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-based protein display enabled by
particle-templated emulsification†

Han Wu, * Jiayao Fang, Jiao Chen, Yaoqi Wang and Bo Zheng *

Protein display technology enables high-throughput screening and plays an important role in protein

discovery and engineering. Conventional in vivo display methods face challenges such as inefficient gene

transformation and complex cell proliferation dynamics, while in vitro display methods are often limited

to affinity-based selection and suffer from expression bias due to homogeneous reaction conditions.

Here, we present a hydrogel particle-based protein display method enabled by particle-templated

emulsification. This approach uses functionalized polyacrylamide hydrogel particles as isolated

microreactors, incorporating DNA primers for genotype immobilization and Ni-NTA groups for capturing

histidine-tagged protein phenotypes. Displayed proteins are synthesized via cell-free protein expression

within isolated droplets, overcoming the limitations of in vivo cell culture and enabling

compartmentalized screening, which is challenging in conventional homogeneous in vitro systems.

Using particle-templated emulsification, single hydrogel particles can be rapidly encapsulated with

individual DNA templates into isolated water-in-oil droplets within 30 seconds, without the need for

specialized instrumentation. Up to 109 particles can be emulsified in a standard 50 ml conical tube.

Compared to conventional droplet microfluidics, particle-templated emulsification achieves higher

single-particle encapsulation and improved one-to-one particle–DNA pairing efficiency, reducing

reagent consumption and minimizing DNA library loss caused by improper pairing. Digital PCR and cell-

free protein expression are sequentially performed within droplets, with both the amplified DNA and the

expressed protein immobilized on the same particle, thereby establishing a stable genotype–phenotype

linkage. This method eliminates the need for cell handling, enables compartmentalized functional

screening, and provides a fast, scalable, and user-friendly workflow for protein display, offering strong

potential in directed evolution and protein engineering.
1. Introduction

Proteins are essential biomolecules with broad and signicant
applications in health research,1,2 drug discovery,3,4 industry
catalysis,5,6 and biotechnology development.7,8 Their diverse
functions and vital roles in biological systems have driven
researchers to design and engineer proteins with novel prop-
erties not found in nature, tailored to suit the needs of indus-
trial and biological applications.9–12 The three primary
approaches to protein engineering are de novo design, rational
design and directed evolution.12–14 These methods generally
start from creating a library of genes with varied sequences
encoding the target protein, followed by protein expression and
screening. Subsequently, proteins with desired properties are
selected and nally identied by retrieving the gene
information.
y Laboratory, Shenzhen, China. E-mail:
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26370
Since proteins are usually expressed and reside within cells,
screening and analyzing proteins can be challenging, as many
screening reagents cannot freely cross the cell membrane.
Lysing the host cells can facilitate protein screening and anal-
ysis, but raises problems of disrupting the physical linkages
between proteins and their encoding genes. Therefore, it is
necessary to develop techniques that expose expressed proteins
to external environments for screening and analysis, while
maintaining their physical linkages to the encoding genes.

To this purpose, various “display” methods have been
developed to present expressed proteins on a surface and
meanwhile couple genes with proteins.15–17 Phage display and
cell surface display are two powerful techniques for rapid
protein discovery that effectively preserve the genotype–pheno-
type relationship by genetically modifying bacteriophages or
cells to fuse target proteins to anchoring motifs on surfaces,
such as phage coat proteins in phage display and carrier
proteins in cell surface display.18–22 However, in both methods,
the target proteins are fused with the host's proteins, which can
be constrained by the growth and viability of the host cells.
Additionally, the limited transformation efficiency when
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra03622d&domain=pdf&date_stamp=2025-07-23
http://orcid.org/0009-0005-9374-3341
http://orcid.org/0000-0002-2044-2848
https://doi.org/10.1039/d5ra03622d
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03622d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015032


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
6/

20
25

 8
:4

8:
58

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
introducing genes into cells or phages can lead to a loss of
genetic diversity.

