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Enhanced Protein Synthesis from Immobilized Circular DNA via 
Triple-Helix Formation 
Shunsuke Takahashi,*a Kazuki Hayashi,b Okada Jun,b Takashima Hibiki,b Nakata Koko,a Masahiko 
Oshige*b,c and Shinji Katsura*b,c 

Efficient immobilization of DNA on solid surfaces is important for the advancement of electrochemical DNA sensors, 
biosensors, and bioelectrodes. In this study, we established a new method for immobilizing circular DNA through the 
formation of triple-helical structures, enabling the high-density and oriented attachment of plasmid DNA to the substrate 
surface. We engineered biotinylated circular DNA containing a triple-stranded region by hybridizing a biotinylated 
homopyrimidine third strand with homopurine–homopyrimidine sequences in circular DNA. Subsequently, the modified 
circular DNA was effectively immobilized on streptavidin–biotin-functionalized substrate. Using a cell-free protein synthesis 
system, the yield of Discosoma sp. red (DsRed) fluorescent protein synthesized from immobilized circular DNA was 
approximately 4.6 times higher than that from immobilized linear DNA. Notably, the immobilized circular DNA template was 
effectively reused in multiple consecutive rounds of protein synthesis, highlighting its potential for repeated application. 
Overall, our strategy significantly enhances protein synthesis efficiency and provides a robust platform for the development 
of high-performance DNA arrays, biosensors, and bioelectrodes.

1. Introduction 
Solid-phase assay systems are indispensable tools for the detection 
of a wide range of analytes, from small molecules to complex 
biomolecules such as DNA and proteins, in modern analytical 
science1–3. A key aspect of these systems is the immobilization of 
biomolecules on solid surfaces, which is fundamental for developing 
DNA arrays, protein arrays, biosensors, and bioelectrodes for various 
analytical and bioelectronic applications4–7. DNA arrays (DNA 
microarrays) have revolutionized genomics by enabling the high-
throughput analysis of gene expression and genetic variation8,9. 
Similarly, protein arrays are powerful tools in proteomics for the 
simultaneous detection and quantification of multiple proteins10,11. 
However, the performance of these array-based platforms strongly 
depends on the immobilization method used, which directly 
influences the stability, activity, and accessibility of immobilized 
biomolecules. 

Various techniques have been developed for efficient DNA 
immobilization on surfaces. Physical adsorption methods rely on 
electrostatic interactions between negatively charged DNA and 
positively charged surface coatings such as poly L-lysine12, 
polypyrrole13, polyaniline14, and polyethyleneimine15. Chemisorption 

involves the formation of covalent bonds between thiol- or amine-
modified DNA and metal surfaces or specific functional groups on 
substrates16–19. Affinity-based approaches use biotin- or digoxigenin-
labeled DNA immobilized on surfaces modified with avidin–biotin or 
anti-digoxigenin systems20,21. These methods can immobilize large 
amounts of DNA at high surface densities; however, controlling the 
orientation of the immobilized DNA remains a significant challenge. 
Proper orientation is essential to ensure that immobilized DNA 
strands are accessible for hybridization with complementary targets 
and binding interactions with DNA-binding proteins. 

Single-stranded oligonucleotides and double-stranded DNA 
fragments have been extensively used as immobilization probes 
owing to their ease of synthesis and modification12–23. However, 
immobilized linear DNA has several limitations. Linear DNA strands 
are susceptible to degradation by exonucleases and cannot form 
supercoiled structures, which restricts their stability and 
transcriptional function in biological assays. These issues can reduce 
the efficiency of downstream applications, such as in vitro 
transcription, translation, and hybridization. 

To address the limitations of linear DNA immobilization and enhance 
protein expression efficiency, we focused on covalently immobilizing 
circular DNA on substrate surfaces. Circular DNA exhibits distinct 
advantages, such as resistance to exonuclease digestion and the 
ability to form supercoiled conformations that enhance 
transcriptional activity24,25. The formation of a DNA triple-helix 
structure is a promising strategy for immobilizing circular DNA in a 
controlled orientation. In this method, a homopyrimidine (Py) or 
homopurine (Pu) third strand is hybridized into the major groove of 
a homopurine–homopyrimidine (Pu–Py) sequence in the Watson–
Crick duplex via Hoogsteen hydrogen bonds26. The third strand binds 
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in parallel to the purine-rich strand of the duplex DNA. However, the 
efficient formation of triple-helical structures generally requires 
acidic conditions (pH ≤ 6) because of the need for hemi-protonated 
cytosine residues27. The structures and energetics of DNA triplexes 
have been extensively studied28,29, providing a foundation for their 
application in DNA-immobilization. 

