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T
he intricate relationship between
protein structure and function, which
has been tuned by evolutionary pres-

sures over many millenia, can serve as a
fruitful source of inspiration for the design
of functional materials with predictable be-
havior, and in recent years, new and increas-
ingly complex protein-based functional
materials have become readily available.1�6

Controlling the supramolecular structure
and, indeed, the conformation of individual
peptide chains offers an opportunity to

refine the properties of such materials in
exquisite detail relative toother conventional
biopolymers due to the high sensitivity of
proteins to environmental changes which
can lead, for example, to a wide variety
of conformational transitions between the
multiple states that can be adopted by
proteins.7,8 The creation of protein-based
biomaterials which maintain high levels
of enzymatic activity is a key requirement
for successfully implementing enzymatic
flow-chemistry.9,10 This paper describes

* Address correspondence to
sarah.perrett@cantab.net,
tpjk2@cam.ac.uk.

Received for review January 5, 2015
and accepted June 1, 2015.

Published online
10.1021/acsnano.5b00061

ABSTRACT

Amyloid fibrils represent a generic class of protein structure associated with both pathological states and with naturally occurring functional materials. This

class of protein nanostructure has recently also emerged as an excellent foundation for sophisticated functional biocompatible materials including scaffolds

and carriers for biologically active molecules. Protein-based materials offer the potential advantage that additional functions can be directly incorporated

via gene fusion producing a single chimeric polypeptide that will both self-assemble and display the desired activity. To succeed, a chimeric protein system

must self-assemble without the need for harsh triggering conditions which would damage the appended functional protein molecule. However, the

micrometer to nanoscale patterning and morphological control of protein-based nanomaterials has remained challenging. This study demonstrates a

general approach for overcoming these limitations through the microfluidic generation of enzymatically active microgels that are stabilized by amyloid

nanofibrils. The use of scaffolds formed from biomaterials that self-assemble under mild conditions enables the formation of catalytic microgels while

maintaining the integrity of the encapsulated enzyme. The enzymatically active microgel particles show robust material properties and their porous

architecture allows diffusion in and out of reactants and products. In combination with microfluidic droplet trapping approaches, enzymatically active

microgels illustrate the potential of self-assembling materials for enzyme immobilization and recycling, and for biological flow-chemistry. These design

principles can be adopted to create countless other bioactive amyloid-based materials with diverse functions.
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approaches to the control of enzymatic reactions with-
in bioactive microgel scaffolds, where conversion of
substrate into product may be regulated by diffusion-
controlled catalysis. A microgel is a three-dimensional
colloidal network of highly polymerized molecules of
micrometer-scale size in which swelling of flexible
particles occurs due to the incorporation of solvent
molecules within its gel structure.11,12 Given the ad-
vantages of size, porous architecture and desirable
properties of the component molecules, microgels
have been widely used in applications such as drug
delivery,13,14 microsensors15 and biomaterials.16,17

Almost all of the structural materials explored for
generating microgels to date have involved polymer-
ization or cross-linking of synthetic molecules to allow
gel formation.17�19 The polymerization of many of
these synthetic systems requires nonbiocompatible
conditions or reagents, such as extreme pH, high
temperature or exposure to highly reactive chemicals
or to high doses of UV radiation.20�26 There are,
however, a very few examples where naturally occur-
ring biological molecules have been utilized in the
formation of biomicrogels, which include agarose,27

chitosan,28 and alginate.29,30 As transporters of mol-
ecules of biological and medical importance, micro-
gels have been functionalized with a wide range of
compounds, including pharmaceuticals,31,32 bioactive
molecules33�35 and living cells.27,36 Although many
polymerized molecules have been found to form
microgels, biomedical applications require the use of
species that are biocompatible.37 In general, microgels
composed from natural molecules can mimic biologi-
cal environments more readily than those formed
from synthetic compounds and also induce a lower
immune response; it has been shown, for example, that
a hydrogel formed from modified peptides can serve
as a functional extracellular matrix.38 Naturally occurr-
ing polymers of biomolecules, such as proteins, are
thus excellent candidates for the investigation of novel
biocompatible microgels. Protein-based materials
offer the additional advantage that novel functions
can be directly incorporated via gene fusion producing
a single chimeric polypeptide that can potentially both
self-assemble and display the desired activity.10,39