In vitro display methods, such as mRNA display and ribo-
some display address the challenges of gene transformation
and cell culture.16,23–27 In mRNA display, the protein is covalently
bonded to its encoding mRNA via a puromycin linkage aer
transcription and translation.16,23 Ribosome display creates
a protein–ribosome–mRNA ternary complex by eliminating the
stop codon of mRNA, resulting in keeping the in vitro expressed
protein on the ribosome instead of releasing it.25–27 In both
methods, mRNA serves as the gene information carrier and is
involved in the entire screening and gene identication process.
Consequently, the stability of mRNA is important, as it must
keep intact for an extended period in a complex environment.
Additionally, since both mRNA display and ribosome display
are performed in a homogeneous phase, they are more suited
for applications such as binding affinity selection, including
antibody or ligand screening, but are not directly applicable to
enzyme evolution, which requires compartmentalized gene–
protein complexes to enable catalytic screening. Homogeneous
reactions also carry an increased risk of biased protein expres-
sion due to competition for transcription and translation
factors, which can potentially reduce the genetic diversity of the
DNA library.28,29

To address these challenges, Lee et al. developed a method
for displaying proteins on microbeads.30 In the study, DNA
encoding the target protein was pre-immobilized on microbe-
ads, and the expressed protein by the DNA was subsequently
captured and displayed on the samemicrobead by reacting with
functional groups on its surface. This approach allowed protein
expression to occur on individual microbeads, thus eliminating
competition among different gene variants in homogeneous
reactions. Byun et al. assembled a DNA array with a hydrogel
matrix functionalized with protein capture sites.31 Aer in vitro
expression, a protein array was generated, displaying proteins
on the hydrogel surface based on the DNA array as a template.
However, both platforms faced challenges with high-
throughput protein screening. In both studies, only a single
genotype prepared by PCR was used, either immobilized on
microbeads or spotted in the array. In Lee's work, ensuring that
each of the numerous microbeads was immobilized with
a single PCR-amplied genotype was challenging and difficult
to scale. In Byun's work, although the method allowed for
spatially resolved immobilization of different DNA genotypes on
an array, the need to generate a large and diverse library of PCR
products posed a signicant limitation. Each genotype had to
be individually amplied, puried, and deposited, resulting in
a considerable bottleneck in terms of time, labour, and scal-
ability. Therefore, display techniques that start with a single
DNA template per genotype and enable efficient protein
expression would be more effective and powerful.

Weitz and colleagues developed a hydrogel display method
that combined digital PCR and cell-free protein expression.32 In
this method, hydrogel particles were rst modied with PCR
primers and protein anchor groups. These particles were then
partitioned into water-in-oil droplets using microuidics, with
each droplet containing 1 or 0 DNA templates. Aer PCR,
© 2025 The Author(s). Published by the Royal Society of Chemistry
droplets containing both a hydrogel particle and a single DNA
template generated hundreds of DNA copies immobilized on
the hydrogel, as the primers for PCR were pre-immobilized. The
droplets were then demulsied to remove PCR reagents and re-
emulsied with cell-free protein expression reagents to form
water-in-oil droplets again via microuidics. Aer protein
expression, the droplets were demulsied once more, resulting
in the expressed protein and its encoding gene immobilized on
the same hydrogel particle. This dual emulsication process
enabled digital PCR and cell-free protein expression to occur
separately and sequentially within individual microdroplets,
providing optimal conditions for both reactions, thereby effec-
tively eliminating expression bias and preserving gene diversity.

However, the dual emulsication process using micro-
uidics requires specialized microuidics hardware and
expertise, and it is time-intensive to generate a large number of
droplets. Achieving encapsulation of a single hydrogel particle
paired with one DNA template per droplet for digital PCR, or
one particle per droplet for cell-free protein expression, oen
results in many improperly loaded droplets due to Poisson
distribution.33–36 Consequently, some DNA variants may be lost,
as it is nearly impossible to ensure that each DNA variant in the
library is paired with a single hydrogel particle within a droplet.
Additionally, the inefficiency of single-particle and single-
template pairing for digital PCR and single particle encapsula-
tion for protein expression necessitates generating much larger
numbers of droplets than the DNA library size itself, further
increasing time demands for droplets generation. Here, we
employed particle-templated emulsication to rapidly generate
large numbers of monodispersed emulsions without
microuidics.37–39 In the approach, hydrogel particles incubated
with the sample solution were dispersed in an oil phase, fol-
lowed by vigorous agitation to form emulsions. During agita-
tion, aqueous droplets continuously broke into smaller ones
until reaching the size of a single hydrogel particle, as further
droplet breakup would require fracturing the solid hydrogel
particles. This ensured that each droplet contained one hydro-
gel particle, with the droplet size closely matching the particle
diameter. This particle-templated emulsication method allows
for the generation of large numbers of droplets containing
single hydrogel particles in about 30 seconds, while micro-
uidic droplet generation at a typical rate of 1 kHz would take
over 11 hours to produce 2 ml of 40 mm-diameter droplets.38

Additionally, the issue of sample loss during encapsulation was
mitigated, as all samples were absorbed by the hydrogel parti-
cles and efficiently partitioned into emulsions.