In our strategy, a biotinylated homopyrimidine oligonucleotide (third 
strand) was hybridized with a complementary PuPy sequence 
engineered into a circular DNA plasmid, generating a biotinylated 
circular DNA containing a stable triplex region. The biotinylated 
triple-helix region enabled the circular DNA to be captured on a 
streptavidin–biotin-modified surface in an oriented manner 
(anchored via the biotinylated site). Using a cell-free protein 
synthesis system, we demonstrated that genes encoded on the 
immobilized circular DNA are efficiently transcribed and translated 
into proteins. In this study, the monomeric form of the Discosoma sp. 
red fluorescent protein (DsRed) was selected as a model because of 
its advantageous properties. Specifically, monomeric DsRed avoids 
oligomerization and matures rapidly, thereby providing a bright and 
reproducible luminescence signal that is ideal for cell-free protein 
synthesis30,31. The amount of DsRed produced from immobilized 
circular DNA was approximately 4.6 times higher than that produced 
from immobilized linear DNA. Furthermore, the immobilized circular 
DNA template could be reused for multiple protein synthesis cycles 
with measurable output, highlighting the potential of this approach 
for reusable, high-density DNA templates in biosensing and 
bioengineering applications. 

2. Experimental 
2.1 Materials 

L-Cysteine was purchased from Tokyo Chemical Industry (Tokyo, 
Japan). Biotin-(AC5)2 sulfo-OSu (6-[6-
(Biotinylamino)hexanoylamino] hexanoic acid N-
hydroxysulfosuccinimide ester) was obtained from Dojindo 
(Kumamoto, Japan). Chemically synthesized single-stranded 
oligonucleotides were obtained from Japan Bio Services 
(Saitama, Japan). Restriction enzymes Bst1107 I, BamHI, and 
HindIII were purchased from TaKaRa Bio, Inc. (Tokyo, Japan). 
Phusion High-Fidelity DNA Polymerase was obtained from 
Thermo Fisher Scientific (Waltham, MA, USA). All other 
reagents were of analytical grade and purchased from Sigma-
Aldrich (St. Louis, MO, USA), Nacalai Tesque (Kyoto, Japan), and 
FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). 
 

2.2 Construction of Circular DNA with Triple Helix Forming 
Sequence 

The plasmid pUC19 containing a homopyrimidine–homopurine 
(PyPu) sequence insert (pUC19-PyPu) was a kind gift from Ms. Y. 
Morii (Toyohashi University of Technology, Japan)26. A DNA 
fragment containing the designed PyPu sequence was 
synthesized by PCR using the primers 5ʹ-
AATTTCTTTTCTTTTTCTTTTCTCGAG-3ʹ and 5ʹ-
AGCTCTCGAGAAAAGAAAAAGAAAAGA-3ʹ. The resulting DNA 
fragment was inserted into the pUC19 plasmid, which was 

digested with BamHI and HindIII using the DNA Ligation Kit 
Mighty Mix (TaKaRa Bio), yielding the plasmid pUC19-PyPu (Fig. 
S1). The construct was transformed into Escherichia coli XL1-
Blue competent cells (Agilent Technologies). Positive 
transformants were selected, and plasmid DNA was purified 
from a 100 mL culture using a Qiagen Plasmid Midi Kit (Qiagen). 
The resulting DNA concentration was measured using a UV-Vis 
spectrophotometer (UVmini-1240; Shimadzu, Kyoto, Japan). 

 

2.3 Construction of DsRed Expression Plasmid with Triple Helix 
Forming Sequence 

The PyPu sequence from pUC19-PyPu was amplified by PCR using the 
primers 5ʹ-CGATAGCGGAGTGTACGGCATCAGAGCAGATTGTA-3ʹ and 
5ʹ-ATAGTTAAGCCAGTAGAGTCAGTGAGCGAGGAAGC-3ʹ. The PCR 
product containing the PyPu triple-helix target sequence was cloned 
into the pET21a vector at the Bst1107 I restriction site using an In-
Fusion cloning kit (TaKaRa Bio), yielding pET21a-PyPu. 