However, finding suitable chimeric systems that will
assemble under sufficiently mild conditions, and
achieving controlled patterning of such nanomaterials,
remains challenging.
In the present study, we have used amyloid fibrils as

the structural component of the microgels. Amyloid
fibrils are ubiquitous protein polymers, the formation
of which is associated with a range of protein misfold-
ing diseases,40�42 but they can also play functional
roles in organisms.43�46 Due to the highly ordered
β-sheet-rich structure in their cores, amyloid fibrils
can be very stable, even under extreme conditions,
and can be formed from a very wide range of peptides

and proteins with highly variable chemical and physi-
cal properties. These properties, in combination with
tunable assembly by control of in vitro conditions, such
as pH and temperature, has motivated the exploration
of amyloid fibrils as potential biomaterials.10,47�53 One
characteristic of amyloidogenic proteins is their ability
to spontaneously self-propagate or self-assemble,
often undermild conditions in aqueous solution, which
means that polymerization into a stable fibrillar nano-
material does not require additional cross-linking or
other modifications.
In the present work, we have explored the amyloi-

dogenic protein Ure2 as our structural material and
produced functionalized microgels with enzymatic
activity. The Ure2 protein is a regulator of nitrogen
metabolism in the yeast Saccharomyces cerevisiae. It
acts as a prion making it an excellent model for under-
standing the mechanism of prion propagation.44 It
readily forms amyloid fibrils in vitro and we have
demonstrated that the prion domain of Ure2 can be
used as a scaffold for self-immobilization and display
of a variety of proteins in their bioactive forms when
appended to the prion domain by genetic fusion.10

Further, although a variety of established methods
exist for preparing microgel particles,14,54 we have
usedmicrofluidic techniques formaking droplet-based
microgels, because the size, morphology and mono-
dispersity of the particles can be controlled with
precision.25,54 In addition to these advantages, the
use of microfluidic techniques also has the potential
for high-throughput applications.27,55�57

RESULTS AND DISCUSSION

We have used in this study a construct in which the
enzyme alkaline phosphatase (AP) was genetically
fused to the prion domain of Ure2 and displayed on
the amyloid fibrils formed by self-assembly of this
fused protein sequence. AP has a wide range of
applications in the biological and clinical sciences,
and its activity when displayed on the surface of an
Ure2 prion domain fibril core has already been demon-
strated and characterized, including measurement
of enzyme kinetic parameters.10 Here, solutions of
Ure2-AP protein in soluble form were encapsulated
into uniform 20-μm-sized droplets using microfluidic
techniques. The encapsulated Ure2-AP then self-
assembled into amyloid fibrils with the same rate
and efficiency as the soluble protein in bulk solution.
The resulting fibrils formed a three-dimensional net-
work which incorporated water molecules to form
uniform microgel spheres, resulting in the controlled
immobilization of AP molecules. Measurement of the
enzymatic behavior of the Ure2-AP microgel particles
showed that the AP molecules retained enzymatic
activity.
We used a carefully designed microfluidic droplet

