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Self-assembly of a multimeric genomic hydrogel via
multi-primed chain reaction of dual single-stranded
circular plasmids for cell-free protein production

Hyangsu Nam,! Taehyeon Kim," Sunghyun Moon," Yoonbin Ji," and Jong Bum Lee'-?*

SUMMARY

Recent technical advances in cell-free protein synthesis (CFPS) offer several ad-
vantages over cell-based expression systems, including the application of cellular
machinery, such as transcription and translation, in the test tube. Inspired by the
advantages of CFPS, we have fabricated a multimeric genomic DNA hydrogel
(mGD-gel) via rolling circle chain amplification (RCCA) using dual single-stranded
circular plasmids with multiple primers. The mGD-gel exhibited significantly
enhanced protein yield. In addition, mGD-gel can be reused at least five times,
and the shape of the mGD-gel can be easily manipulated without losing the feasi-
bility of protein expression. The mGD-gel platform based on the self-assembly of
multimeric genomic DNA strands (mGD strands) has the potential to be used in
CFPS systems for a variety of biotechnological applications.

INTRODUCTION

The production of recombinant proteins has revolutionized the field of biotechnology.'~ Biotechnological
processes have been extensively developed for the production of recombinant therapeutic proteins. How-
ever, conventional cell-based protein production often faces certain obstacles, such as protease con-
tamination and difficulty in cell reproduction.*” In addition, cell-based gene expression is low-yielding,
time-consuming, and cell-type-dependent.

Cell-free protein synthesis (CFPS) has been rapidly developed to overcome the inherent limitations of tradi-
tional protein expression methods, such as difficulties in cell preparation and limited gene expression in
cells.® Without the hassle associated with cell manipulation, CFPS has successfully used (or replicated)
the cellular machinery of life, such as transcription and translation in the test tube (or an in situ system).

The CFPS in the solution state has shown promise as a versatile platform for the rapid and efficient produc-
tion of proteins. For example, CFPS has been used to produce a range of proteins, from simple single-
domain proteins to more complex multi-domain proteins, including membrane proteins and viral capsid
proteins. Additionally, CFPS has been used to produce proteins with a range of post-translational modifi-
cations, such as phosphorylation and glycosylation.””® Despite these successes, CFPS in the solution state
also has several limitations. One major limitation is the lack of a functional membrane environment, which
can be important for the correct folding and the activity of certain membrane proteins. Another limitation is
the limited scalability of CFPS in the solution state, which can make it challenging to produce large quan-
tities of proteins.” Finally, the cost of the solution phase system results in a single-use gene template.'%""

To address this issue, hydrogels have been applied for cell-free protein production by crosslinking gene
templates with synthetic molecules, such as fibroin,'” cellulose,”® and polyethylene glycol diacrylate
(PEGDA)."" In detail, hydrogel-based CFPS, with conventional plasmids as expression templates, has suc-
cessfully achieved high-yield protein production and reusability.'*~'®

The use of a hydrogel scaffold provides a more biomimetic environment that can better mimic the in vivo
cellular environment, which can lead to enhanced protein folding and activity.'” Additionally, the use of a
hydrogel scaffold can also improve the stability and reusability of the CFPS system, as the hydrogel can pro-
tect the protein synthesis machinery from degradation and can be easily manipulated for repeated use.”’ In
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loading of gene templates via enzymatic self-assembly,”' ¢ hybridization with sticky ends,”” and modifica-
tion of chemical linker.?® For this reason, the Luo research group has developed a solid-phase protein pro-
duction system using DNA hydrogels.?’*' Specifically, protein-producing DNA micro-pads, a DNA micro-
gel, and a PEGDA/DNA hybrid hydrogel with plasmids have been synthesized for reusable CFPS." "%

However, the use of high-concentration plasmids as expression templates in CFPS still requires a tradi-
tional plasmid cloning step, which can be a challenge for certain proteins such as toxin proteins.” To
address this issue, the self-assembly of hydrogels with a linear plasmid DNA template has been employed
after amplification by polymerase chain reaction (PCR).?'*%*2*3? Compared with the preparation of a
conventional plasmid expression template, linear plasmid-based CFPS can be prepared just after PCR.*°
Despite its advantages, such as simple mass production and simplicity, the linear plasmid-based system
can still suffer from low reaction yields because of the open linear templates with increased vulnerability

to remaining nucleases in the cell-free environment.*’"*?