Therefore, conventional in vivo display methods, such as cell
surface display and phage display, face challenges including
inefficient gene transformation and complex cell proliferation
dynamics. In vitro display methods, such as ribosome display
and mRNA display, are limited to binding affinity selection and
are susceptible to protein expression bias due to the homoge-
neous reaction environment. Microuidics-based hydrogel
display methods address these limitations by generating iso-
lated microreactors and integrating PCR and cell-free protein
expression. However, current hydrogel display techniques oen
require multiple rounds of time-consuming droplet generation
RSC Adv., 2025, 15, 26362–26370 | 26363
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for digital PCR and protein expression. Moreover, the pairing
efficiency between single particles and single templates for
digital PCR, as well as the encapsulation efficiency of single
particles for protein expression are limited, leading to the loss
of some DNA variants. To overcome these challenges, we
developed a hydrogel-particle based protein display method
enabled by particle-templated emulsication. Both DNA
template amplication and protein expression are performed
within isolated hydrogel particles, making the system well-
suited for applications such as enzyme evolution, which
requires compartmentalized screening. The particle-templated
emulsication process, driven by simple, instrument-free
agitation, rapidly encapsulates single particles into droplets in
just 30 seconds, offering a signicantly faster alternative to
conventional droplet microuidics. More importantly, the
particle-templated emulsication would allow higher one-to-
one pairing efficiency during encapsulation, thereby reducing
the risk of DNA library loss.
2. Materials and methods
2.1 Chemicals and materials

Acrylamide/bis-acrylamide (30% solution, 19 : 1, BioReagent),
ammonium persulfate (APS, $98% purity), Triton X-100
(Molecular Biology Grade), nickel(II) sulfate ($98% purity),
uorescein isothiocyanate (FITC, $90% purity), sodium cya-
noborohydride (NaCNBH3, $95% purity), and Na,Na-bis(car-
boxymethyl)-L-lysine hydrate (AB-NTA, $97% purity) were
purchased from Sigma-Aldrich. Glutaraldehyde (25% in H2O)
was obtained from Macklin. Hexamethylenediamine ($99%
purity) and N,N,N0,N0-tetramethylethylenediamine (TEMED,
$99% purity) were obtained from Aladdin. HFE-7500 with 2%
008-FluoroSurfactant and FC-40 with 5% 008-FluoroSurfactant
were purchased from RAN Biotechnologies. Drop-Surf droplet
generation oil and droplet demulsifying agent were obtained
from Suzhou Cchip Scientic Instrument Co., Ltd. Siloxane
Sylgard 184 silicone elastomer kit was purchased from Dow
Corning. Acrylate–PEG–NH2 (average Mw 2000, $97% purity)
was purchased from Beijing Mreda Technology Co., Ltd and
phosphate buffered saline (PBS, pH 7.4, DNase, RNase &
Protease free, Sterile) was obtained from Shanghai Kingmorn
Biotechnology Co., Ltd.

The droplet digital PCR Multiplex Supermix was obtained
from Bio-Rad. The E. coli S30 Extract System for Linear
Templates kit was obtained from Promega Corporation. RNase
inhibitor (murine) was purchased from New England Biolabs
and EvaGreen dye was acquired from Yeasen Biotechnology.
Creatine kinase was obtained from Roche. T7 polymerase and
enhanced green uorescent protein (EGFP) was expressed and
puried by ourselves. Streptavidin conjugated horseradish
peroxidase (HRP) and SignalUp Ultrasensitive ELISA Assay Kit
with Fluorescence HRP Substrate were obtained from Beyotime.
All primers for digital PCR and the pUC57-Hoxal plasmid were
provided by GenScript, while the pIVEX2.4C-mCherry plasmid
and pIVEX2.4C-EGFP plasmid were obtained from Miaoling
Biology.
26364 | RSC Adv., 2025, 15, 26362–26370
2.2 Hydrogel particles preparation

Hydrogel particles were prepared using a ow-focusing micro-
uidic chip40–42 fabricated by photolithography and PDMS so-
lithography.43,44 The aqueous phase consisted of 6.5% (w/v)
acrylamide/bis-acrylamide, 0.45% (w/v) APS and 20 mg per ml
acrylate–PEG–NH2, and was injected into the microuidic chip
with the droplet generation oil containing 1% (v/v) TEMED
serving as the continuous phase. The hydrogel precursor
droplets were collected and incubated overnight at room
temperature for gelation. The gelled droplets were then
demulsied with a demulsifying agent and washed with PBS
buffer containing 0.5% Triton X-100 to remove unreacted
reagents.
2.3 Hydrogel particles functionalization

