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Synthesis of biomimetic oxygen-carrying
compartmentalized microparticles using
flow lithography+t

Harry Z. An, Eric R. Safai, H. Burak Eral and Patrick S. Doyle®

We report a microfluidic approach for lithographically photo-patterning compartmentalized microparticles with any
2D-extruded shape, down to the cellular length scale (~10 microns). The prepolymer solution consists of a UV
crosslinkable perfluorodecalin-in-water nanoemulsion stabilized by Pluronic® F-68. The nanoemulsions are generated
using high-pressure homogenization and are osmotically stabilized by the trapped species method. The presence of
PFC droplets increases the solubility and diffusivity of oxygen in the prepolymer solution, thereby enhancing the rate
of O, inhibition during microparticle synthesis. We develop a simple model that successfully predicts the augmented
0, mass transport, which agrees well with experimental data. Informed by our analytical results, cell-sized composite
microgels are generated by controlling the oxygen environment around the polydimethylsiloxane (PDMS) microfluidic
synthesis device. These nanoemulsion composites are functionally similar to red blood cells as oxygen carriers.
Such bio-inspired polymeric particles with controlled physical properties are promising vehicles for drug delivery

www.rsc.org/loc and clinical diagnostics.

Introduction

Bio-inspired polymeric particles are promising vehicles for
drug delivery and clinical diagnostics."™ These particles are
synthetic constructs engineered in the likeness of natural
particulates, such as pathogens and mammalian cells, and
can mimic one or more key functions or attributes of their
biological counterparts. A variety of top-down and bottom-up
synthesis methods have been used, including self-assembly,*
droplet microfluidics,” photolithography,”” non-wetting template
molding,? liquefaction and stretching,” and electrohydrodynamic
jetting,'® to manipulate the size, shape,'" mechanical stiffness'
and internal structure of these biomimetic microcarriers.
The ability to precisely vary the particle physical properties
is especially desirable as it allows these particles to maneu-
ver through biological barriers, avoid cellular capture,” and
even prolong circulation time'* or alter biodistribution pat-
terns in vivo. Therefore, versatile fabrication techniques that
can provide independent control over critical particle
design parameters are essential for modulating the interac-
tion of these novel biomaterials with biological entities in
biological environment.'

Currently, a facile technique for patterning morphologi-
cally complex, compartmentalized microparticles down to the
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cellular length scale (~10 microns) is still largely missing. Com-
partmentalization is one of the universal architectural motifs
seen abundantly in eukaryotic cells, and allows a multitude of
biochemical reactions to occur in perfect synchronicity in
order to perform certain desired macroscopic cellular func-
tions. Traditional methods of generating compartments in
polymeric particles often suffer from 1) a lack of geometric
complexity (due to surface tension forces, for example ref. 16)
or 2) lower feature resolution.'”'® The potential utility of
multi-compartmental microparticles have already been demon-
strated in several experiments: they can be used to efficiently
co-encapsulate incompatible actives (e.g., drugs, imaging
modalities, etc.),"®"? program delivery profiles and engineer
different environmental release triggers (pH, temperature,
light exposure, ultrasound, and external fields, etc.).'8>°>3
Here, we show the reproducible synthesis of composite,
biomimetic microparticles from crosslinkable oil-in-water
nanoemulsions via a modified stop-flow lithography (SFL)
technique. The dispersed phase consists predominantly of
perfluorodecalin (PFD), the principal component in the first
generation of perfluorocarbon (PFC)-based artificial blood
products.>® In general, PFCs are a class of biologically and
chemically inert, highly hydrophobic, synthetic organic com-
pounds. The inherent strength of the constituent C-F bonds,
and therefore weak intermolecular forces, allow PFCs to effi-
ciently solubilize respiratory gases (i.e., O,, CO,). For exam-
ple, the equilibrium partition coefficient, K, for O, between
perfluorodecalin and water is ~O(10).>> As such, PFCs are

Lab Chip, 2013, 13, 4765-4774 | 4765


http://dx.doi.org/10.1039/c3lc50610j
http://pubs.rsc.org/en/journals/journal/LC
http://pubs.rsc.org/en/journals/journal/LC?issueid=LC013024

Published on 30 September 2013. Downloaded on 23/02/2014 15:01:21.

often used in artificial blood and cell culture®® applications
to enhance the rate of O, mass transfer.

Unlike our previous work involving silicone oil-based
nanoemulsions, the PFD-based formulations are biocompati-
ble but require further stabilization due to a finite solubility
of oil in the aqueous continuous phase.”’ The PFC-laden
composite microgels are structurally and functionally remi-
niscent of erythrocytes, which are long-circulating biological
entities responsible for oxygen delivery in vivo. Fabrication of
these PFC solutions is challenging as they facilitate oxygen
transport, which in turn inhibits free radical polymerization,
and impedes bulk gelation. To generate these biomimetic,
oxygen-carrying composite microparticles, we take a rational
engineering approach to first slow the coarsening of the PFC
nanoemulsion through variation in composition, and then
lower the effective concentration of oxygen, a common radi-
cal scavenger during synthesis, using a purge chamber filled
with an inert gas. This synthesis technique allows cell-sized,
shape-anisotropic microparticles to be patterned in a semi-
continuous fashion. One of the key advantages of this pro-
cess is that the properties of the carrier particle and those of
the encapsulated compartments can be optimized separately
for a diverse set of biomedical applications.