Inspired by the previously developed DNA hydrogel using a rolling circle amplification technique, herein,
we describe a strategy for synthesizing a multimeric genomic DNA hydrogel (mGD-gel) via self-assembly of
multimeric genomic DNA strands (mGD strands) encoding multimeric genomic sequences. To achieve the
self-assembly of the mGD-gel, we applied rolling circle chain amplification (RCCA) using dual single-
stranded DNA circular plasmids (ssDNA plasmid). Importantly, the mGD-gel only consists of numerous tan-
dem repeats of mGD strands produced by using RCCA from the double-stranded DNA circular plasmid
(dsDNA plasmid) template. This approach allows the genomic DNA to not only create a hydrogel structure
but also to become a medium for protein expression in the mGD-gel. Hence, our mGD-gel is likely to pro-
vide a new route for cell-free protein production via the self-assembly of mGD strands.

RESULTS

Design and fabrication of multimeric genomic DNA hydrogel for CFPS

4
21:39.43.44 \yas used for the

To fabricate an mGD-gel for efficient and reusable CFPS, rolling circle replication
amplification of mGD strands. The amplified mGD strands were assembled through a simple one-pot pro-
cess to form a hydrogel. This process utilized two complementary ssDNA plasmids templates significantly
reducing the possibility of nonspecific amplification.*>*® This process involved RCCA with two ssDNA plas-
mids derived from heat-denatured dsDNA plasmid (Figure 1A). Two complementary ssDNA plasmids were
initially obtained from the dsDNA plasmid encoding the gene of interest (GOI), including the T7 promoter
region. The ssDNA plasmids were used as templates for the RCCA process. To achieve chain reaction dur-
ing rolling circle amplification, two complementary circular DNAs are necessary. The RCCA was performed
using two complementary ssDNA circular plasmids. As a result, elongated mGD strands encoding multi-
meric GOl were produced and self-assembled through a complementary sequence between the elon-
gated gene products. The mGD-gel composed of mGD strands encoding multimeric GOl was produced
after sufficient amplification and elongation by RCCA (Figure 1B). As a proof of concept, our mGD-gel was
designed to encode a GFP-expressing gene in a GFP-encoding plasmid DNA (pIDTSMART-AMP_EGFP)
(Table S1) for cell-free protein expression.

Morphological analysis of the self-assembly of multimeric genomic DNA strands

Gradual time-dependent self-assembly of the mGD-gel was observed over 24 h of reaction time (Figure 2A).
We have analyzed the early stages of the mGD-gel using atomic force microscopy (AFM) images. As shown
in the AFM images, the amplified mGD strands were cross-linked to form network structures. The gener-
ation of mGD strands was observed after 30 min RCCA reaction. The amplified mGD strands began to
become entangled after 2 h and more entanglement was observed after 6 h. Interestingly, particularized
entanglement of mGD strands was observed after 12 h, indicating stable crosslinking of the mGD strands.
After further crosslinking and self-assembly, a premature mGD-gel was synthesized. The topographical 3D
images showed increased thickness at the 24 h time point compared to the early reaction time (Figure 2B).
The line profiles were also measured after 30 min and 24 h of RCCA reaction, revealing an increase in the
thickness of the network structure, thereby demonstrating the formation of the crosslinked structure of
mGD strands.

To confirm the gelation process, the optical density (OD) of the DNA network was measured at 600 nm over

the gelation reaction duration (Figure 2C). In addition, to assess the necessity of RCCA for mGD-gel forma-
tion, the OD of the precursor hydrogel solution, including template ssDNA plasmids with primer 1 only,
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Figure 1. lllustration depicting the fabrication of the multimeric genomic DNA hydrogel (mGD-gel)

(A) A synthetic method based on the rolling circle amplification reaction from single-stranded DNA circulars.