Hydrogel particles were incubated with 2.5% (v/v) glutaralde-
hyde for 2 hours at room temperature under continuous
shaking, followed by thorough washing to introduce aldehyde
groups onto the hydrogel surface for bioconjugation. Then, 0.8
mM 50-amine-C12 modied forward and reverse primers were
reacted with the aldehyde-functionalized hydrogels for covalent
immobilization. Excess aldehyde groups were subsequently
saturated with hexamethylenediamine aer reacting for 2 hours
at room temperature. Finally, the resulting Schiff bases formed
between aldehyde and amine groups were stabilized with
NaCNBH3.
2.4 Particle-templated emulsication and digital PCR in
hydrogel particles

Hydrogel particles were incubated with digital PCR mixtures
containing 1× droplet digital multiplex supermix and 0.8 mM
forward primer for 15 min to allow PCR reagents to diffuse into
the particles. Aer centrifugation at 6000g for 1 min, excess PCR
reagents in the aqueous phase were removed, and the DNA
template solution was then added and mixed. Subsequently,
HFE-7500 oil with 2% (w/w) 008-FluoroSurfactant was intro-
duced and the mixture was pipetted and agitated by icking to
form hydrogel particle-in-oil droplets.37–39 Finally, the oil phase
was replaced with FC-40 oil with 5% 008-FluoroSurfactant to
enhanced the droplets thermostability during PCR.

Digital PCR was performed in a C1000 Touch thermocycler
(Bio-Rad) with the following program: 95 °C for 10 min, fol-
lowed by 40 cycles of 94 °C for 30 s, and 60 °C for 1 min, with
a nal enzyme deactivation of 10 min at 98 °C, followed by
holding at 4 °C. Droplets were then demulsied and washed to
remove PCR reagents. To observe the digital PCR results, the
particles were incubated with 1× EvaGreen, washed and then
observed under a uorescent microscope.
2.5 Cell-free protein expression in hydrogel particles

Aer digital PCR, hydrogel particles were modied with
glutaraldehyde again by incubating with 2.5% (v/v) glutaralde-
hyde for 2 hours at room temperature through reacting with the
amine groups of hexamethylenediamine. Aer washing, the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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hydrogel particles were sequentially functionalized with AB-
NTA and NiSO4 to immobilize Ni-NTA groups on the hydrogel.

The hydrogel particles were then dehydrated by lyophiliza-
tion and rehydrated in a cell-free protein expression mixture,
which was prepared according to the manufacturer's
protocol.45–47 For a 20 ml mixture, the composition included 2 ml
amino acid mixture, 8 ml S30 premix without amino acids, 6 ml
S30 extracts, 1 ml T7 polymerase, 1 ml creatine kinase, 1 ml RNase
inhibitor, and 1 ml water. Aer rehydration, excess cell-free
protein expression mixture was removed, and particle-
templated emulsication was performed following the same
procedure as digital PCR, with the exception that HFE-7500 oil
with 2% (w/w) 008-FluoroSurfactant was not replaced with FC-
40 oil with 5% 008-FluoroSurfactant, since the reaction
temperature for cell-free protein expression was not high. The
emulsions were then incubated at 30 °C for 6 hours to allow
protein expression. Finally, the emulsions were demulsied and
washed to remove any unconjugated molecules from the
hydrogel particles. To observe the cell-free protein expression
results, hydrogel particles in PBS buffer were added on a glass
slide and examined under a uorescent microscope.
3. Results and discussion
3.1 Working principle of the hydrogel display

As shown in Fig. 1, we rst functionalized hydrogel particles
with primers and encapsulated each particle with a single DNA
template in droplets using particle-templated emulsication.
Aer PCR, the droplets were demulsied and the hydrogel
particles were further modied with Ni-NTA groups, which
exhibit strong binding affinity for histidine-tagged proteins.
The particles were then incubated with cell-free protein
expression reagents and re-emulsied via particle-templated
emulsication. The expressed histidine-tagged proteins were
subsequently immobilized on the particles through binding to
the Ni-NTA groups, thereby achieving protein display on the
hydrogel particles.

In protein display, proteins with various phenotypes are
expressed from a DNA template library, which is typically large
to encode more proteins for selection. However, each DNA
variant may yield different amounts of protein products,
leading to potential selection bias. For instance, in mRNA
Fig. 1 Working principle of hydrogel particle-based protein display
enabled by particle-templated emulsification.

