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ABSTRACT: We report a simple and rapid microfluidic approach to
produce core−shell hydrogel microspheres in a single step. We exploit triple
emulsion drops with sacrificial oil layers that separate two prepolymer phases,
forming poly(ethylene glycol)-based core−shell microspheres via photo-
polymerization followed by spontaneous removal of the oil layer. Our
technique enables the production of monodisperse core−shell microspheres
with varying dimensions of each compartment by independently and
precisely controlled flow rates. This leads to stable and uniform incorporation
of functional moieties in the core compartment with negligible cross-
contamination into the shell layer. Selective conjugation of biomolecules is
enabled through a rapid bioorthogonal reaction with functional groups in the
core compartment with minimal non-specific adsorption. Finally, in-depth
protein conjugation kinetics studies using microspheres with varying shell porosities highlight the capability to provide tunable size-
selective diffusion barriers by simple tuning of prepolymer compositions for the shell layer. Combined, these results illustrate a
significant step forward for programmable high-throughput fabrication of multifunctional hydrogel microspheres, which possess
substantial potential in a large array of biomedical and biochemical applications.
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■ INTRODUCTION

Hydrogel microparticles offer significant utility in a broad
range of applications including biosensing,1,2 drug delivery,3,4

catalyst support,5 and directed self-assembly6,7 due to their
versatile properties from biocompatibility to simple tunability
of the microenvironment in a three-dimensional polymeric
network. Incorporation of biomolecules (e.g., micro-RNA,
DNA, protein) or cells within the hydrogel network of
microparticles enables the development of suspension arrays
for multiplexed biosensing,8,9 regenerative medicine,10−12 or
tissue engineering applications.13,14 Particularly, multicompart-
mental particles have recently gained attention rising from the
capability to impart discrete functionalities to each compart-
ment within a single particle.15−18

Previously, several methods have been introduced to create
monodisperse microspheres or microgels.19−21 Particularly,
precipitation polymerization or dispersion polymerization can
enable production of multicompartmental polymeric spheres
with submicron sizes.22,23 While these approaches are versatile
in creating core−shell microspheres with well-defined concen-
tric geometry, it is difficult to control the particle size within a
broad range from a few tens of micrometers to a few
millimeters. In addition, there is a limited number of
comonomers to choose from, preventing incorporation of a
variety of functional moieties.24

Recent advances in microfabrication methods have led to
the reliable production with controlled physical properties
(e.g., size, shape, compartmentalization, and porosity),25,26

which play a key role in determining their functionality.
Specifically, spherical microparticles (i.e., microspheres) with
multi-layered or core−shell architectures offer unique potential
for controlling biomolecular diffusion limits toward a desired
core compartment, potentially enabling size-selective bio-
conjugation or biosensing.
There currently exist two representative routes to create

multicompartmental hydrogel microspheres: micromold-
ing27−29 and microfluidic technique30−34 as a batch and
continuous process, respectively. A promising micromolding
technique involves sequential formation of primary and
secondary compartments in micromolds via surface tension-
induced droplet generation followed by photopolymerization
for the production of Janus and core−shell microspheres with
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controllable size and shape.27,35 Microfluidic techniques enable
continuous manufacture of multicompartmental microspheres
with tunable size and shape; approaches including emulsion
template synthesis,32,33 particle reinjection,36 and centrifuge-
based droplet formation31,37 have been successfully enlisted.
However, there still exist unmet needs for simple and rapid

production of multicompartmental microspheres with stable
biomolecular conjugation and controlled size selectivity. While
existing microfluidic techniques utilizing biphasic drops as
templates can provide powerful means for mass production of
Janus microspheres with varying compartment ratios,32,33 it is
difficult to create core−shell hydrogel microspheres that
consist of very similar materials due to their miscibility.
Alternatively, microfluidic methods based on particle re-
injection allow production of chemically functional multi-
compartmental microspheres,36 yet they require multiple steps
to load the primary compartment within prepolymer drops for
the secondary one before polymerization, implying low
throughput and inefficient processes. In addition, during the
reinjection process, reactive chemicals within the prepolymer
drops can penetrate within the hydrogel network, resulting in
chemical cross-contamination and poorly defined function-
alities. Thus, production of core−shell hydrogel microspheres
in a rapid, high-throughput microfluidic fabrication method
would represent a significant step forward in a number of
biomedical and biochemical process applications.
Our approach to address these challenges is a microfluidic