Separately, the gene encoding DsRed fluorescent protein (from 
plasmid pDsRed-Monomer, TaKaRa Bio) was PCR-amplified with the 
forward primer 5ʹ-CGCGGATCCGCGATGGACAACACCGAGGACGTC-3ʹ 
and reverse primer 5ʹ-CCCAAGCTTGGGCTGGGAGCCGGAGTGGCG-3ʹ. 
The DsRed PCR product was digested with BamHI and HindIII and 
ligated into pET21a-PyPu using the DNA Ligation Kit Mighty Mix, 
yielding the expression plasmid, pET21a-PyPu-DsRed (Fig. 1 and S1). 
The ligation product was transformed into E. coli XL1-Blue cells, and 
the plasmid DNA was purified as described previously. The DNA 
concentration was measured spectrophotometrically. 

2.4 Assay for Triple-Helix Formation 

To prepare DNA fragments for triple helix formation, pUC19-PyPu 
plasmid DNA was digested with PvuII and XhoI. The resulting DNA 
fragments were purified by ethanol precipitation, and their 
concentrations were determined using a UV-Vis spectrophotometer 
(UVmini-1240; Shimadzu, Kyoto, Japan). For triple-helix formation in 
a 135 bp fragment containing a PuPy sequence, a 10 µL reaction 
mixture was prepared containing 1.5 pmol digested DNA, 10 pmol 
biotinylated homopyrimidine single-stranded oligonucleotide (third 
strand), 20 mM sodium acetate buffer (pH 5.0), and 10 mM MgCl₂. 
The mixture was incubated at 15 °C for 3 h to form a triple helix 
structure. Then, 6 µL of 10 mg/mL streptavidin was added and mixed 
at room temperature for 10 min to bind the biotinylated triple-helix 
DNA to the streptavidin. Triple-helix formation was analyzed using an 
electrophoretic mobility shift assay (EMSA) on a 12% native 
polyacrylamide gel. After electrophoresis, the gel was stained with 
an EzStain Silver Kit (Atto, Tokyo, Japan) according to the 
manufacturer's instructions. 

2.5 Formation of Triple Helix Structure in Circular DNA 

To form a triple-helix region within pET21a-PyPu-DsRed, a 10 μL 
reaction containing 20 mM acetate buffer (pH 5.0), 10 mM 
MgCl2, 2.0 pmol of pET21a-PyPu-DsRed, and 10 pmol of a 
biotinylated homopyrimidine oligonucleotide (5ʹ-
AGCTCCCTTTTCTTTTTTCTTTTCT-Biotin-3ʹ) was incubated at 
15 °C for 3 h. Under these conditions, the biotinylated Py strand 
hybridized to the target PuPy sequence in the plasmid, forming 
a local triple helix with a biotin tag. 
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2.6 Preparation of Avidin-Biotin Modified Substrates 

Gold-coated glass coverslips were used as the substrates. A thin 
gold film (Nilaco, Tokyo, Japan) was attached to a clean glass 
coverslip (Matsunami Glass, Tokyo, Japan). The gold-coated 
slides were cleaned by immersion in 1.0 N nitric acid for 1 h, 
followed by thorough rinsing with Milli-Q water. Next, a self-
assembled monolayer was formed by electrodeposition of L-
cysteine: the gold-coated coverslip (working electrode, positive) 
and an aluminum plate (counter electrode, negative) were 
immersed in 10 mL of 1.0 M L-cysteine solution (pH 9.4, 
adjusted with NaOH). A constant current of 50 mA was applied 
for 5 min at 37 °C with stirring. After electrodeposition, the 
substrate was rinsed with Milli-Q water. 

To functionalize the surface with biotin, the L-cysteine-modified 
gold coverslips were incubated overnight at room temperature 
in 7.5 mg/mL Biotin-(AC5)2 sulfo-OSu (in 50 mM NaHCO3-NaOH 
buffer, pH 8.6). The biotinylated substrates were rinsed 
thoroughly with water and incubated with 5 mg/mL streptavidin 
in 10 mM HEPES buffer (pH 8.0) for 1 h at room temperature. 
After streptavidin attachment, the substrates were rinsed with 
water to remove unbound proteins, yielding a streptavidin–
biotin-functionalized surface for DNA capture. 

