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ABSTRACT: Compartmentalization and selective transport of molecular species are key aspects of chemical transformations inside
the cell. In an artificial setting, the immobilization of a wide range of enzymes onto surfaces is commonly used for controlling their
functionality but such approaches can restrict their efficacy and expose them to degrading environmental conditions, thus reducing
their activity. Here, we employ an approach based on droplet microfluidics to generate enzyme-containing microparticles that feature
an inorganic silica shell that forms a semipermeable barrier. We show that this porous shell permits selective diffusion of the
substrate and product while protecting the enzymes from degradation by proteinases and maintaining their functionality over
multiple reaction cycles. We illustrate the power of this approach by synthesizing microparticles that can be employed to detect
glucose levels through simultaneous encapsulation of two distinct enzymes that form a controlled reaction cascade. These results
demonstrate a robust, accessible, and modular approach for the formation of microparticles containing active but protected enzymes
for molecular sensing applications and potential novel diagnostic platforms.
KEYWORDS: silica microparticle, enzymes, encapsulation, microfluidic flow reactor, glucose sensing

■ INTRODUCTION

In nature, barriers and gradients modulate the behavior of a
wide range of molecular species and allow them to function
under optimal environmental conditions. Barriers such as
membranes or shells allow the formation of spatially
nonhomogeneous solution conditions, where the basic
machinery of life can be shielded from external conditions.
Thus, the movement of molecules through such systems
requires the crossing of dynamic barriers, for example, lipid
bilayers or chemical gradients of specific ions, pH values,
metabolites, and physical gradients in temperature or pressure.
In particular, the spatial organization of enzymes within micro-
or nanoenvironments can considerably increase their effective-
ness.1,2 This observation has given inspiration for the design of
in vitro systems, in which enzymes are immobilized to improve
their stability and recyclability and protect them from the
ambient environment.3−5 Enzymes can be immobilized, for
example, using surface adsorption,6 covalent bonding,7 or

encapsulation.8 These techniques generate favorable micro-
environments for the enzyme9 while preventing enzyme
aggregation,10 dissociation,11 and rigidification of the enzyme
structure via multipoint covalent attachment.12 However, all of
the techniques have their own challenges. These include
leaking of the enzyme with adsorption immobilization, reduced
activity with covalent bonding, and creation of diffusion
barriers using encapsulation.13

In commonly used enzyme-based microfluidic assays,
microchannels are coated with immobilized enzymes to serve
as miniaturized heterogeneous biocatalysis reactors, where the
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high selectivity of enzymes under continuous flow can be
combined with low sample volumes. This contributes to the
rapid catalytic reaction processing and allowing the enzymes to
be recycled while maintaining their stability and function-
ality.14,15

The formation of such microreactors by immobilizing
enzymes on the surfaces of microchannels16−18 can often be
limited by the surface area of the reactor and by steric
interference due to limited availability of the enzyme active
sites. The efficiency of such in vitro microreactors can be
augmented by increasing the available surface area by adding
porosity to the channel19 or by packing the reactor within
functionalized microbeads.20−22 However, the correct packing
of microchannels with solid nonporous beads requires the use
of high pressures, limiting the availability and modularity of
such platforms. To resolve this issue, soft-lithography-based
microfluidic approaches have been developed, wherein pillars
that maintain the structural stability of the channels have been
used. Loading of such beads within the confined volume of the
device is achieved under low-pressure conditions,23−25 yet
achieving a high level of reproducibility for such fabrication

techniques remains a challenge. Mesoporous silica particles
produced by biomineralization with tunable pore sizes have
promised to address many of these challenges.26−28 Fur-
thermore, in many cases, the enzymes need to be covalently
linked to the surface of microbeads or channels and are
exposed to the ambient environment, resulting in limited
protection against degradation. Therefore, such platforms
commonly cannot be used to gain stable operation in long-
term experiments.
Here, we address the issues limiting the activity of

immobilized-enzyme-based assays by capitalizing on a droplet
microfluidic approach. Microfluidic devices allow the produc-
tion of monodisperse droplets with diameters in the micro-
meter range.29 Using the modular nature of such platforms,
microdroplets can readily be loaded with different active
compounds without the need for an additional step or surface
functionalization. Polymers such as alginate, agarose, or silk
protein can be added to create microparticles with different
melting temperatures and mechanical properties.30−33 In this
study, we present a strategy relying on semipermeable silica
microparticles serving as a packing material for a continuous