fabrication based on triple emulsion drop templates38−42

integrated with post-biofunctionalization via selective bio-
molecular conjugation reactions. In this report, we present a
novel one-step capillary microfluidic method to produce core−
shell microspheres in a simple, rapid, and efficient manner.
Specifically, we use triple emulsion drops with thin sacrificial
oil layers that separate two prepolymer phases, resulting in
poly(ethylene glycol) (PEG)-based core−shell microspheres
via ultraviolet (UV) light-initiated free radical polymerization
followed by spontaneous removal of the thin oil layer. First,
results on size distribution of the microspheres show that our
technique enables independent tuning of core−shell compo-
sitions and yields microspheres with high uniformity and
tunable dimensions simply by controlling the flow rates. Small-
molecule fluorescent labeling of the microspheres exhibits
stable incorporation and uniform distribution of functional
moieties in the core compartment without nonspecific
adsorption or cross-contamination into the shell layer. We
next show rapid biomolecular conjugation using model
fluorescent proteins via a rapid bioorthogonal reaction with
functional groups in the core compartment, again with minimal
non-specific adsorption. In-depth protein conjugation kinetics
studies with varying PEG shell contents show the capability to
provide tunable size-selective diffusion barriers by simply
changing the shell prepolymer compositions. Combined, these
results support a significant step forward for programmable
high-throughput fabrication of multifunctional hydrogel micro-
spheres. We envision that the methods presented here can be
readily expanded to overcome limitations in existing
technologies for a range of application areas including rapid
biosensing, medical diagnostics, and biological threat detection
in suspension array formats requiring a minimal volume of
complex biological samples.

■ RESULTS AND DISCUSSION
Rapid Capillary Microfluidic Fabrication of Func-

tional Core−Shell Hydrogel Microspheres. We first
demonstrate rapid and potent microfluidic production of
core−shell hydrogel microspheres by utilizing triple emulsion
drops with thin oil layers as sacrificial layers, as shown in the
schematic diagram of Figure 1A. For this, we used a glass

capillary microfluidic device consisting of three circular
capillaries with varying orifice sizes all assembled into a square
capillary. First, two circular capillaries for injection and
collection are chemically treated to have hydrophobic surfaces
with n-octadecyltrimethoxyl silane. This leads to stable fluid
flow guided by wettability. The injection and the collection
capillaries are then precisely aligned coaxially within the square
capillary. In addition, a smaller tapered circular capillary is
inserted into the injection capillary. Finally, the collection
capillary is connected to a polyethylene microtubing where
UV-initiated free radical polymerization occurs before the
resulting microspheres are collected in a water container.
To produce triple emulsion drops, an aqueous hydrogel

prepolymer solution [10 vol % poly(ethylene glycol) diacrylate

Figure 1. One-step capillary microfluidic production of core−shell
PEG hydrogel microspheres by utilizing triple emulsion drops with a
sacrificial oil layer. (A) Schematic diagram showing the glass capillary
microfluidic device used to prepare triple emulsion drops. These
drops are crosslinked via UV-induced free radical polymerization and
collected in water to separate the outer oil phase from the
polymerized microspheres. (B) Bright-field micrograph showing the
formation of triple emulsion drops that flow through the collection
capillary. (C) Schematic diagrams and the corresponding micrographs
showing the sequence of core−shell microsphere formation; (a,a′)
Blue dye in the innermost compartment shows the sacrificial oil layer
between two compartments remains in water. Upon addition of IPA,
(b,b′) the oil layer is initially dewetted from each compartment and
(c,c′) thoroughly removed in half an hour, making core−shell
microspheres (d,d′). Scale bar represents 100 μm.
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(PEGDA) with 1 vol % photoinitiator (PI), QIW] is supplied
through the smaller tapered capillary to form the innermost
drop. An oil phase (n-hexadecane with 2 wt % Span 80, QIO) is
supplied through the injection capillary to form a thin oil layer.
These coaxial biphasic flows in the injection capillary result in a
periodic stream of plug-like prepolymer drops in oil phase (i.e.,
water-in-oil) due to the strong affinity of the oil phase to the
hydrophobically treated injection capillary. This flow pattern
creates a lubrication oil layer between the innermost drop and
the hydrophobic wall of the injection capillary, forming a thin
oil layer within the emulsion drop. Next, additional prepolymer
solution (10 vol % PEGDA with PI, QW) is supplied in a co-
current fashion through the interstices between the injection
capillary and the square capillary. The resulting triphasic fluid
stream from the right-hand side is emulsified by an outer oil
phase (mineral oil with 2 wt % Span 80, QO) at the exit of the
injection capillary, forming monodisperse triple emulsion
drops with a thin oil layer, as shown in Figure 1B (the
interfacial tension values among the comprising fluids for the
emulsion drop and viscosity of each fluid are listed in Table
S1). This procedure creates a highly stable multiphasic fluid
flow that enables continuous production of uniform triple
emulsion droplets for over 2 h or longer (i.e., approximately
1,080,000 droplets/h), as illustrated in the video in Movie S1
(Supporting Information). These triple emulsion drops are
then immediately exposed to UV illumination (estimated
exposure time: 5 s) within 1 s to allow photopolymerization of
the two hydrogel prepolymer phases, resulting in mono-
disperse core−shell hydrogel microspheres with the thin oil
layer in between. This rapid process minimizes any undesired
reagent transport between the two aqueous phases potentially
rising from the surfactants while flowing through the
microtubing.
As shown in the schematic diagram and the micrographs of