© 2025 The Author(s). Published by the Royal Society of Chemistry
display and ribosome display, proteins are expressed in
a homogeneous phase, competing for transcription and trans-
lation factors, which can result in expression bias.28,29 In this
study, we implemented several methods to eliminate the
expression bias. First, reactions were conducted within sepa-
rated individual particles with ample reagents, thus avoiding
competition for reaction reagents. Single DNA templates were
emulsied with a single hydrogel particle for digital PCR, fol-
lowed by transcription and translation into target proteins
within each isolated particle. This isolated environment with
sufficient reaction reagents allowed each reaction to reach its
full potential. Second, pre-amplication of the DNA library was
important, as cell-free protein expression from a single DNA
template can be unstable and produce inconsistent yields.48

Digital PCR which amplies single DNA templates is more
robust, providing hundreds of DNA copies for each genotype,
which helps to eliminate bias in cell-free protein expression.

Another important issue in protein display is maintaining
the linkage between genotype and phenotype, i.e., the expressed
protein and its encoding gene throughout the assay. Here,
hydrogel particles were rst functionalized with primers for
DNA amplication and amine groups which are stable during
PCR while allowing for further functionalization (Fig. 1). Aer
particle-templated emulsication, single DNA templates in
droplets were amplied to produce hundreds of DNA copies
attached to the hydrogel. The droplets were then demulsied
and Ni-NTA groups were introduced onto the hydrogel through
multi-step functionalization with amine groups. Following
incubation with cell-free protein expression reagents, the
hydrogel particles were re-emulsied and the expressed
proteins were captured by the Ni-NTA groups, and displayed on
the hydrogel. As a result, the expressed protein and its encoding
gene were both immobilized on the same hydrogel particle, with
no cross-contamination between hydrogel particles, as both
PCR and cell-free protein expression occurred within droplets
containing a single hydrogel particle. This hydrogel display
technique effectively maintained the genotype and phenotype
linkage throughput the assay.
3.2 Particle-templated emulsication

Polyacrylamide (PA) hydrogel particles were synthesized by
copolymerizing acrylamide/bis-acrylamide and acrylate–PEG–
NH2 using a droplet microuidic device. The resulting particles
had an average diameter of 27.4 mm with a coefficient of varia-
tion of 2.6% (Fig. S1†). This high uniformity in particle size
ensured consistent microreactor volumes, which are critical for
reliable quantication in digital PCR and for uniform condi-
tions in cell-free protein expression. Since these particles are
pre-prepared and even commercially available, their production
time does not impact the subsequent protein display efficiency.

The encapsulation of single hydrogel particles into droplets,
which separated reactions into independent microreactors,
plays an important role in maintaining the genotype and
phenotype linkage and avoiding cross-contamination among
different DNA variants. To achieve this, a simple and efficient
particle-templated emulsication method was employed
RSC Adv., 2025, 15, 26362–26370 | 26365
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Fig. 2 Schematic of hydrogel particle-templated emulsification
process.
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(Fig. 2). Hydrogel particles were rst incubated with reaction
mixtures to allow absorption of reagents, aer which excess
aqueous phase was removed. Oil was then added, followed by
vigorous agitation. During agitation, the particles were contin-
uously partitioned into smaller droplets until further breakup
was no longer possible, as it would require fracturing the gelled
particles. As a result, the generated droplets were mono-
dispersed, encapsulating single hydrogel particles that were
similar in size to the templated particle. Subsequent reactions
were then performed within these isolated hydrogel particles,
ensuring efficient and contamination-free reactions. Fig. 3 and
S2† shows that both macromolecules such as EGFP and small
molecules such as FITC were successfully loaded into hydrogel
particles and dispersed in the oil phase without cross-
contamination with particle-templated emulsication.

Compared to conventional microuidics-based emulsica-
tion, particle-templated emulsication is simpler and more
user-friendly, as it does not require specialized equipment or
expertise. The droplets generation speed is also faster, as
particle-templated emulsication occurs simultaneously for all
particles, keeping process time constant even when scaling up
the aqueous phase volume. This scalability allows emulsica-
tion of both 20 ml and 2 ml volumes in about 30 seconds. In
contrast, droplet microuidics requires signicantly more time
as the volume increases; for instance, preparing 2 ml of 40 mm
Fig. 3 EGFP was loaded into PA hydrogel particles, followed by
dispersed into the oil phase using particle-templated emulsification.
(A) Bright-field microscope image of the particles. (B) Fluorescence
microscope image of the particles.