(B) Self-assembled mGD-strands diagram depicting the formation of mGD-gel by rolling circle chain amplification (RCCA)
from single-strand circulars and mechanism of cell-free reaction in cell lysate.

template ssDNA plasmids with primer 2, ssDNA plasmids with primers 1 and 2 (precursor solution of mGD-
gel), or scramble ssDNA plasmids with primers 1 and 2, were further analyzed. When only primer 1 or 2 was
added to the precursor solution, the OD value did not increase as significantly as that of the precursor
mGD-gel solution, indicating the importance of chain amplification for successful gelation. In the control
group, rolling circle amplification from only one template ssDNA plasmid was performed without the
chain reaction. The successful formation of mGD-gel was confirmed by SEM images showing dense
network structures after 72 h of reaction (Figure 2D). High-magnification images showed approximately
100-200 nm thick strings as building blocks made of multimeric genomic DNA in a stable gel structure.
The increased roughness of the surface morphology indicated the formation of dense networks in the
mGD-gel (Figure 2E).

Cell-free protein production and reusability of mGD-gel

To evaluate protein expression in mGD-gels containing tandem repeats of GFP-encoding sequences in the
cell-free system, GFP production was analyzed by real-time PCR (RT-PCR). As the fluorescence intensity in-
creases in proportion to the initial number of template DNA molecules in RT-PCR,”” the mGD-gel could
also generate strong fluorescent intensity, indicating efficient protein production. As shown in the inset
fluorescence images in Figure 3A, the fluorescence image of the mGD-gel after 48 h of cell-free reaction
was significantly brighter than that of the other control groups. Additionally, it was confirmed that the
mGD-gel showed high amplification efficiency of the mGD strands containing 15282 ug of GFP-encoding
sequence through RCCA (Table S3). To analyze the amount of GFP produced, the intensity value was
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Figure 2. Morphology of the mGD-gel

(A) Time-dependent AFM analysis of morphological polymerization in early stages. The mGD-strands digital image of
polymerization product over time (inset).

(B) 3D images reveal the presence of the hydrogel surface at 0.5 h and 24 h. At the bottom, the gray profile corresponds to
the red line drawn over 0.5 h, and the red profile is the surface roughness corresponding to the red line drawn over 24 h.
(C) BF, plasmids, scrambled plasmids containing primers 1 and 2, plasmids incubated with each primer, and optical
density (OD) values at each time point of the mGD-gel.

(D and E) SEM image and (E) non-contact 3D surface profiler surface roughness analysis of mGD-gel. Insetimage shows a
3D image of a non-contact 3D surface profiler. (p value was assigned by one-way ANOVA with Dunnett’s post-hoc test
(****p < 0.0001).

converted according to the calibration curve construction standard and analyzed as a graph (Figure 3B).
The protein yield from the mGD-gel expressed at approximately 2.57 pg/mL was 2.5-fold higher than
that of the GFP plasmid.

To confirm the efficiency of CFPS, mRNA levels were analyzed using mGD-gel, GFP plasmid, scramble
plasmid (SC plasmid), and the negative control (no template control, NTC) based on the invasion signal
amplification reaction with the GFP primer (Figure 3C). In target amplification, the reactions containing
the mGD-gel showed an increase in fluorescence within only seven cycles from the start reaction, corre-
sponding to the fluorescence result presented in Figure 3A. Based on the results shown in Figure 3C,
the concentration of mRNA was analyzed as a cycle threshold (Ct) value, which represents the number of
cycles required to amplify RNA to reach a significant level during RT-gPCR. Low Ct values are associated
with increased efficiency of protein expression because Ct values have an inverse relationship with the
mRNA load. In Figure 3D, the GFP gene has been presented on the mGD-gel at low Ct values, indicating
a high concentration of GFP mRNA. In addition, GFP expressed on the mGD-gel exhibited a 2-fold higher
mRNA production efficiency than that of the normal plasmid solutions. Additionally, we also analyzed the
level of luminance in the luciferase gene encoded mGD-gel (Luc-mGD-gel) and compared it with control
groups (Figure S1). Luc-mGD-gel showed 5119.49 RLU, while Luc plasmid and SC plasmid showed 3363.25
RLU and 213.357 RLU, respectively. As a result, it was also confirmed that the Luc-mGD-gel encoding