Materials and methods
Materials and nanoemulsion preparation

The crosslinkable oil-in-water nanoemulsions used in this
work contain perfluorinated oils: perfluorodecalin and
perfluorotripropylamine (Oakwood Chemicals, Inc.) dispersed
in an aqueous phase consisting of poly(ethylene glycol) diacrylate
(PEGDA, M, = 700 g mol ") and non-ionic surfactant Pluronic®
F-68 (PF68). Additives included the photoinitiator 2-hydroxy-2-
methyl-1-phenyl-propan-1-one (Darocur® 1173) and the lipo-
philic dye, PKH26 (Aex/Aem = 551/567 nm, Invitrogen) in ethanol.
The latter was used to label the encapsulated oil nanodroplets
for fluorescent imaging. Unless otherwise noted, all materials
were obtained from Sigma Aldrich and used as supplied.

To prepare the nanoemulsions, a crude pre-emulsion was first
generated as previously described® by adding the perfluorinated
oil(s) drop-wise to an aqueous continuous phase containing
36% (v/v) PEGDA and 2-40 mM PF68 under constant agitation
using a magnetic stirrer. The corresponding nanoemulsion was
then created by high pressure homogenization (EmulsiFlex-C3,
AVESTIN) at 5-20 kpsi for up to 20 passes. Prior to composite
particle synthesis, 4% (v/v) Darocur® 1173 and 10 uM PKH26
(if necessary for imaging purposes) were added to aliquots of
the nanoemulsion, followed by vortex mixing.

Particle synthesis

All of the particles shown in this work were prepared using a
modified stop-flow lithography (SFL) technique in rectangu-
lar microfluidic channels (PDMS, Sylgard 184, Dow Corning).
Channel heights ranged from 20 to 50 pm. The synthesis
devices were placed inside a custom-made sealed chamber
with an inert gas purge inlet. Briefly, the prepolymer mixture
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(degassed for 60 minutes under gentle argon flow, unless oth-
erwise specified) was injected into a synthesis device using
modified pipette tips (Molecular BioProducts) as delivery
chambers under moderate forcing pressure (~3 psi). Cell-like
composite microparticles were patterned by projecting mask-
defined UV light from a Lumen 200 metal arc lamp (Prior Sci-
entific) through a wide excitation UV filter set (11000v2 UV,
Chroma Technology). A shutter system (VS25, Uniblitz)
interfaced with a custom-written Python automation script
precisely controlled the duration of UV exposure, which typi-
cally ranged from 150 to 800 ms depending on particle shape
and size. Microparticle formation was visualized using a
cooled interline charge-coupled device camera (Clara, Andor).

Following polymerization, particles were transferred from
the outlet reservoir of the microfluidic synthesis device to a
clean 1.5 mL Eppendorf tube containing 600 puL PBST (1x
phosphate buffered saline with 0.1% (v/v) Tween® 20). Parti-
cles were washed and re-suspended four times in PBST then
stored at room temperature for imaging.

Nanoemulsion characterization

Nanoemulsion droplet sizes were measured via dynamic light
scattering using a Brookhaven Instruments BI-200SM multi-
angle apparatus. Samples were diluted to ¢ = 0.0005 using a
mixture of 33% PEGDA700 in deionized water. Autocorrela-
tion functions were measured at a scattering angle of 90° and
a temperature of 25 °C. A cumulant analysis was conducted
on the data acquired to obtain the hydrodynamic droplet
diameter 2R. Coefficient of variation (C.V.) is defined here as
the variance of the size distribution relative to the mean size.

Microparticle characterization

PKH26-labeled composite microparticles were harvested from
the synthesis devices and stored in 1X PBS buffer containing
0.1% Tween 20 prior to imaging using a laser confocal scan-
ning microscope (Zeiss LSM Meta 510) equipped with an
argon laser (543 nm). Successive x-y scans were acquired at
intervals of 0.1 um in the z-direction through representative
particles using a 100x oil objective. The images were analyzed
using Image]J (NIH).

Perfluorodecalin/water surface tension measurements
were taken using the pendant droplet method on a DSA 10
tensiometer (Kruss). A calibration curve was prepared by
measuring surface tension for a set of Pluronic® F-68 stan-
dard solutions at room temperature.

