated via replica molding 

from a photolithographically patterned master. Notably, PDMS is highly permeable to 

oxygen, which is generally an advantage for cell-incubation studies39 and related research. 

Enabling to SFL, the oxygen flux from PDMS surfaces locally prohibits polymerization in 

the near wall region, but sustains the production of peroxy radicals generated during oxygen 

inhibition.28 Thus, to obtain fully polymerized microgels, a higher photoinitiator 

concentration must be used, which presents its own harmful effects on cells, including, lipid 

peroxidation,40 oxidation of amino acids,41 inactive specific enzymes,42–44 and damage of 

DNA.45 The facilitated transport of oxygen to aqueous emulsion droplets flowing through 

PDMS channels is further assisted by the use of fluorinated oils, which possess extremely 

high oxygen solubilities.46 Increasing particle size35 improves cell viability during 

photopolymerization, but this approach restricts the minimum overall drop size and extent of 

drop polymerization. We have recently introduced a nitrogen-jacketed PDMS device that 

allows complete droplet photopolymerization by preventing ambient oxygen from diffusing 

into the system.46 An alternative to oxygen purging is the use of oxygen-impermeable 

plastic or glass based devices, but initial results indicate cell viability to be poor following 

polymerization in these platforms. We hypothesize that poor cell viability is the result of 

residual oxygen that remains in the carrier phase and macromer solution.

To increase post-encapsulation cell viability, we introduce a nitrogen-jacketed microfluidic 

device in this work, which not only prevents ambient oxygen from diffusing into the system, 

but also purges residual oxygen from the carrier phase and macromer solution prior to 

droplet formation. Employing this new device, we have been able to locally control the 

oxygen concentration in the microfluidic system and demonstrate significantly improved 

viability of encapsulated cells. A finite element reaction-diffusion model was utilized to 
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predict the concentration of peroxy radicals generated and accumulated during 

photopolymerization, demonstrating that the post-encapsulation viability was linked to 

residual oxygen concentration.

2. EXPERIMENTAL SECTION

2.1. Cell Culture

Human lung adenocarcinoma epithelial cells (A549) were maintained in low-glucose 

Dulbecco’s modified Eagles’s medium (DMEM; Life Technologies, U.S.A.) supplemented 

with 10% fetal bovine serum (Life technologies, U.S.A.), 1% PenStrep, and 0.2% Fungizone 

(Sigma-Aldrich, U.S.A.). All cells were cultured in a 5% CO2 humidified incubator at 37 

°C.

2.2. Two-Layer PDMS Device Fabrication

Two-layer microfluidic devices were fabricated using soft lithography techniques.47 Briefly, 

a silicon wafer (Silicon Inc., U.S.A.) was first patterned with SU-8 2015 negative photoresist 

(MicroChem, MA, U.S.A.) at a thickness of 30 μm. Features were polymerized by 

collimated UV light exposure (Omnicure S2000, U.S.A.) through a photomask (CAD/Art 

Services, OR) and removal of the uncured photoresist in developer (propylene glycol 

monomethyl ether acetate, Sigma-Aldrich, U.S.A.). A second planar flow network was 

patterned with SU-8 100 at thickness of 100 μm by the same method. Polydimethylsiloxane 

(PDMS, Dow Corning, MI) was cast upon the silicon wafer and the cured elastomer was 

removed, trimmed and punched with a sharpened 20G dispensing needle (Brico Medical 

Supplies, Inc., U.S.A.) to fashion inlet and outlet holes. Finished devices were created by 

bonding PDMS replicas to glass slides following oxygen plasma treatment. To ensure a 

hydrophobic surface for aqueous droplet generation, Aquapel (PPG Industries) was briefly 

injected into the device and flushed with nitrogen.