maker (Figure 1a) to generate the Ure2-AP microgels.
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The soluble Ure2-AP chimeric protein (see Methods
section) and Fluorinert oil were injected into themicro-
fluidic channels using a hydrodynamic pump andmade
contact at the T junction of the channel device, where
the protein solution dispersed into uniform droplets
coated with Fluorinert oil (Figure 1a,b, Supporting
Information Video Files S1 and S2). The resulting dro-
plets showed a very high degree of uniformity in size
as observed by light microscopy (Figures 1c and 2b,
left panel). The droplets were generated at room tem-
perature. The soluble Ure2-AP protein was then trans-
formed into amyloid fibrils by incubation at 4 �C for 48 h
(Figure 1a). These mild conditions for gel formation are
compatible with the conservation of enzymatic activity,
allowing the enzyme to be present before themicrogel
formation and thereby enabling us to achieve uniform
catalytic activity throughout the gel structure. The
formation of amyloid fibrils by the encapsulated
Ure2-AP was initially confirmed by washing the micro-
gel particles to remove the oil, then incubatingwith the
amyloid-binding dye Thioflavin T (ThT) and observing

its fluorescent properties. Confocal imaging showed
the presence of ThT fluorescence within the microgel
particles as well as at their surface (Figure 1d). As an
additional approach to viewing the internal structure of
the particles, another chimeric protein was constructed
with green fluorescent protein (GFP) in place of AP
and microgel particles were formed using the same
protocol as for Ure2-AP. Again, cross-sectional images
showed regions of intense fluorescence both at the
surface and within the interior of the microgel particles
(Figure 1e), consistent with the presence of protein
fibrils throughout the microgel particles. Imaging the
droplets using atomic force microscopy (AFM) and
transmission electron microscopy (TEM) revealed a
compact structural network of amyloid fibrils within
thedroplets (Figure 2), which is in good agreementwith
the observations from confocal microscopy analysis.
The structure of the Ure2-AP microgel droplets was

further investigated by AFM and TEM. The droplets
were disrupted by vortexing and high-speed centrifu-
gation in order to release the Ure2-AP fibrils that then

Figure 1. Demonstration of the principles of the approach used in the present work. (a) Schematic diagram of protein
microgel formation. (b) Encapsulation of Ure2-AP droplets in microfluidic droplet-making device. The scale bars are 20 μm.
(Upper panel) Droplet formation at the T-junction of the microfluidic channel. (Lower panel) Droplets inside the microfluidic
channel. See also Supporting Information Video Files S1, corresponding to upper panel, and S2, corresponding to lower panel.
(c) Uniformity of the resultingUre2-APdroplets observedusing lightmicroscopy. Scale bars are 20 μm. (Inset) Enlarged image
of a single microgel droplet. (d) Ure2-AP droplets after incubation to allow fibril formation, stained with the amyloid-specific
fluorescent dye ThT and analyzed by confocalmicroscopy (seeMethods). Green fluorescence indicates ThT bound to amyloid
structure; blue fluorescence indicates free ThT. Scale bars are 10 μm. (Upper panel) Three-dimensional surface image.
(Lower panel) Central cross-sectional image. (e) Ure2-GFP droplets after incubation to allow fibril formation, analyzed by
confocal microscopy. Scale bars are 10 μm. (Left panel) Bright-field DIC image; (middle panel) GFP; (right panel) merged.
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became partially dispersed (Figure 2a), and the fibrillar
network within a single droplet can be observed in
the AFM or negative stain TEM images (Figure 2a,
left panels). The images of the Ure2-AP fibrils formed
in bulk solution (without oil encapsulation) under the
same conditions reveal well dispersed fibrils, without
spherical structures or highly condensed packing of

fibrils (Figure 2a, middle panels). In addition, solutions
of the soluble Ure2-AP used for making the droplets
shownoevidence for largefibrillar aggregates, although
a few small rod-like assemblies could be observed,
which may represent structures formed prior to the
experiments (Figure 2a, right panels). The network of
fibrils within intact Ure2-AP droplets was further