Results and discussion

To synthesize RBC-like microparticles (Fig. 1), we use an oil-
in-water (O/W) nanoemulsion composed of perfluorodecalin
oil (MW = 462 g mol ') stabilized by Pluronic® F-68, dispersed
in an aqueous continuous phase containing 36% poly(ethylene
glycol) diacrylate (PEGDA, M,, = 700 g mol ) and 4% Darocur®
1173. PEGDA and Darocur act as the crosslinker and
photoinitiator, respectively. During UV exposure, Darocur
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biomimetic microparticles acrylate crosslinks lipophilic dye Pluronic F-68
| i macroemulsion is generated using a magnetic stirring device,
S h/g \ fixing the emulsion composition. Next, the pre-mix is trans-
A : ferred to a high-pressure homogenizer and forced through an
/5.\ " adjustable homogenizing valve at elevated pressures (<20 kpsi),
< VAS ' - during which droplets experience the elongational stress
10 l""I | 3 needed to overcome the significant Laplace pressure differ-
perflucrocarbon ence and to rupture down to the nanometer size scale.”” It
10um o 200 nm is worth noting that in the emulsion literature, there lacks a
Fig. 1 Schematic depiction of biomimetic composite microparticles. Stop-flow universally-accepted cut-off below which a colloidal disper-
lithography reproducibly generates these microparticles from UV-crosslinkable per- sion would be considered a nanoemulsion. Here, we define

fluorocarbon oil-in-water nanoemulsions. The nanometer-sized oil droplets contain a a nanoemulsion as a metastable suspension Consisting of

mixture of perfluorodecalin and perfluorotripropylamine, stabilized by a biocompati- . . . . .
P 0 propy Y P two incompatible phases, with the dispersed phase having

ble nonionic surfactant, Pluronic® F-68. The droplets are kinetically arrested within . e
the gel network, as indicated by lipophilic dye labeling, and can facilitate oxygen diameter below 200 nm.
transport, similar to red blood cells. To assess the stability of the PFC nanoemulsions over

time, we prepared an 8% (v/v) perfluorodecalin-in-water
nanoemulsion containing 40 mM Pluronic® F-68, and 36%
PEGDA700 (9 = 0.08, Cs = 42 mM, P = 0.36). The nanoemulsion
is homogenized at 20 kpsi for 10 passes. The as-prepared
sample has an initial droplet diameter of ~167 nm. A time
course of the droplet volume growth at 4 °C was tracked via
DLS and shown in Fig. 2A. As expected, due to their nanoscopic
size and non-zero coefficient of variation (defined here as the
The crosslinkable O/W nanoemulsions are generated via a  variance in droplet size over the mean), the droplets mainly
two-step emulsification process. In the first step, a pre-mix  coarsen via the Ostwald ripening mechanism, according to

undergoes photolysis and initiates polymerization of the acry-
late end-groups on the PEGDA molecules. This results in the
formation of a crosslinked hydrogel network that kinetically
traps the perfluorocarbon oil droplets.

Nanoemulsion formulation and stability
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Fig. 2 Nanoemulsion formation and stability. (A) Time evolution of average droplet volume for an 8% v/v perfluorodecalin (PFD)-in-water nanoemulsion containing 36%
poly(ethylene glycol) diacrylate (M, = 700 g molq) and stabilized by 40 mM PF68. The initial droplet is 167 nm. The linear trend observed suggests that the dominant
coarsening mechanism is Ostwald ripening, with characteristic rate . (B) Variation of « with the addition of a high molecular weight ‘trapped species’
perfluorotripropylamine (PFTPA), which can counteract Ostwald ripening by creating an entropic barrier for de-mixing. The solid line shows theoretical prediction using egn (2).
Normalized droplet size distributions were measured using dynamic light scattering for 8% perfluorodecalin-in-water nanoemulsions (P = 0.36 PEGDA, C; = 40 mM) containing
(C) 0% v/v PFTPA and (D) 0.5% v/v PFTPA. The nanoemulsion samples were prepared using high-pressure homogenization at 20 kpsi for 10 passes. Addition of the oil stabilizer
has minimal impact on the initial droplet diameter and monodispersity (upper-left corner). (E) The evolution of average droplet diameter with the number of passes, N, through
the homogenization device for an 8% PFD-in-water nanoemulsion (¢, = 0.005, P = 0.36 PEGDA, C; = 40 mM) at three different pressures. Lines give fit to the exponential
relationship suggested by Mason et al. [ref. 33]. (F) The evolution of average droplet diameter with homogenization pressure for N = 10.
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(R)® ~ wt. Ostwald ripening is a process driven by molecular
diffusion, whereby larger droplets grow at the expense of
smaller ones in order to minimize the total interfacial area.>®
o is the ripening rate, and can be analytically expressed as:*