2.3. Hydrogel-Forming Polymer Solution

A549 cells were detached with 0.05% trypsin/ethylenediaminetetraacetic acid (Life-

technologies, U.S.A.), pelleted, and resuspended at an effective cell density of 3 × 107 

cells/mL in heavy phosphate-buffered saline (PBS), which was adjusted to have a specific 

gravity of 1.05 g/mL by OptiPrep density medium (Sigma-Aldrich, U.S.A.). The macromer 

mixture contained 75 mol % polyethylene glycol monoacrylate (PEGMA, Mn ≈ 400 Da; 

monomer–polymer and Dajac Laboratories), and 25 mol % poly(ethylene glycol) diacrylate 

(PEGDA, Mn ≈ 3400 Da; Alfa Aesar, MA),48 and was diluted to a final mass fraction of 45 

wt % macromer in phosphate buffered saline (PBS, pH 7.4, SigmaAldrich, U.S.A.). The 

photoinitiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was synthesized as 

previously described49 and dissolved in PBS. The hydrogel-forming polymer solution was 

mixed in a vial or within a microfluidic device to a final concentration of 15 total wt % 

monomer mixture, a final cell density of 1 × 107 cells/mL, and a LAP concentration ranging 

from 1 to 10 mg/mL.
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2.4. Microfluidic Cell Encapsulation

For microfluidic encapsulation, the macromer mixture, cells suspension, and LAP were 

loaded into syringes and independently injected into the microfluidic device with a flow rate 

of 0.33 μL/min. Simultaneously, fluorocarbon oil (Novec 7500, containing 2 wt % Pico-Surf 

(Dolomite, U.S.A.)) was also injected into the device as an immiscible oil phase at 2 and 7 

μL/ min for the first layer and second layer of the device, respectively. At the droplet-

generating junction (Figure 3A) of the thinner layer of the device, the aqueous prepolymer 

precursor was sheared into 40 μm diameter droplets. Traveling to the thicker layer of the 

device, the droplet volume fraction was reduced and interparticle spacing maintained by the 

introduction of additional oil. Droplets passed through a serpentine channel where they were 

continuously polymerized by exposure to UV light (220 mW/cm2, Mecury-100W, Chiu 

Technical Corporation, U.S.A.) for 0.35 s before exiting the device for collection. 

Microsphere hydrogels collected from the device were separated from oil by washing on a 5 

μm cell strainer (VWR, U.S.A.) with PBS and 0.1 wt % Pluronic F-127 (Sigma-Aldrich, 

U.S.A.). Cell-laden particles were finally resuspended into cell culture medium with 0.1 wt 

% Pluronic F-127 and cultured in 24-well plates. All experiments were performed with 

quadruplicate wells for each condition.

2.5. Bulk Cell Encapsulation

PEGDA hydrogel-forming macromer solutions were prepared according to protocols 

described above. To achieve a bulk emulsion, 100 μL of the macromer solution was added to 

Novec 7500 with 2% Pico-surf or light Mineral Oil with 2% Span 80 (Sigma-Aldrich, 

U.S.A.), and vortexed at 1000 osc/min for 10 s to achieve a well-homogonized emulsion, 

which was polymerized by exposure to UV light for 2 s. Hydrogel particles were separated 

from the oil and washed using the protocols described above.

2.6. Cell Viability Assessment

Cells encapsulated in hydrogel microspheres were stained for viability after resuspension in 

PBS using a LIVE/DEAD Viability/Cytotoxicity Kit for mammalian cells (Life 

Technologies, U.S.A.; calcein AM at 2 μM, ethidium homodimer-1 at 4 μM). Live and dead 

cells were counted manually using an inverted fluorescence microscope IX-71 (Olympus, 

U.S.A.) and the corresponding cell viability was calculated relative to controls. Control cells 

had not been encapsulated, and they were separated from oil and washed on a 5 μm cell 

strainer (pluriSelect, U.S.A.) using PBS with 0.1 wt % Pluronic F-127. Viability of control 

cells was assayed using the method described above.

2.7. Photopolymerization Modeling

A reaction-diffusion model of free radical photopolymerization was constructed and used to 

quantify peroxy radical accumulation and establish their effect upon cell viability in 

photopolymerized hydrogel microparticles, where the peroxy radicals were assumed inert 

after produced. The exposure time used in this step (0.35 s) was calculated based on the total 

flow rate of the fluid and the geometry of the microfluidic device. A finite element 

numerical model was created in the COMSOL multiphysics software package using 

parameters and settings outlined below. A line drawn in 1-D axisymmetric space was set to 
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represent a distance from droplet center to the droplet interface. A time-dependent transport 

of diluted species study was selected across the line as the model basis using the 

characteristic mass transport equation as follows:

∂ci
∂t + ∇ ⋅ − ∇ci = Ri

Ni = − Di∇ci

In the droplet photopolymerization model, the reacting species were: macromer, initiator, 

free radicals, and oxygen. The full, detailed reaction sequence has been previously 

described.46 Briefly, initiator species are converted into free radicals during the first 

polymerization step, initiator photolysis. Next, free radical species are allowed to react along 

three different pathways: (1) monomer chain initiation/propagation, (2) radical self-

termination, and (3) radical termination with oxygen leading to the peroxy radical formation. 