Figure 2. Microgel formation of Ure2-AP. (a) Analysis of Ure2-AP aggregates by AFM (upper panels) and negative stain TEM
(lower panels). Ure2-AP droplet fragments (left panels) show a dense mesh-like network formed of amyloid fibrils similar to
the individual fibrils formed in bulk solution (middle panels), whereas soluble Ure2-AP before incubation to form fibrils
contains only small aggregates (right panels). (Insets) Enlarged scanning of boxed area in each AFM image. The scale bars are
as indicated. (b) Droplets of Ure2-AP solutionwere formed as shown in Figure 1. Uniformity of the resulting droplets observed
using light microscopy (left panel). Droplets were incubated to allow microgel formation (see Figure 1) and then intact
droplets were added directly onto a nondischarged carbon-coated grid, stained, and imaged by TEM. Negatively stained
droplets could be observed (middle panel), containing a dense network of amyloid fibrils within each droplet (right panel). (c)
The kinetics of fibril assembly for encapsulated Ure2-AP and for Ure2-AP in bulk solution were monitored by ThT binding
fluorescence. (Insets) AFM images demonstrate the conversion of droplet-encapsulated Ure2-AP from the soluble to the
fibrillar state. The scale bars are as indicated.
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investigated by placing intact droplets directly onto the
hydrophobic surface of nondischarged carbon-coated
TEM sample grids (Figure 2b, middle and right panels),
supporting the conclusion that the microgel particles
are formed from an intertwined network of fibrils.
The kinetics of WT Ure2 fibril formation has pre-

viously been analyzed in detail and monitoring of ThT
fluorescence was shown to reliably reflect the extent
of fibril formation,58 and can also shed light on the
influence of internal and external factors on the rates
of individual molecular steps in the fibril forma-
tion process.58�61 Like WT Ure2,58,62 the assembly of
Ure2-AP fibrils is highly efficient, proceeding essen-
tially to completion, and the fibrils are stable even
to repeated dilution or washing in buffer.10 The kinetics
of fibril formation were studied for both droplet-
encapsulated Ure2-AP and Ure2-AP in bulk solution
by analyzing the time dependence of the ThT fluores-
cence. The encapsulated and free chimeric protein
showed similar kinetic behavior (Figure 2c), reflecting
the transition from the soluble to fibrillar state (shown
by AFM for the droplet sample, Figure 2c insets).
As noted above (Figure 1c), the majority of droplet
particles are around 20 μm in diameter, and the fibrils
dispersed from these particles were estimated to be at
least 2μm in length (Figure 2a, left panels and Figure 2c,
lower right inset), similar to the fibrils formed in free
solution (Figure 2a, middle panels), which is consistent
with the similarity in kinetic behavior. Occasionally,
smaller droplets of about 400 nm in diameter were
found to be stable toward the disruption process
(Figure 2c, upper right inset), where the Ure2-AP ap-
pears as short fibrils of length 40�100 nm. This ob-
servationwe attribute to the geometrical constraints of
the droplet environment. These results are consistent
with formation of a fibrillar network by highly efficient
self-assembly of the chimeric Ure2-AP protein encap-
sulated within the droplet, leading to microgel particle

formation. Further, the fibril assembly mechanism
within the droplets appears to be indistinguishable
from that in bulk solution.
The enzymatic activity of the Ure2-AP fibrils

within the microgel droplets was monitored using
the fluorescent substrate 20-[2-benzothiazoyl]-60-
hydroxybenzothiazole phosphate (BBTP). The excita-
tion and emission wavelengths are 340 and 440 nm,
respectively, for BBTP, and 440 and 580 nm, respec-
tively, for the product BBT following cleavage of the
phosphate group by the enzyme; indeed, in the visible
range, the substrate is colorless, whereas the product is
yellow (Figure 3a). The substantial difference between
the emission wavelengths of substrate and product
allows independent detection of the two reaction
components. The oil coating was first removed by
washing (with Buffer A, see Methods) to allow the
substrate to enter the droplets, and the enzyme activity
of the Ure2-AP microgel particles was indicated by
a rapid increase in the BBT product signal when the
washed microgel particles were incubated with BBTP
(Figure 3b). The rates of enzyme activity for soluble
Ure2-AP and for Ure2-AP fibrils in bulk solution are
almost identical, whereas the microgel particles
showed a modest reduction in the rate of enzyme
activity (Figure 3b). It is not unlikely that the microgel
structure, containing a highly compact network of
fibrils, reduces the rate of diffusion of the substrate
and product to and from the enzyme. An increase in
the diffusion barrier could in fact provide a practical
advantage in applications of these microgel particles
where slow release of payloads carried within the
porousmesh of themicrogel is desirable.19,63 However,
the relatively modest effect on rates indicates that
substrate and product have ready access to the AP
molecules displayed on the fibrillar network within the
microgel particles, consistent with the structure of the
particles as an aqueousmicrogel stabilized by a porous