26366 | RSC Adv., 2025, 15, 26362–26370
droplets can take approximately 11 hours.38 In Fig. S3,† up to
109 hydrogel particles with diameters of 27 mm can be rapidly
partitioned into emulsions in a 50 ml conical tube using
particle-templated emulsication.39 According to the Poisson
distribution:

PðkÞ ¼ lke�l

k!
(1)

where P(k) is the probability of encapsulating k molecules in
a single droplet and l is the average number of molecules per
droplet. When l is 0.1, approximately 9.05% of the droplets
would contain a single DNA variant, enabling the screening of
around 108 library variants. Thus, particle-templated emulsi-
cation provides a substantial time-saving advantage for large-
volume emulsions.

Additionally, conventional droplet microuidics oen
suffers from low single-particle encapsulation efficiency,
whether for cells, beads, or pairing one cell with one bead, due
to Poisson distribution.49 For example, when the average
number of particles encapsulated per droplet is 1, approxi-
mately 36.79% of the droplets remain empty, 36.79% contain
a single particle, and 26.42% contain multiple particles
(Fig. S4†). Reducing the average particle number per droplet to
0.1 signicantly lowers the proportion of droplets containing
multiple particles to just 0.47%. However, under this condition,
90.48% of the droplets are empty, and only 9.05% contain
a single particle. Furthermore, the proportion of improperly
loaded droplets increases dramatically when attempting to
achieve precise one-to-one encapsulation. The probability of co-
encapsulating k1 particles and k2 DNA molecules in a single
droplet follows the product of two independent Poisson
distributions:

Pðk1; k2Þ ¼ l1
k1 e�l1

k1!
� l2

k2 e�l2

k2!
(2)

where l1 is the average number of particles per droplet and l2 is
the average number of DNAmolecules per droplet. For instance,
if l1 = 1.0 (to minimize empty droplets and ensure most
droplets contain at least one particle) and l2 = 0.1 (to minimize
multiple DNA occupancy), the probability of co-encapsulating
exactly one particle and one DNA molecule is:

P(1, 1) = (l1e
−l1) × (l2e

−l2) = (1 × e−1) × (0.1 × e−0.1)

z 3.33% (3)

Meanwhile, the probability of encapsulating at least one
DNA molecule without any particle, which results in the loss of
DNA variants during display due to lack of particle binding is:

P(0, k2 $ 1) = (e−l1) × (1 − e−l2) = e−1 × (1 − e−0.1)

z 3.50% (4)

Therefore, the inefficiency of conventional droplet micro-
uidics in achieving precise one-to-one pairing co-
encapsulation leads to signicant reagent waste and potential
loss of DNA variants during protein display applications. In
contrast, particle-templated emulsication offers nearly 100%
© 2025 The Author(s). Published by the Royal Society of Chemistry
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single-particle encapsulation efficiency. During the emulsica-
tion process, droplets containing multiple particles continue to
break apart until only single-particle droplets remain. Under
this system, with l2 = 0.1, the probability of co-encapsulating
one particle and one DNA molecule increases to 9.05%,
greatly improving pairing efficiency. Moreover, as long as all
DNA solutions are fully absorbed by the hydrogel particles prior
to emulsication, DNA loss during encapsulation can be effec-
tively reduced.
3.3 In-drop digital PCR

To amplify the single DNA variant for protein synthesis, digital
PCR was carried out in the hydrogel particles using particle-
templated emulsication. PCR reagents, except for DNA
templates, were rst incubated with the hydrogel particles to
allow absorption of reagents. Aer removing excess reagents,
DNA templates were added, followed by particle-templated
emulsication. Adding DNA templates only aer removing
excess PCR reagents minimized the risk of DNA diversity loss,
ensuring high efficiency encapsulation of DNA templates within
the hydrogel particles. In contrast, conventional droplet
microuidics oen results in DNA diversity loss due to ineffi-
cient encapsulation of single DNA templates with single
hydrogel particles in droplets. Aer forming emulsions, PCR
was conducted in the hydrogel particles. In Fig. 4A, EvaGreen,
which emits strong green uorescence upon binding to double-
stranded DNA, was used to visualize and conrm the presence
of PCR products. The image demonstrates successful digital
PCR within the hydrogel particles, as evidenced by some parti-
cles emitting green uorescence, indicating amplication,
while others remained dark, indicating the absence of DNA
templates. These results conrm that through particle-
templated emulsication, DNA templates can be effectively
dispersed into individual hydrogel particles, and PCR can
subsequently be performed to amplify the single DNA templates
within each isolated hydrogel particle.