Figure 1. Microfluidic droplet formation and morphology of the resulting silica microparticles. Schematic illustration of the formation of silica
microparticles using a droplet microfluidic device (a) and potential mechanism for the condensation of silicic acid mediated by the R5 peptide40

(b). Scanning electron microscopy (SEM) micrographs displaying the morphology of the formed microparticles: with (c) and without R5 (d) using
different flow rate ratios (buffer inlet/silicic acid inlet) and initial silicic acid concentrations. From (c) to (e), images i, ii, and iii correspond to 270
mM silicic acid with a 9:1 ratio, 540 mM silicic acid with a 3:1 ratio, and 1080 mM silicic acid with a 1:1 flow ratio, respectively. Cross-sectional
views of microparticles generated with 1080 mM silicic acid at 1:1 flow ratio with (c-iv) and without (d-iv) R5 peptide. Confocal microscopy
images of silica microparticles samples generated with Cy5-labeled R5 peptide (e) and image of droplets in a bright field (f). Scale bars 100 μm,
except (c-iv) and (d-iv).
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flow microfluidic reactor. This robust and facile approach
allows for the production of silica-based microparticles loaded
with enzymes that maintain their activity during several cycles
of activation and are simultaneously protected from degrada-
tion by exogenous factors such as proteinases. This approach
mimics a remarkable naturally occurring process producing the
silica shells of diatoms. These unicellular algae are encased in
an intricately structured frustule. The biomineralization
process in diatoms is precisely controlled through compart-
mentalization in silica deposition vesicles and through phase
separation processes.34 A mixture of organic molecules,
including long-chain polyamines and silaffin and pleuralin
peptides, is found in diatom silica that play a major role in
controlling the deposition process.35 Furthermore, unmodified
synthetic R5 peptides comprising the repetitive unit of the
silaffin polypeptide from Cylindrotheca fusiformis (H-
CSSKKSGSYSGSKGSKRRIL-OH) have been shown to
trigger precipitation of silica in a biomimetic process in vitro,
which we envisioned to use in our microfluidic setup to
generate biomimetic inorganic particles loaded with en-
zymes.35,36 Previous studies with silica particles and enzyme
encapsulation have demonstrated minimal enzyme activity loss
confirming the suitability of the approach for enzyme
studies37,38 and flow reactors.37 We further demonstrate that
by modulating the enzyme composition encapsulated within
the microparticles, multistep reactions can be performed and
monitored by the formation of the reaction products. The
formed microparticles can be organized either in single
droplets using microfluidic trap arrays, or in larger compart-
ments, generating a microfluidic continuous flow reactor,
which has the potential to be further utilized for diagnostic
applications.

■ RESULTS AND DISCUSSION

Preparation and Characterization of Silica Micro-
particles. Silica microparticles were generated using a double
T-junction device,39 where silicic acid and phosphate buffer

with or without R5 peptides were coflown at the first junction
and subsequently compartmentalized into microdroplets
through an additional flow of an immiscible continuous oil
phase in the second junction (Figure 1a). This strategy
resulted in the generation of homogeneous microdroplets with
a diameter of 100 μm (Figure 1e−f). Stable silica micro-
particles were formed both in the presence and absence of the
R5 peptide. This observation allowed us to use a simple device
geometry to generate silica microparticles. The double T-
junction design rapidly mixes the silicic acid and phosphate
buffer, so silica is only in contact with the channel surface for a
few milliseconds, which is not enough time for it to precipitate
and block the device before immersion in the oil phase to form
the microparticles. The precipitation of silica was very rapid,
and the formation of the gel-like matrix was observed directly
after droplet formation. However, all samples were incubated
at least for 1 h to ensure there was complete precipitation. To
identify optimal conditions for the formation of such
microparticles, the relative flow rates of silicic acid and
phosphate buffer were systematically changed. In addition, the
effect of adding R5 peptide to the phosphate buffer, which
promotes condensation of silicic acid via an amine-mediated
mechanism and leads to spherical silica particles when used in
simple batch experiments (Figure 1b), was studied; however,
structurally different but still stable silica microparticles were
formed without the R5 peptide. The formation of silica
microparticles within the droplets occurred almost instanta-
neously.
To further investigate the morphology of the generated