8v’D .C
w— Y

oil
9RT @)
where v, Dy, and C,, are the molar volume, diffusion coeffi-
cient, and bulk solubility of oil through the continuous phase,
respectively. y is the surface tension, R is the universal gas
constant, and T is the absolute temperature. The measured
ripening rate (~600 nm’ min') is much higher than that of
the silicone oil formulations (~0.1 nm® min™") we had previ-
ously studied, due to a finite solubility of perfluorodecalin in
the aqueous continuous phase.”"*°
To improve the stability of nanoemulsion prepolymer and
to lengthen its shelf-life for particle synthesis, we added
minor amounts (<3% by volume) of perfluorotripropylamine
(PFTPA) into an 8% perfluorodecalin nanoemulsion. PFTPA
is an insoluble oil species with a moderate in vivo retention
time of ~60 days, short in comparison to other commercially-
available perfluorinated compounds with similar molecular
weights (521 g mol™).>* PFTPA preferentially partitions to the
oil droplet interior and exerts an osmotic pressure that coun-
terbalances the forces that cause Ostwald ripening.*" Initial
repartitioning of the mobile oil component between droplets
due to Ostwald ripening creates an entropic barrier that
retards further oil de-mixing. As shown in Fig. 2B, o
decreases asymptotically with PFTPA addition. The overall
growth trend is well predicted by the following mixing law:**

-1

71_‘_72
W, W,

(2)

Wnix =

[XX

where X; and X, are the oil-based volume fractions of PFD
and PFTPA, respectively. The ripening rate for a pure PFTPA
nanoemulsion, ,, is approximated using previously reported
values of aqueous bulk solubility (Table 1) according to:

= (3)

Addition of the ‘trapped species’ has little effect on drop-
let size or coefficient of variation, as indicated by the similar
droplet size distributions measured for two batches of 8%

Table 1 Summary of reported aqueous bulk solubilities of PFD (component 1)
and PFTPA (component 2) and estimated ripening rates of the corresponding
crosslinkable PFC-in-water nanoemulsions

Parameter Value Units Source
Coon 99 10°M Ref. 29
Co 2.8 10*°M Ref. 29
[oN 37.2 10° nm®* h™* Measured
W, 1.1 10° nm® h™ Calculated
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PFD-in-water nanoemulsions with 0% PFTPA (Fig. 2C) and
0.5% PFTPA by volume (Fig. 2D) prepared at 20 kpsi (N = 10).

To further demonstrate the instability of PFC
nanoemulsions, we note the evolution in droplet size as a func-
tion of the number of passes, N, for a range of homogenization
pressures (3-20 kpsi). Typically, we use the number of passes
through the homogenizing device to tune the droplet polydis-
persity.”" This is because the flow field near the homogenizing
valve is highly nonhomogeneous and turbulent. Passing an
emulsion sample through the device repeatedly allows droplets
to experience similar strain histories, and lowers droplet poly-
dispersity. Similarly, over time, the average droplet size tends
to exponentially approach a final saturation value.** In the case
of PFC nanoemulsions, however, the droplet size trajectory
passes through a minimum when pressures >10 kpsi (Fig. 2E,
red and blue arrows) and then slightly increases with N. Within
this pressure regime, the <2R> vs. N trends are poorly
described by the exponential relationship proposed by Mason
and coworkers.*® This suggests that the droplets may be under-
going re-coalescence during homogenization as it is difficult
for off-the-shelf surfactants, such as Pluronic® F-68, to effec-
tively stabilize newly created O/W interfaces during droplet col-
lisions. The re-coalescence behavior is further evidenced by the
weak power-law dependence of droplet size on homogenization
pressure (D o« AP*%, Fig. 2F).

PFC-laden composite particle synthesis

To synthesize cell-like microparticles, we use the canonical
prepolymer formulation containing 8% PFD, 0.5% PFTPA (by
volume) dispersed in an aqueous continuous phase of 36%
PEGDA700, 20 mM Pluronic® F-68 and 4% photoinitiator
(Darocur). Adjusting the surfactant concentration from 2 to
40 mM does not improve emulsion stability against ripening
due to negligible changes in surface tension over this concen-
tration regime. The oil volume fraction can be arbitrarily
lowered without causing droplet coalescence by diluting a
concentrated emulsion stock with pure continuous phase
containing the same concentration of PF68 (ESIT).

The high oxygen content of PFC-laden prepolymer solu-
tion is counterproductive towards particle photo-patterning
via stop-flow lithography (SFL).*** In traditional SFL, pulses
of mask-defined UV light are projected through a microscope
objective to generate free-standing gel structures within a
microfluidic device, down to the micron-scale (Fig. 3A). The
ability to generate free-standing microparticles of potentially
any 2D-extruded shape is intimately tied to oxygen transport;
during particle synthesis, oxygen, a radical scavenger, rapidly
diffuses through the porous walls of the polydimethylsiloxane
(PDMS) device and inhibits the UV-initiated polymerization
by reacting with propagating oligomers, forming chain-
terminating peroxide species (Fig. 34, right).** Typically, the
level of O, must be reduced by at least three orders of magni-
tude before bulk gelation can occur.>* Where the rate of oxygen
diffusion balances that of oxygen inhibition near the channel
periphery, lubricating layers of unpolymerized material, termed