(Figure 1C-a,a′), a water-soluble blue dye added into the core
compartment remains separated from the shell compartment
by the thin oil layer throughout polymerization and collection
into water. This result clearly indicates that the two
compartments are separated by the oil layer that completely
prevents mass transport between them. Importantly, this result
also suggests that we can impart chemical functionalities into
the separate compartments in an independently controlled
manner with negligible cross-contamination. Upon addition of
isopropyl alcohol (IPA), the thin oil layer is partially dewetted
from each compartment, and the blue dye encapsulated within
the core compartment diffuses out through the shell compart-
ment (Figure 1C-b,b′). The oil layer is gradually dissolved in
IPA (Figure 1C-c,c′) and then completely removed (Figure
1C-d,d′), leaving hydrogel microspheres with segregated
compartments upon dispersion into water. In short, our simple
and rapid triple emulsion-based microfluidic approach yields
core−shell hydrogel microspheres with core−shell geometry
with negligible cross-contamination.
Production of Highly Uniform Core−Shell Micro-

spheres with Controllable Compartment Ratios and
Dimensions. As shown in Figure 2, our microfluidic approach
enables production of highly uniform core−shell microspheres
with controllable compartment ratios and dimensions. For this,
we utilized triple emulsion drops with identical compositions
in Figure 1 and varied the volume of each compartment by
simply changing the flow rates of fluids. The as-prepared
microspheres were examined via bright-field microscopy and
the monodispersity was estimated by calculating the coefficient

of variation (CV, %), defined as the ratio of the standard
deviation to the mean size. The bright-field micrograph in
Figure 2A shows the formation of uniform core−shell
microspheres in a rapid manner; the detailed core−shell
geometry of the resulting microspheres is clearly shown in the
scanning electron microscopy (SEM) images of Figure S1.
Figure 2B (and Figure S2) shows the narrow size distribution
of the core compartment, overall microspheres, and shell
thickness, clearly indicating their uniformity; the size
distribution of each batch (i.e., total five batches, 1.3% CV
for the entire population of 100 particles per batch) is
consistent, demonstrating the reproducibility and robust
nature of our method. Furthermore, the shell thickness of
the microspheres is readily tuned by controlling the flow rates.
For example, Figure 2C exhibits the varying shell thicknesses
ranging from 11 to 23 μm by controlling the flow rates of the
prepolymer solution (10 vol % PEGDA) for the shell
compartment (1300−3000 μL/h, QW) and the core compart-
ment (2000−3700 μL/h, QIW); the flow rates of other phases
(QIO and QO) are fixed. Figure 2D demonstrates that our
approach can be readily expanded to produce core−shell
microspheres over a wide range of compartment size ratios
(core/overall radius, r/R) by controlling the flow rate ratios
(QW/QIW). Specifically, at a low flow rate ratio, we can produce
the microspheres with a high compartment size ratio (0.87),
while the compartment ratio is reduced to 0.7 with increasing
flow rate ratio. The solid dots in Figure 2D show that
compartment ratios can be readily tuned in a simple and
reproducible manner, as indicated by the consistently small
error bars obtained for all the conditions examined.
Compared to two-step microfluidic approaches based on

particle reinjection,5,36 the results in Figures 1 and 2 show that
our method presents several distinct advantages. First, our
approach provides a one-step production of core−shell
hydrogel microspheres in a simple, robust, and rapid manner,
unlike the particle reinjection-based approach that requires