microparticles with (Figure 1c) and without R5 (Figure 1d),
scanning electron microscopy (SEM) was used. The diversity
in morphology between microparticles generated under
different conditions is clearly evident from the micrographs.
All samples either shrank considerably (Figure 1c-iii,d-ii,d-iii)
or collapsed (Figure 1c-i,d-i) due to drying under the analysis
conditions. Based on the SEM images obtained for R5-
containing microparticles (Figure 1c-i,c-ii), in the presence of

Figure 2. Release kinetics from silica microparticles. Release kinetics of fluorescein (a−d) and BSA-FITC conjugate (e−h) from microparticles
under different conditions: silicic acid concentrations of 270 mM (b, f), 540 mM (c, g), and 1080 mM (d, h), with (solid circles) and without R5
peptide (open circles) in the phosphate buffer. Error bars indicate the standard deviation between three separate experiments.
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R5 in combination with low and medium silicic acid
concentrations, shell-like structures that collapse under the
imaging condition can be observed. However, for the medium
silicic acid concentration, the situation changes and additional
silica material is formed within the spheres (evidenced by the
only partial collapse of the spheres found in Figure 1c-ii). This
additional silica within the spheres also contains R5 that is
visualized in the confocal fluorescence image in Figure 1e-ii. At
the highest silicic acid concentration in the presence (Figure
1c-iii) or absence of R5 (Figure1c-ii,c-iii), microparticles only
shrunk instead of collapsing, indicating a more stable shell
structure or, more likely based on the micrographs seen in
Figure 1c-iv,d-iv, a particle structure consisting of more evenly
distributed silica (Figure S2). The latter is supported by the
compact silica matrix that can be seen in particles’ cross
section. Due to the affinity of the R5 peptide for silica, it
colocalizes with the precipitated silica matrix throughout the
microparticle, which means that fluorescently tagged R5 (Cy5-
R5) can be used in further investigation of silica localization in
microparticles using confocal microscopy. Images of micro-
particles formed in the presence of Cy5-labeled R5 show a
uniform peptide distribution throughout the microparticle for
medium (Figure 1e-ii) and high (Figure 1e-iii) silicic acid
conditions. This resembles what has been previously
demonstrated in precipitated silica spheres.40,41 However, the

formation of shell-like structures with the lowest silicic acid
concentration is unique to the microfluidic generation of silica
particles. Furthermore, the homogeneous precipitation of the
silica matrix in the case of the highest silica concentration was
confirmed using FRAP (Figure S3), showing minimal recovery
of the photobleached area, thus proving that the silica is
precipitated also in the center of the microparticle. However, in
the case of low silicic acid concentrations (Figure 1e-i), R5
fluorescence is localized on the surface of the microparticle.
This supports the SEM data and indicates that by changing the
silicic acid concentration morphologies from capsulelike to
uniform microparticle can be achieved.
To characterize the diffusion of small and very large

molecules through the formed microparticles, the release
kinetics of fluorescein (332 g/mol) (Figure 2a−d) and a
fluorescein isothiocyanate−bovine serum albumin (FITC−
BSA) (67 kDA) (Figure 2e−h) conjugate were monitored. In
the former case, even though there were some differences in
the encapsulation efficiency (EE, Figure S4), all fluorescent
cargo is released within 2 h and fluorescein showed only a
small difference in the release kinetics from microparticles
formed with or without R5. Similarly, the increase of the silicic
acid concentration during microparticle formation only
minimally contributes to the small molecules’ release. A
more pronounced effect on the release profile is observed for