4 iScience 26, 107089, July 21, 2023

iScience



iScience

A - CFPS Lo 5
3 -@- mGD-gel-®@- GFP Plasmid -®- SC :ET -@- mGD-gel -@- GFP Plasmid-®- SC plasmid
52 V| g
= 2 c
g o) %k %k %
o £ ol
S8 7 V| 8
N E
28 700000 3
53 ey | S
Z90 2 hbbhad DU
S = o
=] 2 s L
[ 0 50 100 150 o
Time (h) Time (h)
c __ D
€105
Oé -~ mGD-gel -o- SC plasmid
= [* GFP plasmid -@- NTC mGD-gel ‘
2101 - ;
® o GFP plasmid
Ll !
g- 105 SC plasmid H—b
<
© NTC . I
5') 100 1 1 1.
“ 0 10 20 30 40 0 10 20 30 40
Cycle Cy value
E
150
mGD gel =
° \g +Lysate r-c B
[} ‘ — ) c
3 5t a m o
(S » x @
B @
o3 @ o
[=2} » [os
£ @ >
= S
[7} FT «Q &
S Collecting &
® -~ &

1 2 3 4 5
Number of reuse

Figure 3. Transcription and GFP expression kinetic of CFPS reactions

(A) Effect of mGD-gel on GFP translation in a cell-free system.

(B) Comparison of expression yield of GFP of mGD-gel to an SC plasmid and GFP plasmid solution control.

(C-E) gRT-PCR amplification plots and (D) Ct values of RNA samples extracted from mGD-gel (red) or GFP plasmid
(green) (E) Scheme depicting the reuse process of mGD-gel and reuse of an mGD-gel in GFP expression. (p value was
assigned by one-way ANOVA with Dunnett’s post-hoc test [*p < 0.05, **p < 0.01, ***p < 0.001]).

luciferase was expressed more effectively in the gel form than in the general solution state. This is the same,
and it can be seen that the mGD strands were effectively elongated by the RCCA synthesis method. These
results indicate that the mGD-gel provides a high concentration of exposed protein expression sites and
can be effectively used as a material for cell-free protein expression. These results indicate that the mGD-
gel offers an efficient approach to cell-free protein expression for various genes, enabling stable and
continuous protein production.

Importantly, the mGD-gel not only expressed proteins very efficiently but was also reusable despite being
constructed based on DNA. As shown in Figure 3E, the mGD-gel could be used for GFP protein expression
five times. Interestingly, it was observed that the expression rates during the second and third protein pro-
duction were slightly higher than those during the primary protein production because the assembled
structure could slightly loosen over time, thereby increasing the chances of efficient protein expression.
Subsequently, it was observed that the protein expression level decreased by more than 3-fold, but the
mGD-gel remained reusable. To confirm the successful formation and structural stability of the mGD-
gel, SEM analysis was performed after the CFPS reaction. The results of our analysis reveal that the
mGD-gel maintains a dense network structure, characterized by the formation of particles and thin strands,
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which closely resemble its pre-reaction state. These observations suggest that the mGD-gel retains its
structural integrity and stability, even after undergoing protein expression (Figure S2). The energy disper-
sive spectroscopy (EDS) analysis results showed a significant increase in nitrogen (N) and oxygen (O) levels
for the mGD-gel after CFPS than before CFPS, indicating potential evidence of RNA and protein expres-
sion in the gels (Figure $3).° Specifically, the mGD-gel exhibited N and O levels of 5.10% and 30.72%,
respectively, before CFPS, which increased to 12.35% and 39.25%, respectively, after CFPS. These findings
demonstrate the efficacy of mGD-gels in supporting the transcription of RNA into proteins, suggesting its
potential for protein expression. Taken together, the ability of mGD-gels to maintain their structural integ-
rity even after protein expression further supports its promising candidacy for such applications.

The mGD-gel, synthesized through self-assembly technique using mGD strands, has the potential to pre-
serve and reutilize DNA templates in CFPS and showed promising results in terms of elevated protein
yields.

Reshaping and CFPS of mGD-gel

The mGD-gel can be reshaped into various shapes through simple molding techniques, as demonstrated
in Figure 4. To achieve this, we utilized a freeze-casting approach to induce the reconstruction of the inter-
nal structure of mMGD-gel. This technique increases the local concentration of DNA while also allowing nu-
cleic acids to maintain and enhance their function in the frozen state.”’ Consequently, we were able to
improve the stability and reshaping properties of self-assembled mGD strands in this system.

