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ABSTRACT: Highly sensitive detection of microRNAs (miR-
NAs) is of great significance in early diagnosis of cancers. Here, we
develop a palindrome-embedded hairpin structure and its target-
catalyzed padlock cyclization for rolling circle amplification, named
PHP-RCA for simplicity, which can be applied in label-free
ultrasensitive detection of miRNA. PHP-RCA is a facile system
that consists of only an oligonucleotide probe with a palindrome-
embedded hairpin structure (PHP). The two ends of PHP were
extended as overhangs and designed with the complementary
sequences of the target. Hence, the phosphorylated PHP can be
cyclized by T4 DNA ligase in the presence of the target that serves
as the ligation template. This ligation has formed a palindrome-
embedded dumbbell-shaped probe (PDP) that allows phi29
polymerase to perform a typical target-primed RCA on PDP by taking miRNA as a primer, resulting in the production of a
lengthy tandem repeat. Benefits from the palindromic sequences and hairpin-shaped structure in padlock double-stranded structures
can be infinitely produced during the RCA reaction and provide numerous binding sites for SYBR Green I, a double-stranded dye,
achieving a sharp response signal for label-free target detection. We have demonstrated that the proposed system exhibits a good
linear range from 0.1 fM to 5 nM with a low detection limit of 0.1 fM, and the non-target miRNA can be clearly distinguished. The
advantages of high efficiency, label-free signaling, and the use of only one oligonucleotide component make the PHP-RCA suitable
for ultrasensitive, economic, and convenient detection of target miRNAs. This simple and powerful system is expected to provide a
promising platform for tumor diagnosis, prognosis, and therapy.

1. INTRODUCTION
Biomarkers are a kind of small or macromolecular substance
that can reflect specific disease information, including but not
limited to proteins,1,2 nucleic acids,3 metabolites, and
hormones, which is crucial in the early diagnosis, prognosis,
and treatment of numerous human diseases such as cancers.4

In the 21st century, with the rapid development of molecular
biology, immunology, and genomics, a tumor biomarker (TM)
has attracted great attention owing to widespread applications
in patient assessment in a variety of clinical settings, such as
risk assessment, early diagnosis, drug efficacy assessment, and
prognostic diagnosis.5,6

MicroRNAs (miRNAs) are a class of small (∼22 bases) non-
coding RNA with the ability to regulate gene expression.7−9

Accumulating experience has revealed that the aberrant
expression of certain miRNAs is closely associated with
plentiful human diseases, such as Alzheimer’s disease,10

diabetes mellitus,11 and, in particular, highly fatal cancers.12,13

It is intrinsically because of the critical roles of miRNAs across
the cellular processes of cancer closely related to initiation and

progression including the proliferation, apoptosis, and differ-
entiation.14 The representative case is that the miR-21 has
been found to be overexpressed in many cancers, such as
chronic lymphocytic leukemia,15 acute myeloid leukemia,16

glioblastoma,17−19 breast cancer,20 and prostate cancer,21 and
miR-21 has been designated as a nonspecific biomarker of all
maladies.22 Accordingly, miRNAs are considered as important
tumor markers to evaluate the initiation, stage, and treatment
of tumors, and the miRNA expression assay is of significance
for early diagnosis and prognosis of tumors.23,24 However, the
miRNA detection remains a great challenge owing to the
intrinsic properties of miRNAs, such as a low expression

Received: October 10, 2022
Accepted: December 19, 2022
Published: January 4, 2023

Articlehttp://pubs.acs.org/journal/acsodf

© 2023 The Authors. Published by
American Chemical Society

2253
https://doi.org/10.1021/acsomega.2c06532

ACS Omega 2023, 8, 2253−2261

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Huaiwen+Zeng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongyin+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junliang+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qi+Pang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Siqiang+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shaoqi+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chang+Xue"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhifa+Shen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhifa+Shen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c06532&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06532?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06532?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06532?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06532?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06532?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/2?ref=pdf
https://pubs.acs.org/toc/acsodf/8/2?ref=pdf
https://pubs.acs.org/toc/acsodf/8/2?ref=pdf
https://pubs.acs.org/toc/acsodf/8/2?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c06532?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