2.7 Immobilization of Circular DNA on the Prepared Substrate 

Circular DNA containing the biotinylated triple-helix region was 
spotted onto a streptavidin–biotin-modified gold substrate. The 
substrate was kept in a humidified chamber at room 
temperature for 1 h to allow the biotinylated DNA to bind to the 
surface via streptavidin. After incubation, the substrate was 
gently rinsed with Milli-Q water to remove any unbound DNA. 
To visualize the immobilized DNA, the surface was stained by 
applying 10 μL of 1× SYBR Green I nucleic acid stain (TaKaRa Bio) 
and incubated in the dark for 30 min. The substrate was then 
rinsed with water and washed briefly with 1% Triton X-100 (to 
reduce nonspecific background fluorescence), followed by a 
final water rinse. The substrate was kept wet until imaging to 
avoid drying artifacts from occurring. 

2.8 Cell-Free Protein Synthesis on Immobilized Circular DNA 

The DNA-immobilized substrate prepared above was directly 
used as a template for in situ cell-free protein synthesis. A cell-
free protein synthesis mixture was prepared according to the 
manufacturer’s instructions (S30 T7 High-Yield Protein 
Expression System; Promega, Madison, WI, USA). Twenty 
microliters of the cell-free reaction mix was applied to the DNA-
immobilized area of the substrate (ensuring that the entire 
spotted DNA region was covered). The substrate with the 
reaction mixture was incubated at 37 °C for 8 h in a humidified, 
sealed environment to prevent evaporation. During incubation, 

the setup was protected from light to minimize the 
photobleaching of the fluorescent protein product. 

2.9 Cell-Free Protein Synthesis on Immobilized Linear DNA 

For comparison, a biotinylated linear DNA template encoding 
DsRed was also prepared. A linear DNA fragment containing a 
T7 promoter, DsRed coding sequence, and T7 terminator was 
PCR-amplified from pET21a-PyPu-DsRed using the T7 promoter 
primer 5ʹ-TAATACGACTCACTATAGGG-3ʹ and a biotinylated 
reverse primer 5ʹ-Biotin-GCTAGTTATTGCTCAGCGG-3ʹ (which 
binds downstream of the T7 terminator). The PCR product was 
purified, and 2.0 pmol of the biotinylated linear DNA was 
spotted onto a streptavidin–biotin-modified substrate 
(prepared as described in Section 2.6). The immobilization and 
cell-free protein synthesis procedures for linear DNA were 
identical to those described above for the circular DNA.  

2.10 Observation and Quantification of Immobilized DNA and 
Protein 

Fluorescence microscopy was used to observe both the 
immobilized DNA and synthesized DsRed protein on the 
substrates. Fluorescent images were acquired using a Nikon 
Eclipse TE2000-U inverted fluorescence microscope equipped 
with a 4× objective lens (numerical aperture 0.13). SYBR Green 
I-stained DNA was visualized using a B-2A filter set (excitation 
470 ± 20 nm, emission ~520 nm). DsRed fluorescence was 
observed using a G-2A filter set (excitation 535 ± 25 nm, 
emission ~590 nm). Images were captured using a Nikon D80 
digital camera with a 10 s exposure time for consistency. 
Fluorescence intensities in the images were analyzed using the 
NIH ImageJ software. 

2.11 Quantification of Protein Yield Using Calibration Curves 

To quantify the amount of DsRed protein synthesized on DNA-
immobilized substrates, calibration curves were constructed 
using known quantities of purified DsRed protein. Standard 
samples containing 0 ng (no protein), 32.5, 65, 130, 325, and 
650 ng DsRed were spotted onto clean (unmodified) gold 
surfaces within a defined 3 mm × 3 mm area. Standard spots 
were imaged using the same fluorescence settings as those 
used for the experimental samples. ImageJ was used to 
measure the fluorescence intensity of each standard spot, and 
a calibration curve was generated by plotting the fluorescence 
intensity against the known protein amount. Because small 
variations in the excitation light intensity can occur between 
imaging sessions, a fresh calibration curve was generated for 
each set of experiments to ensure accuracy. The fluorescence 
intensity of DsRed on DNA-immobilized substrates was then 
converted to an absolute protein quantity (ng/mm²) by 
referencing the appropriate calibration curve. 
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3. Results and discussion 
3.1 Immobilization of Circular DNA via Triple-Helix Formation. 