In Figure 4A, the D-shape mGD-gel is produced by using a master mold for casting the reshaped mGD-gel.
After freezing for 24 h, the reshaped mGD-gel was successfully achieved from the PDMS molds (Figure 4B).
The extracted mGD-gel was stained with DNA-specific dye, GelRed, confirming again the incorporation of
DNA within the reshaped gel (Figure S4A). After reshaping the mGD-gel, its mechanical and viscoelastic
properties were analyzed to confirm gel formation (Figures 4C, 4D, and S4B). Interestingly, the storage
modulus (G') and loss modulus (G") of the analyzed mGD-gel exhibited more stable viscoelasticity in
strain-dependence than reshaped mGD-gel (Figure 4C). However, frequency-dependent oscillatory rheo-
logical measurement showed that reshaped mGD-gel had higher tensile properties than original mGD-gel
(Figure 4D). The results showed the storage modulus (G’) and loss modulus (G”), indicating that the freeze-
casting method was suitable for reshaping the mGD-gel while maintaining the gel properties. In addition,
the mechanical robustness of the reshaped mGD-gel could be improved using this method.

To verify the functionality of mGD-gel after reshaping, mGD-gel was reshaped as a D shape and per-
formed GFP expression in the cell-free system (Figure 4E). The fluorescence image at the bottom of Fig-
ure 4E shows the successful expression of the GFP protein. The reshaped mGD-gel was incubated for
48 h with cell lysis, and the GFP intensity increased to 32%. This indicates that the reshaping of mGD-
gel maintained cell-free protein productivity. These results suggest that reshaping mGD-gel is versatile
and easily fabricable, providing an effective platform for CFPS. Collectively, reshaping mGD-gel offers
advantages in terms of easy handling and stability. Its changed three-dimensional structure provides a
stable microenvironment for protein synthesis and expressed protein. Additionally, the ability to reshape
mGD-gel into different forms and sizes provides the potential for customization and versatility in various
applications, offering advantages in terms of easy handling, stability, and reusability for efficient protein
expression.

DISCUSSION

In summary, we have developed the mGD-gel based on the self-assembly of mGD strands. The mGD
strands were successfully generated from dual ssDNA plasmid templates by RCCA. The CFPS was a
one-pot process when using the mGD-gel. Our CFPS system is the most noteworthy in terms of enhancing
the protein expression from a plasmid hydrogel platform with mGD-gel, which is composed of only tandem
repeats of linear plasmids, termed mGD strands. In this system, the challenge of CFPS research was to
improve the efficiency, yield, and quality of protein production while reducing costs. In addition, the flex-
ible mechanical properties of the mGD-gel allowed it to be reshaped and injected into a customized mold.
Taking advantage of the mGD-gel, CFPS can be applied to proteins required for local and long-term
expression. In addition, the RCCA process ensures stable protein expression by increasing the long-
term genetic stability of the mGD strands amplified from the dual ssDNA plasmid templates. Considering
this advantage, the system described herein has the potential to be a universal synthesis method for
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Figure 4. Reshaping of mGD-gel

(A) Schematic illustration of manufacturing the reshaping mGD-gel and CFPS reaction on the reshaping mGD-gel.

(B) Digital images of the process of manufactured reshaping mGD-gel.

(C and D) Mechanical properties of mGD-gel and reshaping mGD-gel. Strain-stress curves and angular frequency-
dependent (e = 1%, 25°C) storage (G') and loss (G”) modulus.

(E) Green protein expression intensity over time in reshaping mGD-gel encoding GFP. The digital images below the
graph were captured before CFPS reshaping mGD-gel (left) and after CFPS reshaping mGD-gel (right). Reshaping mGD-
gel (left) and after CFPS reshaping mGD-gel (right). Scale bar: 0.5 cm.

protein expression without considering the cellular environment, which is critical for translation. The mGD-
gel’s reusability, moldability, and injectability hold promise as functional genetic materials for diverse
biomedical and biotechnology applications. Further advancements in this research field will require opti-
mizing reaction conditions, exploring cell-free systems for various genes, and utilizing advanced technol-
ogies such as microfluidics and automation to enhance protein synthesis capabilities.