abundance, short length, and sequence homology.23 In general,
the conventional methods including quantitative real-time
PCR (qRT-PCR), northern blotting, and microarrays have
been developed and reached impressive progress for miRNA
assays over the past decades; however, inevitable imperfec-
tions, such as poor repeatability and sensitivity of the northern
blotting, PCR needing a strict and complicated thermal cycler,
and requiring trained technicians in microarrays, obviously
limits the applications in practical analysis. Therefore, there is
an imperative need for developing novel methods with high
sensitivity, simplicity, and convenience to reliably detect
miRNAs for early diagnosis and prognosis of tumors.

Strand displacement amplification (SDA), for instance, has
been reported to be an efficient process that enables rapidly
accumulating a mass of nucleic acid sequences under catalysis
of various enzymes known as the powerful toolboxes of DNA,
and numerous SDA-based methods also have been successfully
applied in amplified miRNA detection.25−29 Despite having
reached high sensitivity and efficiency, the cost efficiency and
stability are compromised due to the fact that SDA-based
reactions are always dependent on more than two, even three,
kinds of enzymes, such as the Klenow fragment, endonuclease,
and Nb.BbvCI, which work together in a precisely combined
manner.30,31 Noteworthy, rolling circle amplification (RCA) is
a method that enable performs amplification reactions based
on a single circular padlock probe and one phi29 enzyme to
produce a lengthy tandem repeat sequence.32−34 In spite of the
fact that the RCA reaction is powered purely depending on the
phi29 enzyme, the impressive amplified capability of RCA has
been used to detect targets of interest that are expressed at a
trace level, indicating that the RCA-based method is suitable
for the development of a sensing platform toward miRNA
detection.35,36

The fluorophore- and quencher-modified probes were
practicable for signaling in the nucleic acid-based system,
and by contrast, a label-free system without any modified

groups further decreases the synthesis period of probes and the
detection cost. SYBR Green is a kind of luminescent dye that
works by inserting into double-stranded DNA while quenched
under other circumstances. Theoretically speaking, the efficient
accumulation of double-stranded DNA and use of SYBR Green
as an indicator are enable us to develop a cost-effective and
rapid approach for target detection especially in some
unforeseeable emergency circumstances or in resource-limited
rural areas.

Consequently, we herein design a palindrome-embedded
hairpin structure and its target-catalyzed padlock cyclization for
target-primed rolling circle amplification (PHP-RCA), which
can be applied in label-free ultrasensitive detection of miRNA.
Palindrome fragments are DNA sequences whose base order is
the same whether they are read from 5′ to 3′ ends or vice versa
and play important roles in biological processes, including gene
expression, transcription, chromosome translocation, and so
on.37−39 Palindromic sequences have the unique property of
hybridizing with each other to form double chains, which
provided the potential for exploiting low-cost and rapid
sensors.40,41 In this work, a palindrome-embedded hairpin
structure (PHP) was designed in the initial state that enables
efficiently transforming the single-stranded RCA product into
double-stranded DNA and allowing the insertion of SYBR
Green dye for label-free signaling. Benefits of a high-efficiency
of RCA, a label-free response mechanism, and the use of only
one oligonucleotide component, make the PHP-RCA suitable
for ultrasensitive, economic, and convenient detection of target
miRNAs. This simple and powerful design is expected to
develop a promising platform in the ultrasensitive detection of
miRNAs to be used for tumor diagnosis, prognosis, and
therapy.