Additionally, oxygen is allowed to freely diffuse into the droplet, and react with free initiator 

and macromere radicals. All reaction parameters used in this model were obtained from the 

literature.49–54 Based upon experimental observations of nitrogen jacket effectiveness, an 

assumption was made that the oxygen concentration in a droplet within a purged 

microchannel was dilute. The pressure-dependent oxygen concentration, 0.01 mol/m3, was 

calculated using the data in this experiment and our reaction diffusion model.46

3. RESULTS AND DISCUSSION

3.1. Size Distribution and Uniformity of Microsphere Hydrogels

All cell encapsulation experiments were conducted in either bulk (Figure 1A) or completely 

within a microfluidic device (Figure 1B) using mineral oil +2% Span 80 or Novec 7500 + 

2% Pico-Surf as the immiscible carrier phase, and with 1 wt % LAP as the photoinitiator in 

the aqueous phase. Microsphere hydrogels were collected and resuspended into PBS by 

vortexing with 0.1% Pluronic F-127 in PBS. The device depth was 30 μm, which was chosen 

to generate droplets with a diameter less than 50 μm. Hydrogel particles were imaged using 

bright field microscopy and their diameters were measured using ImageJ. Uniformity, a 

measure of particle size polydisipersity,55 and size distributions in terms of number are 

shown in Figure 1C and D, respectively. These results confirm previously documented 

experiments, in which microfluidic devices were shown to produce emulsion droplets and 

microparticles with much tighter size distributions than those produced by bulk 

emulsification. We also illustrate that, in comparison with mineral oil, employing Novec oil 

provides better control of particle size with an improvement in monodispersity using the 

identical device and flow rate conditions. These results clearly describe the advantages of 

utilizing, not only a microfluidic approach for droplet generation, but a fluorocarbon oil over 

a hydrocarbon oil. With control of droplet and particle size and uniformity, one can also 

readily achieve delicate control over deterministic cell encapsulation processes.56,57
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3.2. Hydrogel Solution Formulation Composition Effect on Post-Encapsulation Cell 
Viability

Encapsulating cells within microfabricated biocompatible hydrogels is a promising strategy 

for cell delivery and tissue engineering. There are various methods to generate cell-laden 

microgels, such as via bulk emulsification58 or with microfluidic devices59using different 

immiscible oil carrier phases. We compared these two methods with two different oils, 

mineral oil and Novec 7500 to conduct cell encapsulation within microgel particles. While 

Novec 7500 produces microgels with excellent control over particle size and uniformity, the 

post-encapsulation cell viability was effectively zero for both bulk and microfluidic 

processing (Figure 2A).

To explore the complete loss of cell viability when conducting cell encapsulation and 

photopolymerization with Novec 7500, a series of control experiments was conducted using 

mineral oil and Novec oil in PDMS microfluidic devices. Individual components were added 

to the aqueous solution and UV light exposure was increased in a stepwise manner in order 

to evaluate the toxicity of each element and combination of elements. The results of these 

systematic experiments reveal that only encapsulation and polymerization in Novec 7500, in 

the presence of initiator and UV exposure, produced the observed collapse in post-

encapsulation cell viability (Figure 2B). Although both oils used are biocompatible, they 

possess vastly different oxygen solubilities at room temperature; perfluorinated oils have a 

much higher oxygen solubility (5.0 mol/m360) than mineral oil (1.02 mol/m361). Oxygen is 

well-known as an inhibitor of free radical chain polymerization. During this inhibitory side 

reaction, photoinitiator radicals are scavenged by oxygen to produce ROS, which in turn are 

deleterious to cells by reacting with lipids, amino acids, and proteins.28,62 This effect is 

compounded when photopolymerization is conducted in PDMS devices in which the oil is in 

direct contact with the elastomer walls. The excellent gas and oxygen permeability of 

PDMS63,64 allows consumed oxygen to be quickly replenished and the oxygen 

concentration of the oil to be maintained at its saturation level. Based on our initial 

observations, we hypothesize that this rapid oxygen replenishment leads directly to an 

amplified accumulation of peroxy radicals during the course of photopolymerization, with 

profoundly harmful effect to the post-encapsulation cell viability.