Figure 3. Enzyme encapsulation and protection. Fluorescence microscopy time lapse of β-gal encapsulated in silica microparticles and resorufin
substrate added to the surrounding solution (a). Michaelis−Menten kinetics of both free and encapsulated β-gal (b). Protection of β-gal (125 nM)
from proteinase K (33 μg/mL) degradation by encapsulation within silica microparticles: schematic representation of the experimental reaction
determined in the case of free β-gal (c), and results of enzyme degradation by proteinase K results in complete loss of enzymatic activity (d).
Encapsulated β-gal within silica microparticles (e), retaining ∼55% of its activity (f). Error bars indicate the standard deviation between three
separate experiments.
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the much larger FITC−BSA conjugate (Figure 2f−h), for
which the EE was extremely high, between 95.7 and 99.7% for
medium and high silicic acid concentrations (Figure S4). For
microparticles generated at low to medium silicic acid
concentrations, the presence of the R5 peptide appears to
restrict protein release. However, at high silicic acid
concentrations, this difference becomes negligible, while the
release kinetics decreases considerably in both cases, and only
∼10% of the protein is released over a 50 h period (Figure 2h).
This most likely corresponds to the population of FITC−BSA
located on the surface of the microparticle. Based on this
observation, the pore size of the microparticle using a 1080
mM silicic acid concentration must lie between the sizes of the
fluorescein and BSA, thus around 1−6.8 nm.42 Overall, this
shows that the semipermeable nature of the silica micro-
particles can be tuned by changing the silicic acid
concentration. However, due to the moderated effect of the
R5 on the release kinetics at low silicic acid concentrations,
and the negligible effects at high silicic acid concentrations, R5
was not used in further experiments, which further simplified
the generation of silica microparticles.
Encapsulation of β-Galactosidase and Protection

against Proteinase K Degradation. The properties of the
silica microparticles generated at high silicic acid concen-
trations, where small molecules can easily diffuse through the
matrix, but larger molecules remain trapped, are ideal for stable
compartmentalization of enzymatic reactions with small
substrates. While enzymes can be trapped within the silica
matrix, small-molecule substrates and products can easily
diffuse in and out. As a proof of concept, β-galactosidase (β-
gal) was encapsulated within the silica microparticles and its
activity was measured by fluorescence of the hydrolysis
product of resorufin β-D-galactopyranoside that produces
fluorescent resorufin.43,44 This was achieved by simply
including 1 μM β-gal in the phosphate buffer solution prior

to microfluidic droplet formation. The highest silicic acid
condition (1080 mM) was chosen, as it exhibited a more
controlled diffusion profile. Fluorescence time-lapse micros-
copy shows the increasing fluorescence signal of the enzyme-
loaded microparticles and diffusion of the fluorescent product
to the environment over the duration of the experiment
(Figure 3a and Video provided in the SI).
These findings demonstrate the confinement of the β-gal

enzyme within silica microparticles and retention of its activity
following encapsulation. The encapsulated enzyme is stabilized
within a microenvironment and leads to a slower reaction than
that found in the bulk assay containing a free enzyme (Figure
3b). This is due to the restriction of the substrate and product
diffusion to and from the microparticle interior, where the
enzyme is stabilized. However, encapsulation within the
microparticle matrix not only limits the diffusion of the
substrate but also protects β-gal from degrading proteases and
other large molecular species that can affect its activity. To test
the degree by which the silica shell stabilizes encapsulated
enzymes, the β-gal assay was repeated, while the free (Figure
3c,d) and encapsulated (Figure 3e,f) enzymes were exposed to
proteinase K (33 μg/ml) for 16 h. This unusually long
exposure time was used to examine the long-term stability of
our encapsulated enzymes. While proteinase K can completely
inactivate free β-gal (Figure 3d), a large portion of the
encapsulated enzyme remains active (55%, see Figure 3f). A
part of the decreased activity of the encapsulated enzyme can
be attributed to degradation of β-gal on the particle surface
where it is accessible to proteinase K, similarly to what was
observed for the release profile of BSA. Furthermore, as
proteinase K’s molar mass (28.9 kDa) is less than half of BSA,
a fraction can diffuse into the microparticles and destroy more
β-gal (464 kDa). However, this process is either very slow or
the proteinase can only penetrate to a certain extent into the