Figure 2. Tunability of core−shell microspheres. (A) Bright-field
micrograph of core−shell microspheres with uniform size. (B) Size
distribution of the overall and core sizes (CV = 1.3%). (C) Bright-
field micrographs of microspheres with varying shell compartment
thicknesses. Scale bars represent 100 μm. (D) Plot of compartment
ratios (r/R) vs flow rate ratios (QW/QIW).
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redispersion of the as-prepared microspheres for the core
compartment within prepolymer solution drops for the shell
compartment prior to polymerization process (e.g., UV-
initiated free radical polymerization); these characteristics
should allow for sufficient production yield for applications to
fine chemical industries such as pharmaceutics, cosmetics, and
biomedicine. Second, our method enables production of multi-
functional particles with independent chemistries in each
compartment with negligible cross-contamination due to the
thin oil layer (in triple emulsion drops) that plays a role in a
diffusion barrier; otherwise the prepolymer for the shell
compartment may diffuse into the core compartment through
the pores in the polymer networks, causing undesirable
chemical contamination and hence inconsistent functionalities.
Third, our approach enables production of concentric (i.e.,
symmetric) core−shell microspheres with relatively uniform
shell thickness, while the particle reinjection-based approach
leads to a skewed core position (i.e., non-uniform shell
thickness) due to the inherent limitation of the density
difference between the solidified core compartment and the
prepolymer drop for the shell compartment before UV
exposure.5 In short summary, results in Figure 2 demonstrate
high fidelity and exquisite control over the microspheres
afforded by simple microfluidic tuning in our method.
Flow Patterns for Stable Triple Emulsion Drops in the

Capillary Device. Next, we examined the flow patterns as
function of the flow rates of each fluid used for the triple
emulsion drops. The phase diagram in Figure 3A (and Movies

S1−S4) depicts typical patterns of the multiphase flow formed
in the microfluidic device: (a) jetting, (b) non-uniform, (c)
triple emulsion, and (d) separated flow. Here, the y-axis
represents the flow rate of the 10 vol % PEGDA prepolymer
solution for the shell compartment (QW), while the x-axis
represents the sum of flow rates of the identical prepolymer
solution for the core compartment (QIW) and the thin oil

phase flow (n-hexadecane with surfactants, QIO), which are
injected simultaneously through the injection capillary (QI =
QIW + QIO). The outer oil phase (QO) is maintained at a fixed
flow rate.
For high QW, jets (open squares, a) occur at any given QI.

Due to relatively large flow rate ratio (QW/QI), the jets do not
break up into droplets while strong shear force is applied (i.e.,
high QO). In contrast, for a slightly lower QW, the jets are
emulsified in the dripping−jetting transition state, forming
non-uniform emulsion drops with different numbers of cores
(open circles, b). As QW is further reduced, the jets are
consistently emulsified in the dripping mode, producing
monodisperse triple emulsion drops with a single core (solid
circles, c). With further reduction in QW, the flow rate of QW is
not sufficient to fully surround QI, causing a displacement of
the inner stream from the coaxial flow resulting in separated jet
flow (open triangles, d). The possible regions for uniform
triple emulsion become narrower with increasing QI; this
implies that flow rate ratios play a key role in achieving
successful triple emulsion formation with QI that is fully
surrounded by QW while serving as a simple yet potent process
parameter to control compartment size ratio. In short
summary, the phase diagram shown in Figure 3 establishes a
crucial relationship among relative flow rates while providing
windows of readily controllable parameters for reliable
manufacturing of triple emulsion drops.

Chemical Functionality of Chitosan−PEG Core−Shell
Microspheres. Next, to investigate the post-fabrication
biofunctionalization approach in a spatially discrete manner,
we fabricated core−shell microspheres with the core compart-
ment containing a potent aminopolysaccharide chitosan (CS)
by simply adding soluble short-chain CS in the prepolymer
solution. As shown in Figure 4A, a simple fluorescent labeling
was employed to first examine the incorporation and chemical
functionality of CS; the unshared electron pair of the primary
amine group in each glucosamine unit of CS attacks the
electron-deficient carbonyl carbon of the N-hydroxysuccini-
midyl form of carboxyfluorescein (NHS-fluorescein) in an acyl
substitution reaction yielding a stable amide bond.29 For this,
we fabricated microspheres with 10 vol % PEGDA and 0−0.8
wt % CS for the core and 10 vol % PEGDA for the shell
compartment, respectively. The as-prepared microspheres were
then exposed to a constant excess concentration of NHS-
fluorescein (404 Da). The resulting fluorescence profile thus
shows the presence and spatial distribution of CS’s amine
groups within the microspheres, as described in our previous
works.35,43