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 Effect of oxygen on photo-polymerization. (A) Schematic of the cross-sectional view of a PDMS synthesis device showing the formation of a disc-shaped composite
particle using stop-flow lithography. The particle is flanked on either side by films with thickness 6 of unpolymerized oligomers (left). O, rapidly diffuses through the PDMS side
walls and partitions into the perfluorocarbon oil droplets (right). During polymerization, O, consumption in the continuous phase via inhibition reactions with propagating PEG
oligomers leads to further O, release from the oil droplets. (B) Micrographs of a series of discs with decreasing feature size polymerized in a 15 pm tall device using
prepolymers composed of 0% PFC (P = 0.36 PEGDA, Pl = 0.04) and 8.5% PFC (p; = 0.08, ¢, = 0.005, C; = 20 mM). The composite microparticles are consistently under-
polymerized due to an increased effective O, concentration in the presence of PFC nanodroplets. (C) Inhibition layer thickness, d, grows with PFC content showing quantitative

evidence for facilitated transport of O,.

the inhibition layer, form above and below the crosslinked par-
ticles, and allow them to be advected downstream for collec-
tion. As the inhibition layer thickness (5) approaches the
channel height, as it does in the case of generating cell-sized
composites, particle synthesis becomes proportionally more
difficult. Using a one-dimensional reaction-diffusion model for
photopolymerization within a PDMS microfluidic device,
Dendukuri et al.** previously derived analytical scaling relation-
ships for ¢ and 7 (the time required to deplete the oxygen pres-
ent and trigger crosslinking) and showed that both are
inversely related to a Damkohler number, Da, which denotes
the competition between the rate of oxygen inhibition to the
rate of oxygen diffusion into the prepolymer:

el [PI]H?
~ D[o,]

Da (4)

where ¥ is the quantum yield of formation of the initiating rad-
icals, [PI] and ¢ are the photoinitiator concentration and molar
extinction coefficient, respectively, I, is the incident intensity of
UV light, H is the channel height, D is the oxygen diffusivity,
and [O,] is the oxygen concentration in the prepolymer. The
use of PFCs in the prepolymer lowers the achievable feature
resolution under similar exposure conditions, as compared to a
pure PEGDA-based prepolymer, by increasing both the diffusiv-
ity and solubility of O,.

To demonstrate this qualitatively, we polymerized a series
of discs of varying diameters ranging from 15 to 25 um in a
20 um tall PDMS device. Two types of prepolymers were used,
only one of which contained the nominal 8.5% perfluoro-
carbon oil, the other containing none. Using the same expo-
sure duration (800 ms) and intensity, all of the disks formed in
the nanoemulsion prepolymer stream were under-polymerized
(Fig. 3B); whereas the two largest discs fully polymerized in the
PFC-free prepolymer. This was because PFC nanodroplets
acted as point sources of oxygen and released O, almost
instantaneously during UV exposure. As a result, the induction
time increased, and the onset of bulk gelation was delayed.

This journal is © The Royal Society of Chemistry 2013

To quantitatively evaluate the effect of the presence of PFC
on the efficacy of particle patterning, we look at the channel
cross-section (z-direction), and compare the inhibition layer
thickness in the presence and absence of PFCs in the prepolymer
solution.>® It has been previously shown that § ~ Da /. There-
fore, using similar polymerization conditions, the ratio of the
two J's — with and without PFCs - simplifies to:

= oo 5)

Here, the ‘zero’ subscript indicates the continuous phase
(i.e., in the absence of PFCs). The ratio of the equilibrium
oxygen concentrations can be estimated based on a simple
volume-average:

[02] = (1-0)[02])y + ¢[02]prc (6)

eqn (6) can be re-written by eliminating [O,]prc using the par-
tition coefficient, K = [Oy]prc/[O2]o

=1+ (K-1)p (7)

Substituting K = 16, a 8.5% by volume PFC nanoemulsion,
the RHS of eqn (7) equals ~2.2,>° indicating a higher overall
concentration of oxygen, though only oxygen present in the
continuous phase can participate in the inhibition reaction.

Next, we derive a mean-field analytical expression for the
effective oxygen diffusion coefficient, D, in the presence of
PFC droplets. Here, for simplicity, we treat the emulsion
prepolymer as a homogenous material, with D as the charac-
teristic oxygen diffusivity that must be used to describe the
mass transfer occurring on a length scale much greater than
the average spacing between droplets. D is found by consider-
ing the far-field perturbation in the oxygen concentration
field caused by the PFC oil droplets. A similar mean-field
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approach was taken by Deen to derive the effective conductiv-
ity of a particle suspension.*”

We model the nanoemulsion as a dilute suspension of
spherical particles with a uniform number density of n,
occupying a spherical volume of radius a sufficiently large
to contain many particles. Far from this volume, the total
oxygen concentration perturbation at r due to the oil
droplet is:

total o an 3
c, (r)= ?a nCp(r) (8)