2. RESULTS AND DISCUSSION
2.1. Principle of the PHP-RCA for Label-Free Target

Detection. PHP-RCA is a facile system that consists of only

Scheme 1. (A) Molecule Structure of PHP and Functional Region Analysis and (B) the Principle of PHP-RCA for Label-Free
Ultrasensitive Detection of Target miRNA
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an oligonucleotide probe with a palindrome-embedded hairpin
structure (PHP). In this work, PHP is structurally designed to
a hairpin structure, which contains two functional regions as
follows: two overhangs with the complementary sequence of
the target at the two ends for target recognition and initiating
the reaction (region I) and a palindromic fragment embedded
in the loop of PHP for enhancing the self-hybridization of RCA
production (region II). The detailed sequence of PHP is listed
in Table S1. The molecule structure of PHP as well as the
locations of regions I and II are depicted in Scheme 1A. Under
natural conditions, the PHP spontaneously folds into a hairpin-
shaped structure attached with two overhangs that move freely.
Upon being introduced to the target (Scheme 1B), the two
overhangs can be pulled adjacently and form another loop-
shaped structure for benefiting the subsequent ligation by the
specific hybridization between the target and region I. After the
ligation by the T4 DNA ligase, PHP was transformed into a
dumbbell-shaped probe (PDP) that allows phi29 polymerase
to perform a typical target-primed rolling circle amplification
by taking the target as a primer, resulting in the production of a
lengthy tandem repeat. Benefiting from the initial hairpin-
shaped structure in PHP, namely, the stem configuration in
PDP, the RCA products folded into a continuous hairpin-
shaped secondary structure during the RCA reaction. Addi-
tionally, repeated palindromic fragments in RCA products that
originate from the design of palindromic sequences embedded
in PHP further promote the self-hybridization of RCA
production or the hybridization between different molecules.
In this case, the massive double-stranded structures provide
numerous binding sites for SYBR Green I, a double-stranded
dye, to produce a sharp response signal. Considering the high
efficiency of RCA, the label-free response mechanism, and the
use of only one oligonucleotide component, the PHP-RCA is
suitable for ultrasensitive, economic, and convenient detection
of target miRNAs.
2.2. Feasibility of the PHP-RCA Sensing System for

Target miR-21 Detection. Accumulating evidence has
revealed that microRNA-21 (miR-21) is closely associated
with various human cancers, inflammation, and cardiovascular
diseases, and miR-21 has been considered as a crucial and
accepted biomarker for the diagnosis and therapy of different

human diseases.42,43 Hence, we chose miR-21 as the target
model for exploring the performance of the PHP-RCA system
for miRNA detection. The feasibility of the PHP-RCA system
for the label-free amplified detection of miR-21 was first
investigated by 8% native polyacrylamide electrophoresis
(PAGE). Five samples were studied, and the specified
components are listed in Figure 1A. In this section, SYBR
Green I was used as an indicator to show the DNA structures.
A fast-moving and shallow band is observed in sample b,
indicating the natural feature of a short (22 bases) and rare
secondary structure in miR-21. The hairpin-shaped PHP in
sample a displays a slower-moving and brighter band due to
the longer sequences (71 bases) and the stem structure that
provided more binding sites for SYBR Green I. After
hybridizing with target miR-21, no intrinsic difference of the
band in sample c can be observed because of the similar
structure of the PHP/miR-21 duplex compared with PHP in
sample a. The PHP-based RCA reaction indeed occurred, as
evidenced by the appearance of a bright band at the top lane
(sample e) due to the double-stranded lengthy tandem repeat
of RCA production. On the contrary, the RCA production
cannot be detected in the absence of the target (sample d).
Moreover, the four samples were further characterized by 1%
agarose gel electrophoresis in Figure S1 and produced the
same results. For quantification analysis, samples a−e in Figure
1A were scanned for fluorescence as shown in Figure 1B. The
fluorescence spectra results show that the RCA reaction cannot
occur without either the phi29-based polymerase or target
miR-21, as supported by the weak and almost negligible signal
intensities of curves a−d. As expected, the free ends in PHP
were ligated to form the dumbbell structure, thus triggering the
rolling circle amplification reaction by phi29 polymerase, and
we received a high signal response (sample e) when the
reaction mixture coexisted with miR-21 and phi29 enzymes. As
shown in Figure S2, a remarkable fluorescence intensity can be
observed only when using the integrated PHP structure as the
probe, while we obtained a weak signal when using the
defective PHP probe that lacks the hairpin and/or palindromic
fragment. These results have strongly proved the feasibility of
PHP-RCA for label-free detection of miR-21.