Limitations of the study

This study aimed to evaluate the efficacy of mGD-gel in the expression of green fluorescent and luciferase
proteins. Our findings demonstrated that the mGD-gel exhibited superior protein expression compared to
the plasmid solution. In order to improve protein synthesis efficiency using the RCCA method in future
studies, further research is needed to explore more diverse plasmid designs.

STARx METHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Phi29 DNA polymerase Lucigen Cat# 30221-2
dNTP Mix (25 mM Mix) Thermo scientific Cat# R1122
Nuclease free water IDT Cat# 11-05-01-04
Sylgard Sewinghightech Cat# 184
GelRed® Nucleic Acid Gel Stain Biotium Cat# 41003
Critical commercial assays

1-Step Human Coupled IVT Kit Thermo scientific Cati# 88881
High-Capacity RNA-to-cDNA Kit Thermo scientific Cat# 4387406
RNeasy Kits Qiagen Cat# 74104
TnT® Quick Coupled Transcription Kit Promega Cat# L1170
Beetle lysis-juice 2x Takara Cat# 102516
PowerUp™ SYBR™ Green Master Mix Thermo scientific Cat# A25742
Oligonucleotides

pIDTSMART-AMP_EGFP This paper N/A

Primer 1 (GFP) This paper N/A

Primer 2 (T7) This paper N/A
VB211220-1262uwk_Luc This paper N/A

Primer 1 (Luc) This paper N/A

Primer 2 (T7) This paper N/A

Software and algorithms

XEl4.3.4

Hitachi SU8000

CFX Maestro Software
RheoCompass

Image J

Image lab software

Graph pad prism 8 software
SnapGene

Park systems
Hitachi
Bio-rad
Anton Parr
NIH

Bio-rad

GraphPad Software
SnapGene

https://park-systems-xei.software.informer.com/4.3/
https://www.hitachi-hightech.com/
https://www.bio-rad.com/ko-kr/
https://www.anton-paar.com/
https://imagej.nih.gov/ij/
https://www.bio-rad.com/ko-kr/product/image-lab-
software?|D=KRE6P5E8Z
https://www.graphpad.com/scientific-software/prism/

https://www.snapgene.com/

RESOURCE AVAILABILITY
Lead contact

Further information and requests regarding resources and reagents should be directed to and will be ful-
filled by the lead contact, Jong Bum Lee (jblee@uos.ac.kr).

Materials availability

e The plasmids utilized in this study were intentionally designed by the authors to fulfill specific

requirements.

e Allreagents generated in this study will be made available on request, but we may require a payment

and/or a completed Materials Transfer Agreement if there is potential for commercial application.
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Data and code availability
@ All data reported in this article will be shared by the lead contact upon request.

® The software that was used in this study is listed in the key resources table.

® Any additional information required to analyze the data reported in this study will be made available by
the lead contact upon request.

METHOD DETAILS

Synthesis of multimeric genomic DNA hydrogel

The plasmid hydrogel was designed using the Snapgene tool and purchased from Integrated DNA Tech-
nologies (IDT, IA, USA) and Vectorbulider (IL, USA) (Table ST and S2). The synthesis of the plasmid hydrogel
was carried out in three main steps with thermal cycler (T100, Bio-Rad, CA, USA). First, the double-stranded
DNA plasmid (30 nM) was denatured to single-stranded DNA plasmid by heating it at 95°C for 5 min.*%*"
Second, two complementary single-stranded DNA plasmids, along with T7 primer (15 uM) and GFP primer
(15 uM), were mixed in nuclease-free water and incubated at 50°C for 30 min, followed by slow cooling to
30°C for 10 min to allow annealing of the two complementary strands. Third, the DNA plasmid hydrogel was
synthesized using reaction polymerase @29 (1.5 U/uL) at 30°C for 72 h in the presence of dNTPs (1.5 mM).
The plasmid hydrogel was heated to 65°C for 10 min to inactivate the enzyme. Finally, the DNA plasmid
hydrogel was gently washed thrice with nuclease-free water to remove any unreacted components.