We developed a novel approach to enhance DNA immobilization 
efficiency by forming a triple helical structure between circular DNA 
and a biotinylated oligonucleotide. In this method, a biotinylated Py 
single-stranded oligonucleotide hybridizes with complementary Pu–
Py sequences in a circular DNA plasmid to form a stable triplex DNA 
region. Initially, the formation of triple-helix structures was 
evaluated by hybridizing a biotinylated homopyrimidine single-
stranded oligonucleotide (third strand) to the PuPy sequence in 
double-stranded DNA using pUC19-PyPu. Digestion of pUC19-PyPu 
yielded three fragments of approximately 135, 200, and 5000 bp. 
Figure 1A shows the EMSA results. Lane 1 shows a 135 bp DNA 
fragment without the biotinylated third strand at the expected 
position, indicating the absence of triple-helix formation and 
streptavidin binding. Lane 2 displays the 135 bp fragment after triple-
helix formation and streptavidin addition, showing reduced 
electrophoretic mobility with an upward-shifted band. This shift 
indicated successful triple helix formation and binding of biotinylated 
DNA to streptavidin. The absence of a shift without biotinylated 
oligonucleotides (Lane 1) confirmed that triple-helix formation was 
essential for streptavidin binding. These results show that the PuPy 
sequence in double-stranded DNA can hybridize with biotinylated 
homopyrimidine oligonucleotides to form a stable triple-helix 
structure, facilitating DNA binding to streptavidin. 

The biotinylated circular DNA, containing this triple-helix region, can 
then be oriented-immobilized on a streptavidin–biotin modified 
substrate in an oriented fashion via the biotin tag. The effectiveness 
of this method was evaluated using three types of samples: (i) 
unlabeled circular DNA (pET21a-PyPu-DsRed) to assess the non-
specific adsorption binding of the plasmid DNA to the surface, (ii) 
biotinylated single-stranded oligonucleotides to determine the 
independent immobilization ability, and (iii) biotinylated circular 
DNA containing the triple-stranded region to examine the 
immobilization efficiency. After immobilization, the substrates were 
stained with SYBR Green I, which is an intercalating dye, and 
observed under a fluorescence microscope to detect the surface-
bound DNA. As shown in Figure 1, the substrate treated with 
unlabeled circular DNA exhibited minimal fluorescence (Fig. 1B), 
indicating negligible nonspecific adsorption. Similarly, substrates 
treated with biotinylated oligonucleotides alone (Fig. 1C) showed no 
significant fluorescence signal, indicating that these oligonucleotides 
did not form detectable duplex or triplex structures under the 
experimental conditions used. SYBR Green I preferentially stains 
dsDNA, whereas single-stranded oligonucleotides yield weak, length-
dependent signals. Therefore, the fluorescence intensities of the 
biotinylated oligonucleotides (27 mer) were not used for 
quantitative comparison. In contrast, substrates treated with 
biotinylated circular DNA containing a triple-stranded region (Fig. 1D) 
showed strong fluorescent signals after staining, confirming that the 
biotinylated third strand successfully formed a triplex with the 
circular DNA and that the resulting biotin-tagged triple helix enabled 
effective immobilization via streptavidin–biotin interactions. 

Following imaging, we performed quantitative fluorescence analysis 
to estimate the surface density of the immobilized circular DNA. By 

comparing the SYBR Green fluorescence intensity on the surface to a 
standard curve (from DNA solutions of known concentration), we 
estimated that approximately 1.51 ng of DNA per mm² was 
immobilized using this method. This corresponds to a high surface 
density of plasmid DNA templates achieved with a single-site (triplex) 
attachment. Therefore, the developed triple-helix-based method 
efficiently immobilizes circular DNA in a high-density and oriented 
manner on the substrate surface, providing a robust platform for 
downstream applications. 

 

Fig. 1. (A) Electrophoretic mobility shift assay confirming triple-helix 
formation. A biotinylated homopyrimidine single-stranded 
oligonucleotide (third strand) was hybridized to the PuPy sequence 
in pUC19-PyPu to form a triple-helix structure. Arrows indicate DNA 
fragments of approximately 135, 200, and 5000 bp. The arrowhead 
indicates the upward-shifted band, which is formed by 
approximately 135-bp DNA fragment forming a triple helix with a 
biotinylated oligonucleotide and then binding to streptavidin. The 
samples were separated on a 12% native PAGE gel and stained using 
an EzStain Silver Kit. Fluorescence images of DNA immobilized on 
streptavidin–biotin-modified substrates under three experimental 
conditions: (B) unlabelled circular DNA (pET21a-PyPu-DsRed), (C) 
biotinylated single-stranded oligonucleotides functioning as a third 
strand, and (D) biotinylated circular DNA containing a triple-stranded 
DNA region. Following immobilization, the substrates were stained 
with SYBR Green I and visualized using fluorescence microscopy. The 
enhanced fluorescence intensity observed in (D) confirms the 
successful formation of the triple-helix structure. Scale bar = 1 mm. 
(E) plasmid maps of pET21a-PuPy-DsRed. 