Figure 1. Feasibility of the PHP-RCA-based sensing system for the detection of miR-21. (A) Native PAGE (8%) analysis of various reaction
mixtures: (a) miR-21, (b) PHP, (c) PHP + miR-21, (d) PHP + T4 DNA ligase + phi29 polymerase, and (e) PHP + miR-21 + T4 DNA ligase +
phi29 polymerase. The sensing system was 40 μL, and the concentrations of the target miR-21, PHP, T4 DNA ligase, phi29 polymerase, and
dNTPs are 5 nM, 5 nM, 4 U/μL, 0.1 U/μL, and 10 mM, respectively. (B) Fluorescence spectra of the same reaction mixtures from A. SYBR Green
I was used as an indicator.
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2.3. Optimization of the Reaction System. The signal
transduction efficiency and accuracy of the sensor platform are
greatly affected by experimental conditions. Considering the
optimal activity of the phi29 enzyme, the reaction temperature
and buffer of the RCA reaction are separately chosen to be 30
°C and phi29 buffer, respectively, which is also consistent with
previous reports.44,45 To achieve optimal stimuli−response and
economic performances, two related experimental parameters
were investigated. The reaction time is an important parameter
to ensure the low background and high signal of the entire
experiment, and therefore, the reaction time was first
optimized. As shown in Figure 2A, the response signal
increased with the increase of the reaction time from 20 to

50 min then slightly decreased at 60 min, which may be due to
the generated polymer that formed flocs and affected the
stability of the fluorescence signal, indicating that the
fluorescence intensity has reached a plateau at 50 min. One
can notice that the background fluorescence gradually and
slightly increased when the reaction time increased from 20 to
60 min. Taken together, the signal-to-noise ratio (SNR), which
refers to the ratio of the fluorescence peak generated by the
target to the background fluorescence, reached the highest
value within 40 min and demonstrated a rapid detection
capacity of the system. Therefore, a reaction time of 40 min
was adopted in the following experiments. For SYBR Green I,
the crucial indicator for signaling, the concentration of this

Figure 2. Effects of (A) the RCA reaction time and (B) the concentration of SYBR Green I on the performance of the PHP-RCA sensing system.
The concentration of target miR-21, PHP, T4 DNA ligase, phi29 polymerase, and dNTPs are 5 nM, 5 nM, 4 U/μL, 0.1 U/μL, and 10 mM,
respectively. Error bars represent the standard deviations (SD, n = 3). The signal-to-noise ratio (SNR) refers to the ratio of the fluorescence peak
generated by the target to the background fluorescence. “N” and “P” denote negative samples without miR-21 and positive samples with miR-21,
respectively.

Figure 3. Capability of the PHP-RCA for target miR-21 detection. (A) Fluorescence spectra of the PHP-RCA system upon addition of different
concentrations of target miR-21, ranging from 0 to 5 nM. Inset: fluorescence spectra in the presence of a low target concentration of the miR-21.
(B) Dependence of the peak fluorescence response on the concentration of target miR-21 in a range from 0.1 fM to 5 nM. Linear response of the
sensing system at (C) the low and (D) high target concentration ranges. Error bars are standard deviations from three repetitive experiments.
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indicator was also optimized. As shown in Figure 2B, the
target-initiated signal gradually increased with the concen-
tration of SYBR Green I, increasing from 0.5 to 1.25 U/μL,
and reached a plateau at 1 U/μL. Considering the slightly
increased background, the SNR reached the peak value at 1 U/
μL that was chosen as the optimal concentration.
2.4. Sensitivity of the Assay. Sensitivity is an important

parameter for evaluating the performance of a sensing
system.46,47 To evaluate the analytical performance of PHP-
RCA for quantitatively detecting miR-21, we measured the
fluorescence intensity of the system presented with different
concentrations of miR-21 under optimized experimental

conditions. Figure 3A plots the typical fluorescence spectra
of the assay for miR-21 with concentrations of 0, 1 × 10−16, 5
× 10−15, 5 × 10−14, 5 × 10−13, 5 × 10−12, 5 × 10−11, 1 × 10−10,
1 × 10−9, and 5 × 10−9 M. Inset is the fluorescence spectra of
PHP-RCA for detecting miR-21 at low concentrations. Figure
2B depicts two different dose−response curves, namely, the
low linear concentration range I and high linear concentration
range II, that are further presented in Figure 2C,D,
respectively. In the low-concentration range from 0.1 fM to
5 pM, the fluorescence intensity and the logarithm of the
miRNA-21 concentration display a linear relationship, and the
regression equation is F = 23.3268logC + 174.9 with a