AFM imaging

The AFM imaging was performed to analyze the mGD-gel at different time points, including 0.5, 2, 6, 12,
and 24 h. To prepare the samples, they were diluted in AFM buffer containing 10 mM MgCl, and nuclease-
free water. For analysis, 20 pL of the diluted sample was deposited on a freshly cleaved mica substrate
with a DNA concentration of 0.5 to 1.0 ng/plL and incubated at room temperature (RT) for 5 min. Following
incubation, the samples were rinsed with nuclease-free water and dried in a vacuum chamber. The AFM
imaging was performed using a Park Systems NX10 in non-contact mode with a PPP-NCHR probe. The im-
ages were flattened using the XE| 4.3.4 program (Park Systems, CA, USA).

Rheological test

The rheological properties of the mGD-gel were analyzed using a controlled stress rotational rheometer
MCR302 (Anton Par, VA, USA) at room temperature (25°C). A plate-plate geometry with a 25 mm diameter
parallel plate and a gap size of 1 mm was used to measure the mechanical properties. The dynamic shear
strain sweep test was performed by applying a range of 0.01 % to 10 % strain with a fixed frequency of
10 rad/s. The dynamic frequency sweep test was carried out by applying a range of 0.1 rad/s to 10 rad/s
with a fixed strain of 0.05 %.

Green fluorescent protein quantification

The quantification of protein expression in the mGD-hydrogel was carried out using a gel imaging system
(Bio-Rad, CA, USA) equipped with a blue tray (Bio-Rad, CA, USA) using by GelDoc (Gel Doc™ EZ System,
Bio-Rad, CA, USA). Protein expression quantification analysis was performed using a 1-step in vitro tran-
scription and translation (IVT) human coupled kit (Thermo Fisher Scientific, MA, USA). The quantification
of green fluorescent protein (GFP) production was carried out using real-time polymerase chain reaction
with excitation at 489 nm and emission at 511 nm. The assay was conducted following the manufacturer’s
instructions: 1) The mGD-hydrogel was mixed with Hela lysate, accessory proteins, reaction mix, and
nuclease-free water. 2) The mixture was then incubated at 30 °C. 3) GFP fluorescence values were measured
at 3 h intervals for 96 h using the real-time PCR (CFX-96, Bio-Rad, CA, USA).

Analysis of Luciferase protein quantification

Analysis of Luciferase protein quantification was performed using the TnT® Quick Coupled Transcription
Kit (Promega, WI, USA). The experiment was conducted following the protocol provided in the kit.
Firstly, the Luc-mGD-gel was incubated with master mix and methionine at 30°C. Next, Beetle lysis-
juice 2x (Takara, Japan) was added to the mixture with the gel, and then incubated for 10 min at room
temperature. Luminescence was subsequently analyzed in a 96-well white plate using a plate reader
(The Synergy™ 2, BioTeK, VT, USA).
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GFP mRNA level quantification

The in vitro translation mixtures were first treated with DNase | for 5 min to remove any remaining plasmid
DNAs or amplified DNAs. Then, the transcribed RNAs were extracted from the same volume of mixtures
using RNA extraction kits (RNeasy Kits, Qiagen, Hilden, Germany), according to the manufacturer’s proto-
cols. RNA content was measured using a UV-Vis spectrophotometer (NanoDrop 2000c, Thermo Fisher
Scientific, MA, USA), and cDNA was synthesized using a High-Capacity RNA-to-cDNA kit (Applied Bio-
systems™, MA, USA) according to the manufacturer’s protocol. Finally, cDNAs were amplified using Tag
DNA polymerase enzyme (PowerUp™ SYBR™ Green Master Mix, Applied Biosystems™), and the extent
of amplification was measured using StepOnePlus Real-Time PCR System (Applied Biosystems™,
MA, USA).

Freeze-casting

The mGD-gel fit in the PDMS molds. For freezing, molds with mGD-gel incubated for 15 min at -80°C with
deep freezer (UniFreeze TM, Daihan Scientific, Korea). Next, to cast the mGD-gel in the mold, the mold was
alternately twisted and transferred to nuclease-free water.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were analyzed using the GraphPad Prism 8 software package (GraphPad Software, CA, USA). All
groups were compared using Student'’s t-test or one-way ANOVA, and a value of p < 0.05 was considered
statistically significant.
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