Figure 3. Enzyme activity determination of Ure2-AP microgel particles. (a) Ure2-AP microgel particles, lysozyme microgel
particles and Buffer A, as indicated, were each incubated with BBTP substrate at room temperature for 2 h. Stable microgel
particles at the bottom of the Eppendorf tube are indicated by red arrows. The fluorescent substrate BBTP is colorless in the
visible range, but its product BBT is yellow. (b) Production of the fluorescent product BBT was used to monitor the activity of
Ure2-AP microgel particles, Ure2-AP fibrils, and soluble Ure2-AP, as indicated. Measurements were performed in a BMG
FLUOstar Omega plate reader. Error bars represent the standard error of the mean of at least three measurements.
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network of amyloid fibrils. Further, the results are
consistent with previous measurement of enzyme
kinetic parameters for Ure2-AP, which shows similar
values for both kcat and Km for the soluble and fibrillar
forms of the chimeric protein, suggesting that the
activity of Ure2-AP is not greatly perturbed by diffusion
barriers induced by fibril formation; this is in contrast
to similar chimeras formed from another enzyme,
horseradish peroxidase, which has a very high turnover
number so that the rate of catalysis is essentially
diffusion controlled, and thus the more substantial
drop in activity on fibril formation reflects its greater
sensitivity to steric hindrance.10

To visualize the enzymatic activity of the microgels
and explore their potential application in microflow
chemistry, we performedmicrofluidic bioactivity assays
on the microgels. A microfluidic device was designed
for this purpose (Figure 4a). The micropillar arrays in
the device architecture created compartments for the
trapping of individual microgels. The catalytic micro-
gels were then retained within themicrofluidic channel

and supplied with a continuous flow of substrate
(Figure 4b). This assay allowed us to achieve spatial
resolution of the substrate distribution and the product
formation within the enzymatic microgels (Figure 4c).
The size of the compartments was controlled by

varying the distance between the micropillars and
thereby customizing the arrays to trap droplets of
different sizes. In our experiments, we trapped 20 μm
(diameter) enzymatic microgel particles and flowed in
substrate by hydrodynamic pumping. The substrate
diffused into the trapped enzymatic microgels and the
reactionwas catalyzed to form the fluorescent product,
which is schematically represented in Figure 4b.
We observed the distribution of the fluorescent BBTP
substrate and its conversion to fluorescent BBT pro-
duct within the trapping device using confocal micro-
scopy imaging. Themicrogel particles can be observed
as luminous spheres with green product fluorescence
and surrounded by the blue substrate fluorescence
(Figure 4c, upper panel). As a control, we also trapped
lysozymemicrogels preincubatedwith theAP substrate