Figure 4. (A) Fluorescence signal induced by other miRNA (miR-141, miR-155, miR-31, miR-122, and miR-26a) and (B) target miR-21 with one,
two, and three mutation points (MT1, MT2, and MT3, respectively) against miR-21 at a concentration of 5 nM. The fluorescence signal-to-noise
ratio was calculated by F/F0 where F and F0 represent the fluorescence intensity of PHP-RCA in the presence and absence of target miR-21,
respectively. The error bar represents the standard deviation (SD) estimated from three replicate measurements. ****P < 0.0001, independent-
sample t-test.

Figure 5. Performance of PHP-RCA for miR-21 detection in the (A) serum and (B) plasma. (C, D) Performance of PHP-RCA for miR-21
detection in real samples. F and F0 represent the fluorescence intensity of PHP-RCA in the presence and absence of the target, respectively. The
error bar represents the standard deviation (SD) estimated from three replicate measurements. ****P < 0.0001, independent-sample t-test.
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correlation coefficient (R2) of 0.9973. Similarly, in the high
target concentration range from 5 pM to 5 nM, the linear
regression equation between the signal and target concen-
tration can be expressed as F = 736.16logC − 2455.1 with a
correlation coefficient R2 of 0.9971. The symbols F and C in
the formula represent the fluorescence signal intensity and
target concentration, respectively. Noteworthy, as low as 0.1
fM miR-21 is able to produce an observable signal compared
with the blank and thus 0.1 fM is defined as the detection limit
(LOD). As shown in Table S2, a desirable assay sensitivity is
exhibited by further comparison with previous studies.
2.5. Specificity of the PHP-RCA Sensor. The challenges

for miRNA detection are greatly due to the high homology of
endogenic miRNA, and the accuracy is important for diagnosis
and treatment, especially in the early diagnosis of tumors.
Therefore, the specificity is another crucial parameter to
evaluate the performance of an assay system for miRNA
detection. To investigate the selectivity of the PHP-RCA
system for miR-21 detection, the signal response toward other
non-target miRNAs, including miR-141, miR-155, miR-31,
miR-122, and miR-26a, were also detected under the same
conditions. As presented in Figure 4A, non-target miRNAs can
hardly induce an observed signal, while the response signal
toward miR-21 produces a sharp increasement. The results
demonstrated that the PHP-RCA-based sensing system clearly
discriminates target miRNA from other non-target miRNAs.
For mutation detection, the target sequences with one, two,
and three mutation points (named MT1, MT2, and MT3 for
simplicity) were chosen as targets to initiate the PHP-RCA-
based reaction. As shown in Figure 4B, the fluorescence
intensity induced by MT1, MT2, and MT3 are 64.8, 6.9, and
6.4%, respectively, if the fluorescence signal of miR-21 is
defined as 100%. The detectable signal of MT1 suggests that
this method could not distinguish these closely related analytes
in a biological sample where the concentrations are unknown.
Nonetheless, the PHP-RCA sensor shows a competitive
performance compared with other reported methods48−50

that similarly failed to distinguish such analytes. All of the
results above have strongly proven the high specificity of the
proposed PHP-RCA method.
2.6. Application of the PHP-RCA Sensor in Real-