C,, represents the single-particle contribution derived from
solving for the oxygen concentration field in a simple system
consisting of a spherical particle (e.g., a PFC droplet) of
radius R surrounded by a different material (e.g., the aqueous
continuous phase). The droplet and the continuous phase
have different oxygen diffusion coefficients, Dprc and D,,
respectively. A constant mass flux, G , parallel to the z-axis
(Fig. 3A) is assumed far from the sphere due to an imposed
oxygen concentration gradient resulting from particle poly-
merization. The steady-state oxygen concentration outside
the droplet, ¥(r, 1), is governed by mass conservation:

D(00) | D[y 0]
ar[r 8r]+ an[(l K an] 0 ©)

% o) =6 (10)
Z

Similarly, the concentration within the sphere, A(r, #) is
given by:

Q[,z@] 9
or{ Oor on

(1—712)(3:;]0 (11)

with a finite concentration at the center of the droplet. The
two governing equations are coupled by the matching con-
centration and flux boundary conditions at the oil/water-
PEGDA interface.

A(R, 1) = Ky/(R, 1) (12)

0 0
Dy EA(Rv 77) =D, 51/)(12777) (13)

This system of coupled PDEs can be solved using Legen-
dre polynomials and the finite Fourier transform method.
The full solution appears in the ESL{ The O, concentration
field outside the droplet is:

—Grn (14)

1 - 3\|R’
2+ 37

Y(rm)=A + Grn + {
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with f = Dppc/Dy and A an arbitrary constant, undetermined
due to the Neumann boundary condition imposed at r = .
From the final solution for the concentration field, it is seen
that the effect of the droplet on the continuous phase oxygen
concentration decays as r >, Equating the last term on the
RHS of eqn (14) to C;,, and inserting it into eqn (8):

C;"“"(r)—wf[; J_r g][G?] (15)

where ¢ is the droplet volume fraction.

Finally, the effective diffusivity of oxygen in the
nanoemulsion is found by comparing eqn (15) with the case
of a homogenous material characterized by diffusivity param-
eter, /' = D/D,, occupying the same volume, i.e., setting R = a
in eqn (14) and writing a second equivalent expression for
C! and solving for D:

s -1
1—1—3[5_‘_2

D=D, (16)

]s@ 1 o)

This is analogous to the result derived for the conductivity
of a particle suspension.*®** If we neglect any particle-particle
interactions (e.g., in the dilute regime), it is seen that the first
correction to the diffusion coefficient is proportional to the oil
volume fraction. Substituting representative values for Dpgc
(1.88 x 10 m* s7')*” and D, (2.84 x 10" m* s7')** into eqn
(16) for a 8.5% emulsion, D/D, is approximately equal to 1.3.
Evaluating eqn (5) using eqn (7) and (16) gives theoretical pre-
dictions for ¢/d, for various oil volume fractions.

To compare the theoretical prediction with experimental
data, we synthesized disc-shaped particles containing 0%,
4.3% and 8.5% PFC emulsion (Cs = 20 mM) in a 50 um tall
device and estimated the inhibition layer thickness, J, from
the corresponding particle height measurements (Fig. 3C). J
is assumed to be symmetric with respect to the channel cen-
ter. The experimental estimates agree with model predictions
to within 0.1 pm. It is seen that ¢ grows with ¢, as a result
of 1) faster O, transport and 2) greater O, solubility. The
latter contribution is stronger, especially at higher oil vol-
ume fractions. In a PFC emulsion solution, oxygen can
exist and freely diffuse between two different chemical envi-
ronments, thereby increasing the overall effective concentra-
tion that must be overcome during synthesis in order to
reproducibly generate composite microparticles.

One of the practical implications of the theoretical analy-
sis presented above is that to achieve particle feature resolu-
tion on par with the cellular length scale (~10 um), one must
overcome the engineering challenge of controlling the oxygen
environment in the immediate vicinity of the microfluidic
device during particle synthesis. We note that other more
direct methods of expediting polymerization kinetics, such as
adding in more photoinitiator or crosslinker, result in droplet
aggregation (ESIY).
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To demonstrate that we can generate RBC-like, 10 um com-
posite particles, we placed a synthesis device in a custom-made
purge chamber. Use of the chamber afforded two distinct
advantages: 1) it allowed particles to be patterned in a more
controlled fashion, according to the size and shape of the litho-
graphic photomask, and 2) it enabled us to alter the O, con-
centration using an inert gas (e.g., argon). Oxygen
concentration is a crucial control parameter during the synthe-
sis of cell-sized, geometrically-complex features (non-circular,
or with internal cavities, for example). The modified SFL setup
is shown schematically in Fig. 4A. The chamber was loosely
sealed with side inlets for introducing argon and/or air. We
degassed an 8.5% PFC emulsion prepolymer by slowly bub-
bling argon for 60 minutes prior to flowing it into the
microchannel. This pre-synthesis treatment step lowered
the oxygen concentration, and improved the particle resolu-
tion (Fig. 4C, i), though the disc-shaped particles remain
underpolymerized, in the in-plane and out-of-plane (height)
dimensions. To decrease [O,] further, we performed particle
synthesis within the purge chamber under gentle influx (~1 psi)
of argon. By polymerizing the same sequence of circles (Fig. 4B,
right) using identical exposure conditions (800 ms) at discrete
time points, we show that 10 pm (diameter) x 10 um (height)
composite microparticles can be made after 50 minutes of Ar
purge (Fig. 4C, iii, white arrow). This timescale was dictated by
the diffusion of argon through the PDMS device. To emphasize
the deleterious effects of O, on polymerization kinetics, we let
the PDMS device re-saturate with oxygen. ~40 minutes after the
removal of the purge chamber (Fig. 4C, iv), the achievable fea-
ture resolution returned to the pre-purge state, again showing
the inhibitory effects of oxygen.