Figure 4. Droplet trapping device and distribution of fluorescent substrate and product. (a) Diagram (lower panel) showing
the structure of the droplet trapping device fabricated from PDMS indicated in the photograph (upper panel) by a red box.
(b) Schematic diagram of enzymatic activity of trapped Ure2-AP microgel particles in the droplet trapping device. Substrate
flows into thedevicebyhydrodynamicpumping anddiffuses into the trappedUre2-APmicrogel particleswhere the substrate
is efficiently catalyzed to the product by the fibril-displayed AP. (c) (Upper panel) Observation of trapped Ure2-AP microgel
particles by bright-field DIC (far left). Fluorescence of substrate (blue) and product (green) after pumping substrate into the
trapping device (middle panels). The three-dimensional microgel particles and the fluorescence of the substrate and product
were reconstructed from serial two-dimensional scans by confocal microscopy (far right). Scale bars are 20 μm. (Lower panel)
As a control, lysozymemicrogel particles, which were preincubated with AP fluorescent substrate BBTP, were also trapped in
the trapping device and observed under the confocal microscope. Substrate fluorescence is observed, but there is no
conversion to product. Scale bars are 50 μm.
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in the droplet trapping device. Under confocal micro-
scopy, the lysozyme microgel particles emitted blue
fluorescence due to the presence of the substrate,
but no product fluorescence was observed (Figure 4c,
lower panel), showing that the enzymatic activity ob-
tained is specific to the presence of active APmolecules
displayed on the nanofibril surface within the Ure2-AP
microgel.

CONCLUSION

In conclusion, we have in the present study explored
the suitability of the amyloidogenic protein Ure2 as
a self-assembling material for microgel formation.
We synthesized Ure2 microgels biofunctionalized
with AP enzyme via genetic fusion, which is a model
system that can be readily adapted to incorporate
and thus immobilize other enzymes or bioactive
proteins.10 Amyloid-basedmicrogels provide significant

advantages over fibril formation in free solution. The
application of microfluidics allows controlled formation
of uniformly sized droplets. Thus, the amount of
protein trapped in each homogeneousmicrogel particle
is likewise uniform. The microgel particles are readily
manipulated and can be collected in a trapping device.
As demonstrated here, this provides a convenient
method for enzyme immobilization, which is an impor-
tant strategy for many industrial and clinical assays.64,65

Microgel particles can also be used for slow release
or targeted delivery of drugs and other bioactive mol-
ecules, as well as biosensors or biomaterials,15,17,19,63

and when combined with the power of microfluidic
techniques, can also be applied in high-throughput
screening and microscale analytical techniques.66�68

Thus, the enzymatic microgels described in this study
illustrate the potential of self-assembling materials for
biological flow-chemistry.

METHODS
Materials. Unless otherwise stated, reagents were purchased

from Sigma-Aldrich. TheUre2-AP concentrationwas determined
by the absorbance at 280 nm using an extinction coefficient of
33 140 M�1cm�1.

Protein Expression and Purification. The method of expressing
and purifying Ure2-AP was as described previously.10 In brief,
Ure2-AP was expressed in C41 Escherichia coli, and the cells
were grown at 37 �C to an optical density at 600 nm of 0.6,
induced with 0.4 mM Isopropyl β-D-1-thiogalactopyranoside
(IPTG) and grown at 16 �C for 20 h. The cells were lysed in
Buffer A (50 mM Tris-HCl, 150 mM NaCl, pH 8.0), and the
soluble Ure2-AP was applied to nickel affinity chromatography
resin and purified according to the manufacturer's guidelines.
Imidazole was removed from the purified proteins by buffer
exchange into Buffer A, and the final protein was flash frozen
with liquid nitrogen and stored at �80 �C.

The Ure2-GFP fusion protein was constructed, expressed,
andpurified in the sameway asUre2-AP butwas stored in Buffer
B (50 mM Tris-HCl, 150 mM NaCl, pH 7.4). The GFP gene was a
kind gift from Pingsheng Liu (IBP, CAS).