Figure 4. Stability of enzyme-filled silica microparticles. Microparticles (MC) were trapped within a microfluidic array device where the activity of
single microparticles could be investigated (a). Image of microparticles trapped within the PDMS array device (b). Five substrate cycles with
intermediate washing steps were conducted to monitor the enzyme response shown in fluorescent images (c) and the corresponding fluorescent
intensity plot (d). The protection against enzyme degradation by proteinase K under flow conditions after 0 and 60 min (e) and intensity kinetics
(f). Activity of β-gal (500 nM/microparticle) for each individual microparticle after exposure to proteinase K (33 μg/mL) (g). Error bars indicate
the standard deviation of intensity within a single microparticle. These experiments were performed three times and typical responses were shown
here.
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microparticles considering that after the overnight incubation
55% of β-gal remains.
Sustainability and Activity of Encapsulated Enzymes

at the Single Microparticle Level. Encapsulation not only
protects enzymes from their environment but also allows the
formation of enzyme arrays consisting of discrete micro-
reactors and the economic usage of their cargo. To illustrate
the ability of our structures to accomplish this objective, a
microfluidic trapping device (Figure 4a,b)45 was employed to
immobilize the β-gal-filled silica microparticles to allow
sequential generation of a fluorescent product and flushing
steps by flowing either the substrate solution or buffer within
the device. This is particularly relevant in cases when an
enzymatic cascade reaction is used where the products of the
first reaction are substrates of the second step. Carrying out
such a cascade reaction under microconfined conditions
suppresses the loss of intermediates through diffusive disposal.
Five cycles were conducted, and time-lapse fluorescent images
were recorded to monitor the enzymatic activity over time
(Figure 4c,d). Plotting the intensity of the fluorescent product
of the enzymatic reaction within the microparticles only
exhibits marginal variation in individual signals, but, more
importantly, the results show that the enzyme fully retains its
activity between iterative cycles of washing steps and substrate
introduction. This result demonstrates the potential to recycle
the encapsulated enzyme and makes it a highly sustainable
process.
The trapping device was further used to investigate

protection against enzyme degradation by proteinase K at an

individual microparticle level. Here, proteinase K was added to
the buffer flown through the device, while the fluorescence
intensity of the product formed within the microparticles was
monitored for 60 min (Figure 4e,f). Fluorescence intensity
trace decreases quickly within the first 15 min, most probably
due to the degradation of exposed β-gal on the microparticle
surface. However, the rate of degradation reduces and remains
constant after ∼30 min. Similarly, to the microparticle bulk
assay (Figure 3), approximately 50% of the enzyme remains
active following exposure to proteinase K (Figure 4f,g),
demonstrating the protective nature of the dense silica matrix
even when the continuous supply of proteinase K is introduced
to the system. Individual microparticles perform very similarly
in this assay, indicating an excellent homogeneity in producing
the enzyme-loaded silica microparticles and high reproduci-
bility of the assays. It should be noted that our system retained
a significant enzymatic activity (>50%) even in the presence of
proteinase K flow, conditions that are not present in biology.
Thus, based on these findings, a flow reactor for glucose
sensing was established.

Microfluidic Continuous Flow Reactor for Glucose
Sensing with Glucose Oxidase. The stability and
reproducibility of the reaction cascade play a key role in the
development of new sensing approaches based on enzymatic
reactions. The ability to pack multiple microreactors within a
single device allows increased product yield by the enzymatic
reaction while stabilizing enzymes through encapsulation, thus
allowing for highly accurate and dynamic sensing applications.
Furthermore, due to the microfluidic generation method of the