Interestingly, controlling the amount of oxygen present dur-
ing particle synthesis presents a simple method to fabricate
particles of different heights within the same channel without

B)

()

objective

photomask

; Un-degassed, Ppyrge=0

View Article Online

resorting to sheath flows above and below the prepolymer
stream. To show this, we quantified the change of inhibition
layer thickness as a function of the surrounding oxygen partial
pressure in the purge chamber. The oxygen partial pressure
was manipulated by controlling the inlet pressures of two
purge gas streams: air (21% O,) and argon (0% O,). After the
synthesis microfluidic device equilibrated with the surrounding
gas mixture, we fabricated 25 um (side) squares in a 30 pm tall
device. To measure the inhibition layer thickness, we toppled
the particles by temporarily applying a sharp pressure pulse
(~1 s), which caused them to fall onto their sides. The results
are shown in Fig. 5. As the concentration of oxygen decreases,
o decreases sharply. Furthermore, we recover the known scal-
ing, 6> ~ [0,], derived previously by Dendukuri et al.**

Composite particle analysis

A fluorescent micrograph of a typical collection of 10 pm
(diameter) by 10 pm (height) PFC nanoemulsion composites is
shown in Fig. 6A. We made these particles in a 20 um-tall device
using a degassed, PKH26-labeled prepolymer (10 uM) in the
purge chamber, after ~60 minutes of Ar flow. PKH26 is a lipo-
philic dye that readily partitions to the droplet interface. Based
on dimensions of the purge chamber (0.1 m x 0.1 m x 0.05 m),
and an estimated Ar flow rate of ~10™ m’ s under well-
mixed conditions, the purging step reduced the oxygen con-
centration in the head space above the microfluidic device by
~10*-fold. During synthesis, we turned off the purge stream to
maintain the gas environment at pseudo-steady state. Exces-
sive argon purge caused particles to adhere to the PDMS
device due to the complete lack of O, inhibition.
Photoluminescence analysis on individual particles indicated
uniform droplet loading (Fig. 6B). We can also synthesize par-
ticles of other 2D-extruded shapes by using different

Mask Feature
()

M @ @)

. (iv)
0 25 50 75 100
Time Elapsed (min)

Fig. 4 Stop-flow lithography (SFL) experimental setup. (A) Schematic drawing showing the formation of an array of biomimetic composite disc-shaped particles using SFL. A
prepolymer containing crosslinkable PFC-in-water nanoemulsions is flowed through a PDMS synthesis device and polymerized via controlled pulses of mask-defined UV light
through a microscope objective. The gel particles are then advected downstream for collection. The synthesis device is enclosed in a custom-made purge chamber, which
allows the exchange of an inert gas. Micrographs showing the polymerization of a series of circular mask features (B, right) in nanoemulsion prepolymer stream (¢, = 0.08,
¢, = 0.005, C; =20 mM, P = 0.36 PEGDA, Pl = 0.04) that is (B, left) un-degassed, at ambient conditions (no purge chamber), and (C) degassed for 60 min, and in the purge
chamber under a constant influx of argon. The particle in-plane feature resolution improves over time. (i) The 10 um feature (white arrow) fully polymerizes after 50 min of
Ar flow. (iv) 40 min after Ar flow has been turned off, the feature resolution returns to the initial configuration.
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Fig. 5 Variation of inhibition layer thickness, §, with oxygen partial pressure (Poy).
The linear trend observed in the &° vs. Po2 space agrees well with the known scaling
relationship eqn (5) discussed previously. A dash line is drawn to guide the eye.

photomasks. A triangle-shaped particle (p; = 0.08, ¢, = 0.005)
is shown in Fig. S4 (ESIY).