First, the bright-field micrographs in Figure 4B show that the
microspheres fabricated with our method display uniform sizes
of both the core and shell compartments, consistent with the
uniformity shown in Figure 2. Next, the corresponding
epifluorescence micrographs in Figure 4B show minimal
fluorescence without CS and increasingly bright and uniform
fluorescence prepared with 0.2 and 0.8 wt % CS, indicating
minimal nonspecific adsorption of NHS-fluorescein as well as
the uniform distribution of the primary amines predominantly
within the core compartment. Furthermore, minimal fluo-
rescence in the shell compartments of CS−PEG microspheres,
comparable to the ones prepared without CS, provides further
evidence that the CS functional groups did not leak out into
the shell compartments during particle fabrication. Finally, the
total background-adjusted fluorescence intensity versus CS
content plot in Figure 4C shows a linear increase in

Figure 3. Flow patterns generated in the capillary microfluidic device.
(A) Phase diagram showing flow behavior as a function of flow rate of
the prepolymer solution for the shell compartment (QW, y axis) and
sum of flow rates (QI = QIW + QIO, x axis) of the prepolymer solution
for the core compartment (QIW) and the sacrificial oil phase flow
(QI). (B) Bright-field micrographs showing (a) jetting, (b) non-
uniform, (c) triple emulsion, and (d) separated flow, which are
denoted as open square, open circle, solid circle, and open triangle,
respectively. Scale bars represent 300 μm.
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fluorescence intensity with increasing CS content in the core
prepolymer solution, indicating that we can readily control the
capacity of functional groups within the core compartment.
Combined, fluorescent labeling with small molecule dye NHS-
fluorescein in Figure 4 indicates that our method allows for the
controlled fabrication of functional microspheres with tunable
and spatially discrete core functionality.
Selective Protein Conjugation with CS−PEG Core−

Shell Microspheres. We next examined the conjugation of a
large model protein R-phycoerythrin (R-PE, MW 240 kDa,
hydrodynamic diameter Dh ≈ 11 nm)29,44 via rapid
bioorthogonal tetrazine-trans-cyclooctene (Tz-TCO) chemis-
try45 with microspheres prepared by 10 vol % PEGDA, 0−0.8
wt % CS core, and 10 vol % PEGDA shell prepolymer
solutions. For this, as shown in the schematic of Figure 5A, we
first converted the primary amines of CS in the core
compartment to tetrazines (Tz) by reacting them with excess
Tz-PEG5-NHS ester for 1 h. Upon washing away unreacted
excess Tz, we then reacted these Tz-activated microspheres
with 2 μM TCO-modified R-PEs for 2 h and examined their
fluorescence, as described in our previous work.35

As shown in the bright-field micrographs in Figure 5B,
microspheres with increasing CS content displayed increas-
ingly red color exclusively in the core compartment upon R-PE
conjugation with no color change in the shell compartment,
suggesting that R-PE has penetrated the shells and reacted with
the Tz in the cores. This observation is further evidenced in
the corresponding epifluorescence micrographs of Figure 5B,
in which microspheres with increasing CS core content show
increasingly bright fluorescence in contrast to the minimal
fluorescence of the shell compartment and the negative control

(i.e., 0 wt % CS). Finally, the plot of total fluorescence
intensity versus CS content in Figure 5C shows a non-linear
increase in fluorescence with increasing CS core content,
unlike the linear trend in Figure 4C. This difference is likely
due to the hindered diffusion of R-PEs arising from the
increase in CS content as described in our recent work.35 In
addition, the confocal micrographs of the CS−PEG micro-
spheres show dim centers of the core compartment, indicating
that the R-PE has not fully penetrated the core by 2 h of the
reaction period.29,35 Combined, these results successfully
demonstrate the diffusion of large model proteins through
the microspheres’ shell compartments and subsequent
diffusion and reaction within their core compartment with
minimal nonspecific adsorption.