Figure 5. Microfluidic continuous flow “reactor”. Schematic representation of the microfluidic continuous flow reactor (a). Conversion yield of the
substrate to the product in a single-enzyme system using β-gal-loaded droplets and continuous flow of resorufin β-D-galactopyranoside with three
different concentrations (b). Michaelis−Menten kinetics plot and calculated constant KM and Vmax from reactor using 500 μL/h flow rate and
different substrate concentrations (c). Glucose detection with an enzymatic cascade system by coencapsulation of glucose oxidase (GOx) and
horseradish peroxidase (HRP) into the silica microparticles (d−f). Schematic representation of conversion of glucose to fluorescent signal with dual
enzyme silica microparticles (d). Conversion yield of glucose to the fluorescent product through the enzymatic cascade two-enzyme system with
changing flow rates for 3.125, 6.25 μM, and 12.5 μM glucose (e) and Michaelis−Menten kinetics for the two-enzyme system with concentrations
ranging from 1.6 to 50 μM (f). Error bars indicate the standard deviation between at least three separate experiments.
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silica microparticles described here and the ability to pack
them into tight arrays, increased enzyme concentrations can be
employed compared to surface-based systems. Here, silica
microparticles containing enzymes were packed into a
microfluidic chamber where a continuous supply of a product
can be generated while flowing the substrate through the
chamber (Figure 5a). The reactor was filled with microparticles
through the designated inlet. The pillar structures were after
substrate inlet and product outlet ensuring the microparticles
remained within the reaction chamber (Figure 5a).
First, a single-enzyme system based on β-gal and the

resorufin substrate system was used. The resorufin substrate
was flown into the main chamber of the device, filled with β-
gal-loaded microparticles, in different concentrations and flow
rates, while the fluorescence signal of the product was
determined at the end of the device (Figure 5a, detection
region), showing a linear relation with the substrate
concentration (Figure S7). From the intensity-based con-
version yields of the substrate into the product, measured at
different flow rates, substrate concentrations were calculated
based on calibration curves made with different concentrations
of resorufin (Figure 5b). Since the flow rate is directly
proportional to the reaction time in which the substrate can be
converted into the fluorescent product, higher yields are
achieved at lower flow rates. The two slowest flow rates,
corresponding to reaction times of 10 and 5 s, give 100%
substrate conversion at the investigated concentrations.
Plotting the different reaction rates at 10, 30, 90, and 180
μM substrate concentrations, the Michaelis constant for this
system was found to be KM = 76.2 ± 11.1 μM (Figure 5c).
Next, the reactor was applied for sensing glucose, which has

potential applications as a diagnostic tool for diabetes.
Recently, a lot of interest has been shown to develop
noninvasive methods for glucose monitoring.46 We sought to
investigate such a suitable platform by encapsulating glucose
oxidase (GOx) together with horseradish peroxidase (HRP)
(Figure 5d). These serve as a two-enzyme cascade, where HRP
converts the oxidation product from glucose to a measurable
signal using Amplex red (for bulk kinetics, see Figure S6). A
similar trend of conversion rates (Figure 5e) can be seen for
this two-enzyme cascade reaction as has been found in the
single-enzyme system with β-gal. However, as expected with a
two-enzyme system with lower reaction rates, yields are
considerably decreased. Still, the resulting signal intensity is
detectable at all flow rates and has been found to be directly
proportional to initial substrate concentration. These concen-
trations are well below the concentrations of glucose found in
human blood (2−40 mM) or urine (2.7 μM−5.55 mM) but
similar to glucose concentrations of sweat (0.06 μM−0.11
mM) and saliva (0.23 μM−0.38 mM).47 Similarly to the
single-enzyme system, a Michaelis−Menten-like correlation of
the substrate concentration to the (here glucose) fluorescent
signal of amplex red was found, allowing determination of KM
(54.7 ± 16.0 μM, Figure 5f).

■ CONCLUSIONS
Performing enzymatic assays effectively and reliably even in
challenging environments is crucial for converting or detecting
molecules from biological systems. Conventional enzyme-
based assays lack a protective capsule and have limited area for
enzyme activity. Here, we have demonstrated the facile and
robust generation of silica microparticles that can be used for
recyclable enzymatic assays even in degrading environments.