Microfluidic Device Fabrication. Standard soft lithography tech-
niques were used to fabricate the microfluidic devices, as
described previously.69,70 The microfluidic channels were
patterned into polydimethylsiloxane (PDMS; Sylgard184, Dow
Corning) using SU-8 photoresist (SU8-3025 Microchem) on
silicon masters. The PDMS device was then plasma bonded
using an oxygen plasma (Diener Electronics) to glass micro-
scope slides to make a sealed device. The microfluidic channels
of the droplet maker were washed with Aquapel and used
to generate uniform droplets of 20 μm in diameter. The device
for trapping the microdroplets was fabricated in the same way
and contained a 1 mm � 5 mm � 0.02 mm chamber, with a
calculated volume of less than 0.1 μL.

Droplet and Microgel Formation. Ure2-AP was defrosted from
�80 �C and centrifuged at 15 000 rpm (Centrifuge 5424,
Eppendorf) for 10 min, and the supernatant was transferred to
a new tube. Soluble Ure2-AP was diluted to 35 μM in Buffer A
and used to form droplets using a microfluidic droplet making
device. The Ure2-AP and Fluorinert oil (containing 2% (w/v) N,
N0-bis (n-propyl) poly(ethylene oxide)-bis (2-trifluoromethyl
polyperfluoroethylene oxide)amide surfactant) were hydrody-
namically pumped (Nemyses pump) into microfluidic channels
at a flow rate of 150�200 μL/h and collided at the T-junction
of the device. The Ure2-AP droplets coated with the oil were
collected from the outlet of the microfluidic device at room
temperature. The morphological uniformity of the resulting

droplets was checked by light microscopy. The resulting
droplets were incubated at 4 �C for 2 days. Free Ure2-AP was
incubated under the same conditions as droplet-encapsulated
Ure2-AP, as a comparison control. Ure2-GFP droplets and
microgel particles were formed in the same way as Ure2-AP,
except that 28 μM of protein in Buffer B was used.

For determination of fibril formation kinetics, soluble
Ure2-AP (∼35 μM) mixed with 40 μM ThT was used to form
droplets at room temperature. Then, the droplets and free
Ure2-AP were loaded into 96 well plates (80 μL per well) and
fibril formation was monitored at 30 �C for 18 h using a
microplate reader (FLUOstar Omega, BMG), with excitation at
450 nm and emission at 485 nm.

For lysozyme microgel formation, 6% (w/w) lysozyme was
dissolved in 20 mM HCl and 19.5 mM NaCl, and with Fluorinert
oil, was pumped in microfluidic channels to form uniform
droplets. The resulting lysozyme droplets were then incubated
at 65 �C for 24 h to promote gelation.53

Atomic Force Microscopy (AFM). Ure2-AP microgel particles
(100 μL) were suspended in 100 μL of Buffer A bymild vortexing,
followed by centrifugation at 1000 rpm (Centrifuge 5424,
Eppendorf) for 1 min. The oil and extra buffer were removed
after centrifugation. The washed microgel particles were then
resuspended in 100 μL of Buffer A and broken by fierce
vortexing followed by centrifugation at 5000 rpm (Centrifuge
5424, Eppendorf) for 5 min at least twice. The control Ure2-AP
fibrils formed from free protein (without oil encapsulation)
were washed once and resuspended in Buffer A, as described
previously.10

A 20 μL volume of soluble Ure2-AP, fibrillar Ure2-AP or
disrupted Ure2-AP droplets, whose concentration was∼35 μM,
was dropped onto a fresh mica surface and allowed to stand
for 2 min. The mica was then washed with deionized water and
dried with nitrogen gas. The AFM images were taken by AFM
(H-02-0067 NanoWizard II, JPK Instruments).

Transmission Electron Microscopy (TEM). For negative staining
TEM, 6 μL drops of microgel particles were loaded onto glow-
discharged carbon�coated grid (highly hydrophilic surface) or
nondischarged carbon-coated grid (hydrophobic surface) for
1min and blottedwith filter paper to remove extra sample, then
rinsed with 6 μL of deionized water and stained with 2% uranyl
acetate for 20 s. Micrographs were recorded on a CM120-FEG
(FEI) microscope operating at 100 kV.