 

3.2 Enhanced Cell-Free Protein Synthesis using Immobilized Circular 
DNA. 

Next, we investigated whether the immobilized circular DNA could 
serve as an effective template for protein synthesis using a cell-free 
system. Using immobilized circular DNA encoding DsRed, we 
performed cell-free protein synthesis and monitored DsRed protein 
expression over time using fluorescence imaging. Figure 2A–D shows 
fluorescence images of DsRed on the substrate after 0, 4, 8, and 16 h 
of incubation. At 0 h (Fig. 2A), a red fluorescence signal was not 
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observed on the substrate. At 4 h (Fig. 2B), a moderate red 
fluorescence signal was observed on the substrate, indicating the 
initiation of DsRed protein synthesis. At 8 h (Fig. 2C), the fluorescence 
intensity was significantly increased, reflecting the robust 
accumulation of DsRed protein. However, only a slight increase in 
fluorescence intensity was observed after extending the incubation 
to 16 h (Fig. 2D) compared to that at 8 h. Quantitative image analysis 
(Fig. 2E) revealed that the amount of synthesized DsRed was 
approximately 39.7 ng/mm² at 4 h, 61.8 ng/mm² at 8 h, and 
64.5 ng/mm² at 16 h. The protein yield showed no statistically 
significant increase between 8 h and 16 h (p < 0.01 between 4 h and 
8 h), suggesting that DsRed synthesis plateaued at approximately 8 
h. This behavior is similar to that reported previously by Arce et al., 
indicating that sfGFP expression in the S30 T7 high-yield protein 
expression system reaches a plateau in approximately 8 h32. Thus, 8 
h of incubation was deemed optimal for maximal protein production 
in our system.  

 

Fig. 2. Fluorescence images and quantitative analysis of the 
Discosoma sp. red (DsRed) protein synthesized from immobilized 
circular DNA using a cell-free protein synthesis system at (A) 0, (B) 4, 
(C) 8, and (D) 16 h. (E) Quantitative comparison of DsRed yields at all 
time points. Fluorescence intensity was measured using ImageJ 
software. Statistical significance was determined using the t-test (p < 
0.01). Error bars represent the standard deviation of three 
independent experiments (n = 3). Scale bar = 1 mm. 

 

We then compared the protein expression efficiency of our 
immobilized circular DNA template with two other conditions: an 
immobilized linear DNA template and a negative control without 
immobilized DNA. Fluorescence images after 8 h of incubation are 
shown in Figure 3A–D. Negative controls (Fig. 3A) showed no 
detectable fluorescence, confirming that any background or 
nonspecific DNA adsorption did not produce proteins on the 
substrate. The substrate with immobilized linear DNA (Fig. 3B) 
showed a fluorescent signal, indicating that some DsRed was 
expressed from the linear template. However, the fluorescence 
intensity of the linear DNA template was notably lower than that of 
the circular DNA template (Fig. 3C). Quantitative analysis (Fig. 3D) 
revealed that the amount of DsRed synthesized from immobilized 
linear DNA was approximately 12.7 ng/mm², whereas that 
synthesized from immobilized circular DNA was approximately 
61.8 ng/mm², indicating a significant 4.6-fold increase in protein 
synthesis using the immobilized circular DNA (p < 0.001). Although 
the amount of DsRed synthesized from free linear DNA templates 

was not evaluated in this study, our results show that the amount of 
DsRed synthesized from circular DNA immobilization is significantly 
higher than that from linear DNA immobilization in cell-free protein 
synthesis. 

 

Fig. 3. Fluorescence images and yields of DsRed protein synthesized 
using a cell-free protein synthesis system under three DNA template 
conditions: (A) negative control (no immobilized DNA), (B) 
immobilized linear DNA, and (C) immobilized circular DNA. (D) 
Quantitative comparison of DsRed production using (A) non-
immobilized DNA, (B) immobilized linear DNA, and (C) immobilized 
circular DNA. Fluorescence intensity was measured using ImageJ 

software. Statistical significance was determined using the t-test (p < 
0.001). Error bars represent the standard deviation of three 
independent experiments (n = 3). Scale bar = 1 mm. 