Protein Conjugation Kinetics within Core−Shell
Microspheres with Varying PEG Contents of Shell
Compartments. Finally, we examined the effect of PEG
content in the shell compartment on the diffusion and reaction
of two model fluorescent proteins of different sizes, green
fluorescent protein (GFPuv) (27 kDa, Dh ≈ 5.5 nm)46 and R-
PE (240 kDa, Dh ≈ 11 nm), with the microspheres prepared
with 10 vol % PEGDA, 0.5 wt % CS core, and 10−30 vol %
PEGDA shell prepolymer solutions. For this, we used the same
Tz-TCO chemistry with Tz-activated core compartments and
TCO-modified GFPuv’s and R-PEs to covalently couple the
proteins with the cores, taking sample measurements at various

Figure 4. Fluorescent labeling with CS−PEG core−shell micro-
spheres. (A) Schematic diagram of NHS-fluorescein labeling. (B)
Bright-field (top row) and epifluorescence (bottom row) micrographs
of the fluorescently labeled microspheres prepared with increasing CS
content in the core compartment. Scale bars represent 200 μm. (C)
Plot of total fluorescence intensity vs wt % CS in the core
compartment.

Figure 5. TCO-modified R-PE conjugation with CS−PEG core−PEG
shell microspheres via Tz-TCO chemistry. (A) Schematic diagram of
TCO-modified R-PE conjugation with CS-containing core compart-
ment via Tz-TCO chemistry. (B) Bright-field (top row) and
epifluorescence (bottom row) micrographs of TCO-modified R-PE
conjugation with increasing CS content in the cores. (C) Plot of total
fluorescence intensity vs CS (%, w/v) in the core compartment with
corresponding confocal micrographs showing hindered diffusion into
the center of the core compartment. Scale bars represent 200 μm.
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time points up to 8 h. The Tz-TCO reaction is very rapid (k ≈
820 M−1 s−1),47 making the observed fluorescence dependent
primarily on the diffusion of the proteins through the hydrogel
networks.
First, as shown in the first row of the epifluorescence

micrographs in Figure 6A, CS−PEG microspheres with 10%

PEG shells displayed bright and uniform fluorescence within
and among cores at 30 min, with a similar fluorescence at 1, 2,
and 4 h, suggesting that the reaction has reached completion.
This result indicates that GFPuv has diffused through the 10%
PEG shells and reacted with the available Tz in the cores
within 30 min. Meanwhile, there is minimal fluorescence in the
shell compartment for all the conditions examined, again
indicating minimal nonspecific adsorption and reliable
fabrication of spatially discrete domains. A similar result is
observed for the 20% PEG shell condition, with a slightly
brighter core fluorescence compared to the cores in the 10%
PEG shell condition at all time points examined.
We attribute this to a small amount of PEGDA from the

20% shell region diffusing inward through the oil layer into the
core compartment during polymerization driven by concen-
tration gradient, thus leading to slightly more PEG in the core
compartments. An increase in PEG may result in better
incorporation of CS via inefficient Michael addition reaction,48

thereby leading to more primary amines and brighter
fluorescence.
Next, the third row of micrographs in Figure 6A shows a

much dimmer fluorescence for the 30% PEG shell condition
microspheres at 30 min, followed by gradually increasing
fluorescence with time, plateauing by 4 h. We attribute this to
the smaller mesh size of the 30% PEG shells significantly
retarding the diffusion of GFPuv to the cores. Meanwhile, CS−
PEG microspheres prepared with 10% PEG, 0.5 wt % CS core,
and 40 vol % PEGDA shell prepolymer solution showed
minimal fluorescence for all time points (data not shown),
indicating that the 40% PEG shells largely exclude the GFPuv’s

from diffusing into the cores to react with the available Tz on
CS.
A similar trend is observed for R-PE conjugation in the

epifluorescence micrographs of Figure 6B. Again, the 10 and
20% shell conditions show relatively uniform and similar
fluorescence in the cores at all time points, with the cores of
the 20% PEG shell condition consistently brighter than those
of the 10% one. However, the centers of the individual cores
are consistently dimmer than the outer core compartments,
suggesting that the R-PE has not diffused completely within
the centers of the cores. This contrasts with the GFPuv results
and is likely due to R-PE having roughly twice the
hydrodynamic diameter (i.e., smaller diffusion coefficient)
than GFPuv.
Intriguingly, capillary microfluidics-based microspheres with-