3.3. Oxygen Controllable Microfluidic System for Cell Encapsulation

As the generation of deleterious ROS species arises from the conversion of oxygen to peroxy 

radicals during the photoinitiated PEGDA polymerization reaction, it is important to 

establish a quantitative measure of oxygen in droplets during gelation. We have recently 

shown that fully polymerized microgel particles can be prepared from aqueous PEGDA 

droplets in a fluorinated oil (Novec 7500) continuous phase by using a nitrogen-purged 

microfluidic device.46 These devices depleted oxygen in the PDMS substrate, preventing 

consumed oxygen from being replenished during photopolymerization. While this provided 

conditions for polymerization, the conversion of residual oxygen to ROS was above the 

threshold that could be tolerated by cells, leading to the observed post-encapsulation cell 

viability of effectively zero. To provide conditions that allow for polymerization, but are also 

salubrious to encapsulated cells, we have improved the control of oxygen within the 

microfluidic purging device. The cell encapsulation system presented here consists of a 
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nitrogen-jacketed microfluidic device (Figure 3A) with a prepurge channel for the oil phase, 

in which the oil phase was purged with nitrogen, thus, driving oxygen from the oil before 

converging with the aqueous phase. All fluid channels were purged with nitrogen jackets to 

reduce the oxygen solubility in Novec 7500 and prepolymer solution. As depicted in the 

schematic shown in Figure 3B, an increase in the partial pressure of dissolved nitrogen in the 

oil phase decreases the oxygen solubility, thus, leading to an oxygen purge from the oil.

For hydrogel forming solutions with identical compositions and using equal UV light 

intensity and radiation time, the photopolymerization reaction proceeds at a rate that 

depends only upon the total amount of oxygen in the system. In lieu of directly measuring 

residual oxygen, the minimum initiator amount required for full polymerization was used as 

a parameter to indirectly evaluate the remaining oxygen in system. To establish the threshold 

at which PEGDA microgel particles could be fully polymerized, the initiator concentration 

was increased until it was sufficient to counterbalance the amount of residual oxygen at a 

given nitrogen purge pressure. Photopolymerization was conducted in the two-layer 

nitrogen-jacketed PDMS device, and products were collected at the outlet to examine the 

extent of polymerization. Results show that less initiator was required to achieve fully 

photopolymerization as the nitrogen pressure was increased (Figure 4A), confirming that 

more oxygen is purged at elevated nitrogen pressures. The composition of the hydrogel 

forming solution was maintained at that used for previous cell encapsulation experiments 

except for the LAP concentration, which was varied. Cell encapsulation experiments were 

conducted using the same hydrogel forming solution compositions with a constant nitrogen 

pressure (PN2 = 7 psi). Under a constant nitrogen purge pressure, the oxygen concentration 

in the emulsion reaches an equilibrium level, and the reaction rate for the formation of 

peroxy radicals increases with initiator concentration in the prepolymer solution. 

Correspondingly, as more peroxy radicals are generated during the polymerization reaction, 

encapsulated cells sustain more damage. This has been confirmed by the experiment results 

(Figure 4B), in which the post-encapsulation cell viability decreased from 95.6% to 0.62% 

as the LAP concentration increased from 0.1 to 0.7 wt %. Employing this system makes it 

possible to reduce both residual oxygen and initiator required for polymerization, thus 

reducing the cumulative amount of peroxy radical produced during the polymerization. This 

is confirmed by Figure 4C, which shows high post-encapsulation viability, 95.6%, for cells 

encapsulated using this system.

3.4. Prediction of the Peroxy Radical Concentration Using COMSOL

Using the developed reaction-diffusion model and minimum LAP concentrations required to 

achieve polymerization, the oxygen concentration in the emulsion system was evaluated for 

each nitrogen pressure. The cumulative peroxy radical amount produced during 

photopolymerization was also calculated using this model (Figure 5A), and the cumulative 

effects of peroxy radical generation on cell viability was analyzed (Figure 5B). Compared 

with experimental results shown in Figure 4B, these modeling results suggest a strong, 

nonlinear correlation between oxygen radical accumulation and cell viability. The close 

agreement between the shape of the cell viability curves when plotted as functions of 

nitrogen pressure and peroxy radical generation conclusively and quantitatively suggest that 

the decrease in viability is directly related to ROS. These results also explain the observed 
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collapse of viability in bulk control experiments summarized in Figure 2, and clearly 

indicate that this effect can be completely mitigated with the use of a nitrogen jacketed 

microfluidic channel.