The formation of porous microparticles with encapsulated
enzymes enables the use of these enzymes at relatively high
concentrations in a protected environment without the need
for chemical cross-linking. Furthermore, we show that these
can be tightly packed in microfluidic continuous flow reactors
in which full conversion yields of encapsulated enzymes such
as β-gals (with the resorufin β-D-galactopyranoside substrate)
are achieved. Extension of this approach to two-enzyme
systems, in which the relative amount of enzymes is important,
was further investigated. We demonstrated that the two-
enzyme GOx/HRP system encapsulated in silica microparticles
and organized to a tight array in a microfluidic reactor can be
used for glucose sensing. Such a setup has direct applications
for point-of-care measurements in diabetes. The presented
technique can be further expanded for the encapsulation of a
wide range of molecular species while maintaining their activity
under deleterious environmental conditions, thus opening new
possibilities for applications in areas ranging from the food
industry and enzyme-based detergents to sensing and health.

■ EXPERIMENTAL SECTION
Peptide Synthesis. The 20-amino-acid R5 peptide was

synthesized by Fmoc-based solid-phase peptide synthesis (SPPS) on
Wang resin, either manually or using a Liberty Blue peptide
synthesizer (CEM, Matthews, NC). For manual synthesis, hexa-
fluorophosphate benzotriazole tetramethyl uronium (HBTU) was
used as an activator. Deprotection was performed with 20% piperidine
in DMF, and peptides were cleaved using 92.5% trifluoroacetic acid
(TFA) with 5% tri-isopropylsilane (TIS) and 2.5% water. The
peptides were purified by reverse-phase HPLC on a C4 column.
Analytical data are shown in Figure S1.

Fabrication of Microfluidic devices. All microfluidic devices
used were designed with AutoCAD software and fabricated by
combining standard photolithography and soft lithography steps.
Specifically, a 25 μm layer of a negative photoresist (SU-8 3025,
MicroChem, Westborough, MA) was applied by spin coating and
then soft baked for 15 min at 95 °C. A photomask was placed onto
the wafer and then exposed to a UV lamp source for 60 s. After
postbaking for 5 min, the unexposed photoresist was removed using
propylene glycol methyl ether acetate (Sigma-Aldrich).

Specifically, a master mold was made by spin coating a 25 μm layer
of a negative photoresist (SU-8 302, MicroChem, Westborough, MA)
and soft baking for 15 min at 95 °C. First, a mixture of 10:1
prepolymer PDMS to a curing agent (Sylgard 184, DowCorning,
Midland, MI) was poured onto the master. Bubbles were removed
under vacuum, and PDMS was cured at 65 °C for at least 1 h. The
devices were cut out, and inlet and outlet holes were punched. After
treatment in a plasma oven for 30 s at 40 W (Diener Electronic), the
device was bonded to a glass slide, which forms the bottom of the
channels. Finally, the devices were coated with a polystyrene solution
(Aquapel) to create hydrophobic surfaces.

Silica Droplet Formation. Silicic acid solutions were freshly
prepared from 1 mM HCl and tetramethoxysilane (TMOS, ACROS
Organics). For a 270 mM solution, 40 μL of TMOS was added to 960
μL of HCl and the mixture was vortexed until clear. A solution of 1
mg/mL R5 peptide in sodium phosphate buffer was prepared one day
in advance to allow the peptide to dimerize. The solutions were flown
through the devices using neMESYS syringe pumps (Cetoni,
Korbussen, Germany).

Silica droplets were generated with a microfluidic droplet device
with three different inlets. From the outer inlet, the continuous phase,
fluorinated oil (Fluorinert FC-40, Sigma-Aldrich) with 2% w/w of
fluorosurfactant (RAN biotechnologies), was flown with 700 μL/h
rate. This was kept constant for all different conditions. However, the
flows from the middle (silicic acid inlet) and inner (the peptide/buffer
inlet) inlets were varied. Inner inlet: 50 mM sodium phosphate buffer
pH 7, 250 μL/h (1:1), 333 μL/h (2:1), 375 μL/h (3:1), 400 μL/h
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(4:1), 450 μL/h (9:1); and middle inlet: 1080 mM silicic acid (160
μL TMOS in 840 μL 1 mM HCl), 250 μL/h (1:1), 167 μl/h (2:1),
125 μL/h (3:1), 100 μl/h (4:1), 50 μl/h (9:1), where the flow ratios
of the inner inlet/middle inlet are given in the parentheses. The
droplets were collected in an Eppendorf tube and left to incubate in
RT for at least 30 min before further use.
Scanning Electron Microscopy (SEM). Samples for SEM were