out the shell layer (as described in our previous work35)
fabricated using the same 10 vol % PEGDA, 0.5 wt % CS
prepolymer composition as the microsphere’s cores exhibited
full penetration of TCO-R-PE upon 4 h of conjugation via Tz-
TCO chemistry at lower TCO-R-PE concentrations. Taken
together, this suggests that the presence of the PEG shell
presents a significant barrier to the diffusion (and thus
subsequent reaction) of R-PE even at the same PEG
concentration in the core. This is likely because the core−
shell microsphere fabrication may lead to higher PEG and CS
contents in the core compartments compared with single
microsphere fabrication, as the PEGDA in the cores may
diffuse out into the oil phase at a slower rate. Finally, the third
row of Figure 6B shows non-uniform fluorescence both within
and among cores of the 30 vol % PEG shell condition, slowly
increasing with time. This is likely due to the decreased mesh
size of the 30 vol % PEG shells significantly hindering the
diffusion of R-PE. The non-uniformity could arise if there is
significant heterogeneity in pore size distribution of the shells,
causing some shells to allow more rapid diffusion of R-PE than
others. Combined, the results in Figure 6 show that the shell
compartments of CS−PEG microspheres can provide
attractive size-selective barriers to selectively hinder or
completely exclude the diffusion of proteins based on size
simply by changing the prepolymer composition of the shells.

■ CONCLUSIONS
In this work, we presented a straightforward, one-step capillary
microfluidic method to fabricate core−shell hydrogel micro-
spheres based on triple emulsion drops. This technique allows
for independently tunable core and shell prepolymer
compositions and yields microspheres with highly uniform
and tunable shell dimensions by precisely controlling the flow
rates. We also presented a phase diagram detailing the
operating flow rate ranges for consistent triple emulsion drop
formation, representing a potent approach for manipulating
multiphasic fluids for fabricating functional materials by
utilizing complex emulsion templates. Small-molecule fluo-
rescent labeling studies showed stable incorporation and
uniform distribution of CS’s primary amine functional moieties
in the core compartment with minimal functional moiety
diffusion out to the shell during the fabrication process.
Epifluorescence micrographs of the TCO-modified R-PE
conjugation with the microparticles via Tz-TCO chemistry
illustrated rapid protein conjugation in the core compartments
with minimal nonspecific adsorption. Finally, kinetics studies
with TCO-modified GFPuv and R-PE with CS−PEG micro-
spheres prepared with varying PEG shell contents demonstrate

Figure 6. Epifluorescence micrographs of (A) GFPuv and (B) R-PE
conjugation with CS−PEG core−shell microspheres prepared with
10% PEGDA, 0.5% CS core, and 10−30% PEGDA in the shell
compartment. Increasing PEG content in the shell compartment
results in delayed increase in fluorescence, indicating hindered protein
diffusion. Scale bars represent 200 μm.
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the ability to provide tunable size-selective diffusion barriers by
simply changing the shell prepolymer compositions. While this
work demonstrated the use of the shell compartments as a
simple barrier based on size, one can envision functionalizing
the shell compartment as well as two distinct functional
modules in the core and the shell to impart multi-functional
selectivity, allowing for the isolation of specific molecules of
interest in complex biological mixtures. Combined, these
results demonstrate the high potential of our rapid microfluidic
approach for manufacture of a variety of multifunctional
microspheres toward a variety of applications in cosmetics,
biosensors, catalysis, and display.

■ MATERIALS AND METHODS
Materials. Tween 20, borate buffered saline (20× concentrate, 50

mM borate, pH 8.5), Luria−Bertani media, ampicillin, isopropyl β-D-
1-thiogalactopyranoside, and Bradford assay kits were purchased from
Thermo Fisher Scientific (Waltham, MA). BugBuster reagent and
centrifugal filter units (Amicon Ultra 0.5 mL) were purchased from
EMD Millipore (Billerica, MA). Hexadecane (99%), mineral oil,
PEGDA (Mn 700 Da), CS oligosaccharide lactate (average Mn 5 kDa,
>90% deacetylation), 2-hydroxy-2-methylpropiophenone, poly(vinyl
alcohol) (87−89% hydrolyzed), n-octadecyltrimethoxyl silane,
sorbitane monooleate (Span 80), PEG-block-poly(propylene glycol)-
block-PEG (F108), IPA (99.5%), ethanol (99.8%), erioglaucine
disodium salt, saline sodium citrate buffer (SSC) (20× concentrate,
pH 7.0), and phosphate buffered saline (10 mM phosphate, 2.7 mM
potassium chloride, 137 mM sodium chloride) pH 7.4 were
purchased from Sigma-Aldrich (St. Louis, MO). 5- (and 6-
)carboxyfluorescein succinimidyl ester (NHS-fluorescein) was
purchased from Pierce Biotechnology (Rockford, IL). Dimethyl
sulfoxide was purchased from Acros Organics (Geel, Belgium). R-PE
was purchased from AnaSpec Incorporated (Fremont, CA). TCO-
PEG4-NHS ester and Tz-PEG5-NHS ester were purchased from
Click Chemistry Tools (Scottsdale, AZ). Imidazole was purchased
from Amresco (Solon, OH). ABIL EM 90 was purchased from Evonik
Industries (Germany). 2-[Methoxy(polyethyleneoxy)propyl] trime-
thoxy silane was purchased from Gelest (Morrisville, PA). Escherichia
coli BL 21 harboring the plasmid ptrcHisB::gfpuv were generously
provided by Dr. Chen-Yu Tsao and Dr. William E. Bentley at the
University of Maryland. Immobilized metal affinity chromatography
columns were purchased from GE Healthcare (Chicago, IL) for
protein purification. The glass capillaries were purchased from AIT
Glass (Rockaway, NJ). All chemicals were of analytical grade and used
without further purification.
Fabrication of a Capillary Microfluidic Device and Drop