4. CONCLUSIONS

In this study, we have introduced and examined a nitrogen microjacketed microfluidic 

platform to locally control the oxygen concentration in microfluidic channels by varying 

nitrogen prepurge time and pressure. In this oxygen-controlled microfluidic device, cell- 

laden droplets with diameters of approximately 40 μm were generated and 

photopolymerized. The viability of encapsulated cells was evaluated as a function of residual 

oxygen in the emulsion system, which was ascertained from the minimum initiator 

concentration required to achieve complete droplet photopolymerization. To elucidate the 

relationship between reaction inhibition and cell viability, we have modeled the cumulative 

peroxy radical generation under a constant oxygen concentration with different initiator 

concentrations using a reaction-diffusion finite element model. The amount of residual 

oxygen, and therefore the viability of encapsulated cells, was found to be strongly sensitive 

to nitrogen purge pressure. These results indicate that during oxygen-inhibited 

photopolymerization, peroxy radicals are produced with a direct and significantly 

deleterious effect upon post-encapsulation cell viability. At higher nitrogen pressures and 

ample prepurging times, however, cell viability can be completely recovered.
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Figure 1. 
Cell encapsulation in bulk (A) and in a cross-flow microfluidic channel (B). Uniformity (C) 

and size distribution (D) of hydrogel microparticles produced using different polymerization 

methods. (E) Images of microparticles obtained through different methods and oil phases: in 

bulk and in device using Novec 7500 and mineral oil.
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Figure 2. 
(A) Post-encapsulation viability of cells encapsulated and polymerized via bulk and 

microfluidic processing, using mineral oil and Novec 7500, respectively. (B) Cell viability 

following processing in microfluidic droplets as a function of different processing conditions 

and aqueous phase formulations. All experiments were repeated using both mineral oil and 

Novec 7500 as the carrier phase. Droplets contained (a) cells in PBS, (b) cells in 10% 

PEGDA, (c) cells in 10% PEGDA exposed to UV light, and (d) cells in 10% PEGDA plus 1 

wt % LAP exposed to UV light.
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Figure 3. 
Cell encapsulation using a nitrogen jacketed two-layer microfluidic device. (A) Schematic 

illustration of the two-layer nitrogen jacketed microfluidic device. The initiator, cell 

suspension, and monomer mixture were individually introduced and fully mixed in device 

and merged with a fluorocarbon oil to generate cell-laden droplets at the nozzle of the first 

layer of the device. Fluid flow channels are bounded on each side by in-plane nitrogen 

channels. Formed emulsion droplets were photopolymerized to hydrogel by exposure to UV 

light in the second layer of the device. (B) Schematic of oxygen purging from the system. 

Increased nitrogen pressure decreases oxygen solubility, which results in oxygen diffusion 

from the droplet and oil into the PDMS matrix.
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Figure 4. 
(A) Minimum LAP concentration required to achieve full photopolymerization under 

different nitrogen pressures. As the nitrogen purge pressure is increased, the residual oxygen 

in the system decreasing, thus requiring decreased photoinitiator concentrations for full 

polymerization. (B) Post-encapsulation viability of cells with different LAP concentration at 

a constant nitrogen pressure (PN2 = 7 psi) in the nitrogen prepurged microfluidic device. (C) 

Post-encapsulation viability of cells was assayed by live–dead stain (live cells are green, 

dead cells are red).
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Figure 5. 
(A) Cumulative concentration of peroxy radicals as a function of UV radiation time in the 

droplets or hydrogel micro particles. The photoinitiator concentration was varied from 0.1 to 

0.7 wt %. (B) Post-encapsulation viability of cells in hydrogel micro particles following 

photopolymerization for 0.35 s. The cumulative peroxy radical generation maps to the 

photoinitiator concentration required for complete photopolymerization (Figure 4B) and is a 

function of residual oxygen in the emulsion.
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