spotted onto silicon wafer shards and left to dry in ambient
conditions. After drying, the samples were sputtered with 10 nm Pt
and the images were obtained using a Tescan MIRA3 instrument at 5
kV acceleration voltage. ImageJ was used for image analysis.
Release Studies. Silica droplets were created as aforementioned

with the addition of 1 mM fluorescein sodium salt (SIGMA) or
FITC-labeled BSA. To approximately 50 μL of droplets, 100 μL of
FC-40 and 100 μL of 10% perfluorooctanoic acid (PFO) in FC-40
were added. The mixture was carefully inverted, spun down, and oil
residue removed. This was repeated three times, and finally, 500 μL of
50 mM sodium phosphate buffer (pH 7) was added to the droplets.
The supernatant was removed at each time point and replaced with
fresh buffer, and the fluorescence reading of the supernatant was
measured with a plate reader (CLARIOstar, MGlabtech) with the
Fluorescein-FITC preset. The results were normalized with the
maximum intensity expected for 100% release; thus, the time point 0
gives the encapsulation efficiency (EE%) for each particle and the
cargo molecule (see Figure S4).
Enzyme Encapsulation. Enzymes, β-galactosidase by alone or

horseradish peroxidase with glucose oxidase, were encapsulated into
the silica droplets by adding the desired concentration of the enzyme
to the phosphate buffer prior to droplet formation. Concentrations
used were 1 μM for β-gal and 15 μM and 3 for HRP and GOx,
respectively. The microparticles were formed as mentioned above.
Bulk Enzyme Studies. After microparticle formation and wash,

10 μL of each droplet solution was removed and added to a well of a
96-well plate (Corning 3881) as triplicates and 90 μL of phosphate
buffer was added to each well. The enzyme kinetics were followed
with a plate reader (Clariostar, BMGlabtech). Michelis−Menten
kinetics were performed by varying the substrate concentration from
50 μM with 0.5× serial dilutions. In the case of digestion studies, 10
μM substrate was used with the addition of 33 μg/mL of proteinase K
within the well. Free enzyme (125 nM) with and without proteinase
K was added as a reference. For GOx/HRP studies, 500 μM Amplex
Red reagent was added to the reaction buffer and glucose solution (50
μM with 0.5 × serial dilutions) was added to initialize the reaction.
Microparticle Trapping. Microparticles were confined using a

microfluidic trapping array.33 First, the whole device was filled with
buffer and all possible bubbles were erased. Next, microparticles in
buffer were inserted into the device through the denoted inlet. This
was followed by flushing with a buffer to remove any excess
microparticles. Finally, experiments were conducted by flowing either
the substrate (through substrate inlet) or buffer (through micro-
particle inlet) while continuously imaging using fluorescent
microscopy.
Microfluidic Continuous Flow Reactor Studies for Enzyme

Systems. Enzyme-filled microparticles were loaded into the device
while still in oil, and the washing was conducted on chip by first
flowing 10% PFO followed by a buffer wash (more detailed
description in Figure S5). This was done to achieve the best packing
of the microparticles. The studies were conducted by flowing the
substrate at the desired concentration and flow rate through the
microparticle-loaded device, and the fluorescence of the product was
read at the end of the device. For GOx/HRP studies, 500 μM Amplex
Red was added to the running buffer with changing the glucose
concentration.
The intensity was used to determine the concentration of the

product by comparing it to a calibration curve. Knowing the size of
the reaction chamber and the average time it takes for a molecule to
travel through it based on flow rate, the reaction rate (μM/min) could
be calculated. Calculating the rate with different substrate
concentrations, the reaction constant KM (μM) could be calculated
using the Michaelis−Menten equation.
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