Generation. We first prepared injection capillaries by tapering
circular glass capillaries (1B100-6, World Precision Instruments, Inc.,
Sarasota, FL) with 560 μm inner diameter to 100 μm inner diameter
using a micropipette puller (P-97, Sutter Instrument, Novato, CA).
The circular injection capillaries were treated with n-octadecyltrime-
thoxyl silane for 10 min to make the capillary wall hydrophobic and
subsequently washed with IPA. The injection capillary was then
carefully inserted into a square capillary whose inner width (1.05 mm)
is slightly larger than that of the outer diameter of the injection
capillary (1 mm). Next, the small tapered glass capillary with a 10 μm
inner diameter was prepared by heating and pulling a circular capillary
by hand using a gas torch; this capillary was then put into the
injection capillary for co-injection of two immiscible fluids. Finally,
the circular collection capillary was put into the square capillary from
the opposite end; we also treated this collection capillary with n-
octadecyltrimethoxyl silane to make the capillary wall hydrophobic.
To produce triple emulsion drops in a continuous manner, the flow
rates of each phase were controlled by syringe pumps (KD Scientific
Inc., LEGATO 100, Holliston, MA) and the resulting emulsion drops
were observed using an inverted microscope (Eclipse Ti2, Nikon,
Japan) equipped with a high-speed camera (Photron USA Inc., MINI
UX 50, San Diego, CA).

NHS-Fluorescein Labeling with CS−PEG Core−Shell Micro-
spheres. NHS-fluorescein labeling with as-prepared CS−PEG core−
shell microspheres was done as described in our previous work.35

Protein Modification with TCO. Protein modification with TCO
was carried out as described in our previous work.24 The final
concentrations of the purified TCO-modified R-PE (absorbance peak
565 nm, molar extinction coefficient 1.96 × 106 M−1 cm−1)49 and
GFPuv (absorbance peak 397 nm, molar extinction coefficient ∼
14,000 M−1 cm−1)50 were measured using UV−visible spectroscopy
(Evolution 300 UV−vis spectrophotometer, Thermo Scientific).

Protein Conjugation with CS−PEG Core−Shell Micro-
spheres. R-PE and GFPuv conjugation with CS−PEG core−shell
microspheres was carried out using Tz-TCO chemistry as described in
our previous work.35

Production and Purification of GFPuv. Production and
purification of GFPuv from E. coli BL 21 cells harboring the
ptrcHisB::gfpuv plasmid were carried out using standard protein
expression methods.51 The as-prepared GFPuv’s were quantified via
standard Bradford assay52 and used in the protein conjugation studies
without further purification.

Image Analysis. Micrographs of the microspheres were obtained
using an epifluorescence microscope (Olympus BX51 equipped with a
DP70 microscope digital camera, Centre Valley, PA) and a confocal
microscope (Leica DMIRE2 equipped with a TCS SP2 scanner,
Wetzlar, Germany), all in SSC−TW20 buffer (pH 7). Epifluorescence
micrographs of these microspheres were obtained with a 10×
objective lens under standard green (U-N31001), red (U-N31002),
and UV (11000v3) filter sets (Chroma Technology Corp., Rock-
ingham, VT). Confocal micrographs were obtained with 10× and 20×
objective lens under 488 and 543 nm excitation with depth scan
increments of 10−20 μm. Measurements of fluorescence intensity and
microsphere diameter were done using ImageJ image analysis
software.53
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