 

The enhanced protein synthesis from immobilized circular DNA 
(compared to that from immobilized linear DNA) can be attributed to 
several factors, as discussed below. First, linear DNA is susceptible to 
exonuclease degradation in cell-free systems, particularly because a 
linear DNA molecule presents free ends that can be attacked by the 
exonucleases. As an exception, enhanced protein yields from linear 
DNA templates in cell-free protein synthesis systems have been 
achieved using several strategies33. These include the deletion of 
RecBCD34, endA35, or RNase E36 genes in E. coli, protection of linear 
DNA template ends37,38, and optimization of the cell-free reaction 
buffer34. However, we focused on the method of DNA immobilization 
in this study, whether linear or circular, and consequently, we did not 
implement these measures. In contrast, covalently closed circular 
DNA has no free ends, rendering it much more resistant to 
exonuclease activity and allowing it to maintain its integrity as a 
template throughout the reaction. Second, circular DNA can adopt 
supercoiled conformations, which significantly enhances its 
transcriptional activity39,40. Supercoiling induces local unwinding of 
the DNA helix, facilitating the initiation and elongation of 
transcription. In contrast, biotinylation was applied at the 5′ end of 
our linear DNA template, resulting in the immobilization of one end 
of the DNA on the surface. Immobilized linear DNA is topologically 
constrained and cannot easily form supercoils, thereby limiting its 
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transcriptional efficiency. Furthermore, the immobilization of one 
end of the DNA may restrict rotational freedom and local DNA 
relaxation, potentially reducing transcription efficiency compared to 
that of internally immobilized circular DNA triple-stranded structures. 
In cell-free protein synthesis, linear DNA is typically used as a 
template and is produced through PCR amplification. While 
linearizing circular DNA templates via restriction enzyme digestion 
facilitates a more thorough examination of topological relationships, 
incomplete digestion and potential inhomogeneity due to biotin 
labelling may hinder accurate evaluation. Therefore, this method 
was not used in the current study. This issue remains a subject for 
future research; however, the combination of these factors 
contributed to significantly enhanced mRNA and protein yields from 
circular DNA templates in this study. 

To verify that the higher protein yield from the immobilized circular 
DNA was not simply due to a greater amount of DNA (versus the 
linear template), we performed a control experiment comparing 
protein synthesis from an immobilized circular DNA to that from an 
equivalent amount of free (non-immobilized) circular DNA in solution. 
In the latter case, the same circular plasmid was added to the cell-
free reaction mixture without surface immobilization (i.e., a standard 
solution-phase cell-free expression). The results showed very similar 
DsRed production under both conditions. Fluorescence images of in 
situ-immobilized circular DNA vs. free circular DNA in solution (Fig. 
4A and 4B, respectively) had comparable intensities. Quantitative 
analysis (Fig. 4C) indicated that the DsRed yields were not 
significantly different (approximately 54.4 ng/mm² for the free DNA 
reaction vs. 61.8 ng/mm² for the immobilized DNA reaction). These 
results suggest that immobilizing circular DNA on the surface does 
not hinder its transcriptional or translational accessibility. In other 
words, the cell-free transcription/translation machinery can access 
and utilize surface-tethered circular DNA almost as effectively as 
DNA in a free solution. The immobilization method provides the 
benefits of template stabilization and reuse without compromising 
the protein expression efficiency. 

 

Fig. 4. Fluorescence images and quantitative analysis of DsRed 
protein synthesized using a cell-free system from (A) immobilized 
circular DNA (in situ) and (B) free circular DNA in solution (in vitro). 
The comparable fluorescence intensities observed in (A) and (B) 
indicate that immobilization did not impede protein synthesis. (C) 
Quantitative comparison of DsRed yields from (A) immobilized 
circular DNA and (B) free circular DNA. Fluorescence intensity was 
quantified using ImageJ software. Error bars represent the standard 
deviation of three independent experiments (n = 3). Scale bar = 1 mm. 

 

3.3 Reusability of the Immobilized Circular DNA for Protein 
Synthesis 

An important advantage of our DNA immobilization mehtod is the 
potential to reuse the same circular DNA-coated surface for multiple 
rounds of protein synthesis. We investigated this reusability by 
conducting seven consecutive cell-free synthesis cycles on a single 
DNA-immobilized substrate, with thorough washing between cycles. 
After each 8-hour reaction, the substrate was washed with water and 
a 1% Triton X-100 solution to remove residual reaction components 
(enzymes, expressed protein, etc.) while attempting to preserve the 
immobilized DNA. The substrate was then incubated with a fresh cell-
free reaction mixture for the next cycle. 