To ascertain that oil droplets did not undergo aggregation
during particle synthesis, we synthesized 20 um (diameter) by
10 um (height) disks using a prepolymer containing 0.01% by
volume nanoemulsion. The low oil volume fraction allowed us
to distinguish individual emulsion droplets. Confocal images
of higher volume fraction particles are given in ESL{ The oil
volume fraction was lowered by diluting the canonical
prepolymer formulation using pure continuous phase without
altering the bulk surfactant concentration. At such a low ¢,
using a 100x oil objective and imaging z slices at 100 nm inter-
vals, we observed droplets randomly dispersed throughout the
particle, kinetically arrested by the gel network. Two represen-
tative orthogonal optical sections are shown in Fig. 7. Further-
more, the volume fraction of encapsulated droplets matched
that which was originally present in the prepolymer solution.
In this analysis, we first identified the number of droplets in
confocal z scans manually using Image] (see ESIf for a detailed
discussion). We then estimated the volume fraction of the
encapsulated droplets by using the initial average droplet
diameter (197 nm) in the prepolymer solution, an estimated
depth of focus (1.6 um), and the diameter (20 pm) of the com-
posite gel particle. The encapsulated oil volume fraction was
found to be ~0.012% or 20% greater than ¢ in the prepolymer.
This result is within the uncertainty of our measurement due
to the polydispersity of the droplets. This suggests that the
droplet loading remained unaffected by polymerization.
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Fig. 6 Biomimetic nanoemulsion composites. (A) Fluorescent micrograph of 10 um
(diameter) by 10 pum (height) disc-shaped particles pre-loaded with PKH26. The
transparency mask feature used during synthesis is shown in the lower inset.
(B) Spatially resolved fluorescence intensity profiles (a.u. = arbitrary units) taken
across three different lanes of the particle shown in the upper inset.
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Fig. 7 Laser confocal images (left: x-y plane, right: x-z plane) of a 20 um
(diameter) x 10 pum (height) disc-shaped composite particle (p =0.0001, C; =
20 mM, P = 0.36 PEGDA700, PI =0.04) showing even dispersion of PKH26-labeled
PFC nanodroplets. (Insets) The corresponding cross-sectional bright-field images.
Schematic (center panel) marks the approximate locations of the representative
confocal slices.

Finally, encapsulating PFC nanodroplets in the hydrogel
network allows us to arbitrarily tune the bulk surfactant
concentration by simple washing steps post-synthesis. Excess
surfactant, orders of magnitude greater than the critical
micelle concentration (CMC), is required to minimize the final
droplet size by 1) lowering the surface free energy, and 2) stabi-
lizing newly formed droplets against shear-induced coales-
cence during homogenization. However, for many cellular
assays, having such a high concentration of surfactant is unde-
sirable, as it may compromise membrane integrity and result
in cell lysis and protein denaturation.’® Studies have also
shown that surfactants may cause skin irritation,> or trigger
immune responses (i.e., complement activation, anaphylactic-
type reactions) in vivo, at low test doses." Kinetically arresting
the droplets in gel particles allows us to use centrifugation to
quickly sediment the nanoemulsion composites and replace
the surfactant-rich supernatant with pure buffer. To demon-
strate this, we measured the surface tension of the displaced
supernatant solution after a number of rinsing steps using the
pendant drop method, and estimated the corresponding PF68
concentration from a calibration curve (Fig. S1t). As seen in
Fig. 8, the surfactant concentration decreased by ~4 logs after
4 short (2-minute) rinse cycles. The washing procedure had a
negligible effect on the stability of the encapsulated droplets
(Fig. 7). We emphasize that it is not possible to generate small
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Fig. 8 Concentration of Pluronic” F-68 (PF68) in the supernatant of particle storage
solutions as a function of the number of rinse cycles. The dashed line indicates the
experimentally determined critical micelle concentration (CMC) for PF68 in water at
room temperature.
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droplets (2R ~ 200 nm) under nearly surfactant-free conditions
a priori due to surface tension effects.

Conclusions

In summary, we presented a versatile microfluidic approach
for photopatterning PFC-laden nanoemulsion composites
with resolution down to the cellular length scale (~10 pm).
The PFC droplets are randomly distributed throughout the
gel interior. We proposed a simple steady-state two-phase dif-
fusion model to successfully predict the accelerated rate of
O, mass transport in the presence of PFC nanodroplets. To
minimize the impact of excess oxygen on polymerization, an
enclosed chamber with a purge gas inlet was used to control
the oxygen environment around the PDMS synthesis device.

The composite gels are a novel strategy of formulating
nanoemulsions for biomedical applications. This approach
alters the way biological entities perceive and interact with the
nanodroplets. The physico-chemical properties of the gel net-
work (i.e., chemical functionalization, size, shape, deformability
of the particle) may be readily tuned to achieve the desired
cellular interaction (via ligand binding, for example), circula-
tion time, biodistribution pattern in vivo. The encapsulated oil
droplets can be varied in size, loading and composition,
depending on the ‘cargo’ of interest (e.g., chemotherapeutic
drug or imaging agent, etc.) and the desired release rate and
delivery profile. As a drug delivery platform, nanoemulsion
composites provide a promising route to achieve the targeted
and systemic delivery of fragile actives.

In particular, the PFC-laden composite gels could be used
during cell culture to combat diffusion limitations on oxygen
and essential nutrients. Conversely, the same microparticles
could be used as devices for photodynamic therapy where, in the
presence of excited photosensitizers (e.g., hydrophobic organic
dyes), the PFC droplets act as reservoirs for the generation of
singlet O,, a cytotoxic agent known to inactivate tumor cells.*!
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