To further immobilize the genotype, specically the PCR
products onto the hydrogel, the hydrogel particles were
Fig. 4 (A) Digital PCR was conducted in hydrogel particle-templated em
were stained with EvaGreen within the oil phase. (B) Hydrogel particle p

© 2025 The Author(s). Published by the Royal Society of Chemistry
functionalized to anchor primers before PCR (Fig. 4B). Since the
PA hydrogel was copolymerized with acrylate–PEG–NH2, the
hydrogel was initially treated with glutaraldehyde and then
reacted with 50-NH2-primer to immobilize the primers. The
successful loading and immobilization of macromolecules in
the hydrogel particles via glutaraldehyde conjugation was
demonstrated by immobilizing HRP molecules, as shown in
Fig. S5.† Furthermore, to address the high reactivity of
unreacted aldehyde groups, which could interfere with subse-
quent digital PCR, the remaining aldehyde groups were
neutralized with hexamethylenediamine, restoring stable
amine groups that could withstand thermal cycling. Aer digital
PCR, the hydrogel particles were demulsied, washed and
stained with EvaGreen. In Fig. 5, hydrogel particles with
immobilized primers exhibited digital PCR results, as some
particles emitted green uorescence while others did not
(Fig. 5C and D). In contrast, hydrogel particles without primer
functionalization failed to retain PCR products aer demulsi-
cation, resulting in no uorescent signal following washing
(Fig. 5A and B). The results demonstrate that pre-immobilizing
primers on the hydrogel particles is essential for retaining
amplied DNA, thereby enabling genotype immobilization.
Without proper primer anchoring, the PCR products would
diffuse out of the particles, disrupting the genotype–phenotype
linkage and compromising the integrity and accuracy of the
display system.
3.4 In-drop cell-free protein expression

Aer digital PCR, DNA copies from single DNA templates were
immobilized on the hydrogel particles and were ready for the
following protein expression. To construct a stable genotype–
phenotype linkage, it was essential to immobilize the expressed
proteins on the same particle as their encoding genes. To enable
protein capture and immobilization, hydrogel particles con-
taining DNA copies and amine groups were further function-
alized by reacting with glutaraldehyde, followed by treatment
with AB-NTA and Ni2+ (Fig. 6A). The resulting Ni-NTA groups
exhibit strong binding affinity for histidine-tagged proteins,
ulsions using pUC57-Hoxal plasmid as a template. Hydrogel particles
olymerization and functionalization to immobilize PCR products.
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Fig. 5 In-drop digital PCR using pIVEX2.4C-mCherry plasmid as a template. (A) Bright-field microscope image and (B) fluorescencemicroscope
image of unfunctionalized hydrogel particles after PCR and droplets demulsification. PCR products diffused into the aqueous phase, with no
digital fluorescence signals observed in the hydrogel particles. (C) Bright-field microscope image and (D) fluorescence microscope image of
functionalized hydrogel particles after PCR and droplets demulsification. PCR products were successfully immobilized on the hydrogel particles,
which emitted strong green fluorescence due to EvaGreen staining.

Fig. 6 (A) Hydrogel particle functionalization with Ni-NTA for protein immobilization. (B) In-drop cell-free protein expression. mCherry was
expressed using immobilized digital PCR products as the template and was captured and immobilized on the hydrogel particle. Hydrogel
particles were demulsified and washed before observing.
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ensuring efficient capture and immobilization of the cell-free
expressed histidine-tagged proteins. As shown in Fig. S6,†
hydrogel particles functionalized with Ni-NTA successfully
immobilized histidine-tagged EGFP, while particles without Ni-
NTA failed to retain the protein, conrming that Ni-NTA groups
on the hydrogel particles are essential for immobilizing
histidine-tagged proteins.

Aer Ni-NTA functionalization, the hydrogel particles were
freeze-dried and rehydrated with cell-free protein expression
reagents. The rehydrated particles were then re-emulsied
using particle-templated emulsication. Following in-drop
cell-free protein expression, the droplets were demulsied and
the particles were washed. As shown in Fig. 6B, some particles
exhibited strong red uorescence, which comes from the
expressed mCherry protein, while others did not, indicating
successful expression and immobilization of mCherry within
the hydrogel particles. The observed bulk red uorescence in
Fig. 6B was due to the overlap of multiple hydrogel particles.
Since cell-free protein expression occurred within individual
hydrogel particles using immobilized digital PCR products as
templates, a direct one-to-one correspondence was established
between the DNA templates and the expressed proteins,
creating a stable physical linkage between the genotype and
26368 | RSC Adv., 2025, 15, 26362–26370
phenotype. With both genotype and phenotype stably immo-
bilized within the same hydrogel particles, protein display was
effectively achieved, laying a foundation for downstream func-
tional screening, such as enzyme evolution and affinity-based
selection.