Figure 5A shows fluorescence images of DsRed protein expressed on 
the substrate over seven sequential cycles. Strong fluorescence was 
observed in cycle 1, and visible fluorescence persisted through 
several cycles, diminishing with each successive round. The 
quantitative analysis of the DsRed expression yield per cycle is 
presented in Fig. 5B. The calculated amounts of DsRed synthesized in 
cycles 1–7 were approximately 61.8, 28.4, 19.4, 15.8, 11.0, 8.9, and 
7.6 ng/mm², respectively. Notably, after the first cycle, the yield 
dropped by more than half and continued to decline in subsequent 
cycles. The decrease in protein synthesis output upon reuse is likely 
due to the gradual loss of immobilized circular DNA from the surface 
over multiple washes and reaction steps. Our method relies on triple-
helix DNA interactions that are optimally stable under acidic 
conditions. However, cell-free protein synthesis reactions are carried 
out at near-neutral pH to maintain enzymatic activity41. Under these 
neutral conditions, the Hoogsteen bonds in the DNA triplex can 
partially dissociate42, potentially leading to the slow release of 
circular DNA from the surface with each cycle. 

 

Fig. 5. (A) Fluorescence images of DsRed synthesized from 
immobilized circular DNA over seven consecutive protein synthesis 
cycles using a cell-free system. (B) Quantitative analysis of DsRed 
yield per cycle, with fluorescence intensities quantified using ImageJ 
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software. Error bars represent the standard deviation of three 
independent experiments (n = 3). Scale bar = 1 mm. 

 

To verify that DNA loss was responsible for the decline in protein 
yield, we quantified the amount of circular DNA remaining on the 
substrate after each cycle (using SYBR Green I staining and image 
analysis; see Fig. S2). Indeed, the amount of immobilized DNA 
decreased by approximately 52% after the first synthesis cycle and 
continued to decrease with each subsequent cycle. This reduction in 
surface-bound DNA correlated well with the observed decrease in 
DsRed yield, supporting the conclusion that DNA dissociation was the 
primary factor diminishing protein synthesis over multiple uses. 
Despite the decrease in yield, it is noteworthy that even after four 
cycles, the amount of DsRed produced in that cycle (~15.8 ng/mm² 
in cycle 4) was still higher than the initial yield from an immobilized 
linear DNA template (~12.7 ng/mm² in the first and only cycle for 
linear DNA template). This highlights the superior performance of the 
circular DNA systems. The ability to produce detectable protein 
through seven cycles demonstrates the reusability of the 
immobilized circular DNA platform. 

To further improve the reusability of DNA-functionalized surfaces, 
future studies should explore strategies to stabilize triple-helix 
interactions under neutral pH conditions. Possible approaches 
include chemically modifying the third strand (for example, using 
base analogs or backbone modifications that strengthen triplex 
formation at higher pH) or employing alternative triplex-forming 
chemistries that are inherently stable at physiological pH43. 
Additionally, covalent linkage strategies can be combined with the 
triplex approach to permanently tether circular DNA after initial 
targeting. By enhancing the stability of the immobilized DNA 
template, it should be possible to maintain high protein synthesis 
efficiency over many more reuse cycles, thereby increasing the 
practicality of this method for applications such as renewable 
biosensors and reusable protein microarray. 

4. Conclusions 
In this study, we successfully developed a novel method for 
immobilizing circular DNA via triple-helix formation, achieving 
significantly enhanced protein synthesis in cell-free systems 
compared to traditional methods using immobilized linear DNA. 
The triple-helix strategy allows for high-density, oriented 
immobilization of plasmid DNA on a surface, which, in turn, 
produces approximately 4.6 times more protein than the linear 
DNA template under identical conditions. The immobilized 
circular DNA also exhibited superior stability and could be 
reused over multiple synthesis cycles while maintaining a higher 
cumulative protein output than the linear DNA system. These 
remarkable improvements highlight the potential of 

immobilized circular DNA as a robust and efficient template for 
in vitro protein production. 
This study demonstrates the potential application of triple-
helix-mediated circular DNA immobilization in various fields. 
The enhanced stability, high yield, and reusability of the 
immobilized circular DNA make it an attractive platform for 
developing advanced biosensors, bioelectronic devices, and 
next-generation DNA/protein array technologies. By enabling 
the repeated use of DNA templates and boosting protein 
synthesis efficiency, our strategy contributes to the creation of 
high-performance biointerfaces and offers a new paradigm for 
on-surface genetic reactions in analytical and synthetic biology. 
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