Enzymatic Activity Assay. The microgel particles were washed
with an equal volume of Buffer A by mild vortexing followed
by centrifugation at 800 rpm (Centrifuge 5424, Eppendorf) for
1 min. (In order to determine the efficiency of conversion into
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microgel particles, and to confirm that the microgel particles
were stable during the washing process, the amount of protein
released into the supernatant was measured and calculated
as a fraction of total protein after each round of washing. The
amount of protein that failed to formmicrogel particles andwas
removed in the initial 1 to 3 rounds of 1:1 washing equated to a
fraction of around 10% of the total protein used. However, the
well-formed microgel particles containing the remaining 90%
of total protein were extremely stable in subsequent rounds of
washing, and the fraction of protein released from the droplets
at each subsequent round was less than 1%.) Ure2-AP fibrils
were washed with buffer by centrifugation at 6000 rpm
(Centrifuge 5424, Eppendorf) for 10 min and resuspended in
Buffer A. The soluble Ure2-AP andUre2-AP fibrils were diluted to
a concentration of 35 μM.

Ure2-AP microgel particles, Ure2-AP fibrils and soluble Ure2-
APwere each loaded into 96well plates (1μL perwell) andmixed
with 140 μL of 20-(2-benzothiazoyl)-60-hydroxybenzothiazole
phosphate (BBTP, AttoPhos AP Fluorescent Substrate System,
Promega) perwell. The decrease in the fluorescent substrate and
increase of fluorescent product were monitored using a micro-
plate reader (FLUOstar Omega, BMG) with excitation at 334 nm
and emission at 440 nm for substrate, and excitation at 440 nm
and emission at 590 nm for product.

The same volumes (10 μL) of lysozyme microgel particles,
Ure2-AP microgel particles and Buffer A were loaded at the
bottom of an Eppendorf tube and incubated with 500 μL of
BBTP substrate for 2 h at room temperature to confirm the
activity and stability of enzymatic microgel particles.

Droplet Trapping. Ure2-AP microgel spheres were loaded into
the droplet trapping device by syringe injection and trapped
within subspaces of the device. Lysozyme microgel particles
which had been preincubated with BBTP substrate for 15 min
were trapped in the device in the same way.

Confocal Microscopy. Ure2-AP microgel particles were washed
with Buffer A as described above. The washedmicrogel (100 μL)
was incubated with 200 μL of ThT (40 μM) for 4 h, washed again
in order to remove free dye, and then the ThT fluorescence of
the microgel particles was observed by confocal microscopy
(Laser Scan Leica SP2 microscope) using the tunable Argon
458/477/488/514 nm laser at 30 mW (for green excitation) and
UV 405 nm laser at 25 mW (for violet excitation), with a 30 nm
emission bandwidth. (The excitation/emission maxima for ThT
bound to amyloid material are 450 nm/490 nm and for free ThT
are 385 nm/445 nm.) The three-dimensional ThT fluorescent
microgel spherewas reconstructed from two-dimensional serial
scans (in average 150 z-stacks per singlemicrogel particle) using
Imaris 7.0 (Bitplane) image analysis software.

The BBTP substrate was pumped into the device in which
Ure2-AP microgel particles were already trapped. The localiza-
tion of fluorescent BBTP (excitation/emission maxima at
340 nm/440 nm) and reaction product BBT (excitation/emission
maxima at 440 nm/580 nm) within the trapping device was
observed by confocal microscopy (as described above, using a
He/Cd 325 nm laser for UV excitation). Trapped lysozyme
microgel particles were also observed and imaged under the
same imaging conditions as Ure2-AP microgel particles.

Ure2-GFP microgel particles were washed with Buffer B and
then 6 μL of the washed microgel was dropped onto a glass
slide and covered with a coverslip. The images were obtained
using an Olympus FV500 confocal microscope. The excitation
and emission wavelengths for GFP imaging were 488 and
509 nm, respectively.
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