To verify the absence of cross-contamination between parti-
cles during the protein display process, plasmids encoding EGFP
and mCherry were mixed at a 1 : 1 ratio and subjected to the
hydrogel-based display workow. As shown in Fig. S7A,† green
uorescence fromEGFP and red uorescence frommCherry were
observed in different particles with no overlapping signals,
indicating that cross-contamination did not occur during the
display process. Furthermore, the comparable proportions of
green- and red-uorescent particles (Fig. S7B†) demonstrate that
the display method does not introduce signicant bias toward
either genotype, thereby conrming the compartmentalization
delity and reliability of the hydrogel display system.

The cell-free protein expression capability of the platform
provides greater exibility in the production of a wide range of
proteins, especially those that are challenging to express in vivo,
such as toxic proteins, membrane proteins and multimeric
proteins.50–52 To achieve efficient cell-free protein expression,
the DNA templates were pre-amplied with PCR and the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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reactions were isolated within single hydrogel particles with
sufficient reagents. Additionally, to reduce the steric hindrance
of the hydrogel polymer chain during transcription, the primers
were anchored onto the hydrogel through a long PEG chain,
with molecular weight of 2000, enhancing the exibility of PCR
products chain, and thereby improving transcription efficiency.

Furthermore, the hydrogel particle, as the carrier for protein
display, offers several distinct advantages. The solution-like
nature of hydrogel creates a favorable environment for
proteins by protecting and stabilizing their structures. Proteins
are protected from degradation and denaturation, which is
important in long-time studies.53,54 For instance, when engi-
neering enzymes with long-time activity, a suitable carrier to
preserve their original activity is crucial. The three-dimensional
structure of hydrogel, which facilitates high loading capacity of
proteins, increases the protein product density, leading to less-
biased results when selecting target proteins during display.
The porous structure allows efficient mass transfer, making the
hydrogel particle an ideal protein carrier for displaying.
Substrates for protein analysis can easily interact with the dis-
played proteins, promoting efficient protein screening and
selection. Finally, hydrogel particles can be easily manipulated
and incorporated into various systems, such as uorescence-
activated cell sorting (FACS), droplet microuidics, micro-
wells, et al. for further manipulation or observation.36,55

Leveraging the advantages of this hydrogel particle-based
protein display platform, we aim to further investigate the
evolution of proteins that are typically difficult to express in vivo,
and engineer enzymes requiring specic selection stresses,
such as long-term activity, organic solvent tolerance, and other
stress conditions, or multi-parameter selection, which are oen
challenging in homogeneous in vitro display methods.

4. Conclusions

In this study, we have developed a hydrogel particle-based
protein display method enabled by particle-templated emulsi-
cation. The emulsication process is rapid, user-friendly and
highly efficient. Unlike conventional droplet microuidics,
particle-templated emulsication achieves higher single-
particle encapsulation and improved one-to-one particle–DNA
pairing efficiency. The emulsication time is independent of
volume, as all emulsions are generated simultaneously through
simple, instrument-free agitation. With particle-templated
emulsication, a single DNA template was rst emulsied
with a single hydrogel particle, followed by digital PCR, result-
ing in hundreds of DNA template copies immobilized on the
hydrogel particle. The particles were then re-emulsied to
perform cell-free protein expression, where the expressed
proteins were captured and immobilized on the same hydrogel
particle as the DNA templates, forming a robust physical
linkage between genotype and phenotype.

Compared to conventional in vivo protein display methods,
such as phage display and cell surface display, cell-free protein
expression overcomes challenges related to inefficient gene
transformation and complexities of cell proliferation and
viability. The use of isolated microreactors ensure that different
© 2025 The Author(s). Published by the Royal Society of Chemistry
DNA variants in the library produce a similar amount of protein
by providing sufficient reagents and eliminating competition
among different variants. This approach minimizes the
expression biases commonly observed in homogeneous in vitro
protein display systems, such as mRNA display and ribosome
display. Additionally, using hydrogel particles as carriers for
protein display enhances the stability and loading capacity of
the displayed proteins, offers an accessible environment for
protein interactions, and facilitates integration with various
detection and sorting system, making hydrogel particles highly
suitable for protein evolution, particularly in applications
required compartmentalized screening. We anticipate that this
hydrogel-based protein display method enabled by particle-
templated emulsication will become a powerful tool in
protein discovery and engineering.
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