Sample Analysis. DNA probes have shown great potential in
tumor diagnosis, prognosis, and therapy; however, the intrinsic
properties of DNA of susceptibility to nuclease degradation
have hampered their clinical application. To validate the
practical applicability of the PHP-RCA system, miR-21 was
detected in human serum and plasma in this work. The
fluorescence intensity of the PHP-RCA system presented with
three different concentrations (2.5 nM, 5 nM, and 10 nM) of
miR-21 was first measured in the reaction buffer without the
serum or plasma, and the reaction in the absence of target miR-
21 was used as a blank under the same optimized experimental
conditions. Then, the practical application of the PHP-RCA
was investigated by incubating the same samples with different
concentrations of the human serum and plasma. As the result
presents in Figure 5A,B, a gradually increased signal-to-noise
ratio (SNR) can be observed when the PHP-RCA system
presented an increased concentration of miR-21 in the reaction
buffer without the serum or plasma. Noteworthy, the human
serum and plasma have almost no influence on the
performance of the PHP-RCA system as supported by the
similar SNRs in the different concentrations of the serum or
plasma from 1 to 5%. The results show that the proposed

sensing system possesses a satisfactory stability in complex
biological environments and potential for clinical application.
To directly evaluate the performance of the method for
detecting real samples, here, we detected several clinical
samples, including seven healthy donors and seven patients. As
shown in Figure 5C,D, samples from patients that produced
significantly stronger signal intensities than those from healthy
donors and the data exhibit a statistically significant difference,
demonstrating that the proposed method is reliable for real-
sample assay.

3. CONCLUSIONS
In summary, here, we report a palindrome-embedded hairpin
structure and its target-catalyzed padlock cyclization for rolling
circle amplification and applied it in label-free ultrasensitive
detection of miRNA. The system named PHP-RCA consists of
only an oligonucleotide probe with a palindrome-embedded
hairpin structure (PHP). Benefits from the design of
palindromic sequences and the hairpin-shaped structure in
the padlock produced double-stranded structures that provide
numerous binding sites for SYBR Green I, a double-stranded
dye, to achieve label-free target detection. Advantages of a
high-efficiency of the RCA reaction that is powered by one
phi29 polymerase, a label-free stimuli−response mechanism,
and a single oligonucleotide component make the PHP-RCA
suitable for ultrasensitive, economic, and convenient detection
of target miRNAs. Specifically, a single probe system integrated
the primer, templates, and target recognition region, and there
is no need for additional modified fluorescence or quenching
groups, thus simplifying the experimental design and steps to a
great extent. Second, the reaction does not require a strict
temperature control system or heating equipment, leading to a
simple and cost-efficient detection. Third, the RCA-based
reaction endows the system highly efficient signal amplifica-
tion. We have demonstrated that the proposed PHP-RCA
system exhibits a good linear range from 0.1 fM to 5 nM with a
low detection limit of 0.1 fM and the non-target miRNA can
be clearly distinguished. Moreover, we also validated the
practical applicability of the PHP-RCA by detecting miR-21 in
human serum in this work, resulting in negligible influence on
the performance of the PHP-RCA system. This simple and
powerful platform is expected to provide promising potential in
the ultrasensitive detection of miRNAs for tumor diagnosis,
prognosis, and therapy.

4. MATERIALS AND METHODS
4.1. Material and Reagents. All oligonucleotides (Table

S1) in this study were HPLC-purified and synthesized by
Shanghai Sangon Biological Engineering Technology and
Services Co., Ltd. (Shanghai, China). The secondary structures
of designed sequences were predicted using online bio-
informatic software (NUPACK: Nucleic Acid Package). All
DNAs were dissolved in 1× TE buffer (10 mM Tris, 1 mM
EDTA, PH 8.0), and the concentration was determined by a
NanoDrop 2000 (Thermo Fisher Scientific, USA). Adenosine
triphosphate (ATP), T4 DNA ligase, and 10× T4 DNA ligase
buffer were provided by Takara Biotechnology Co., Ltd.
(Dalian, China). T4 polynucleotide kinase (PNK) and 10×
PNK buffer were obtained from Thermo Scientific (MA,
USA), and phi29 MAX DNA polymerase and the correspond-
ing reaction buffer (10×) were provided by Vazyme Biotech
Co.,Ltd. (Nanjing, China). A low-molecular-weight DNA
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ladder and deoxyribonucleoside 5′-triphosphate (dNTP)
mixture were all supplied by Shanghai Sangon Biological
Engineering Technology and Services Co. Ltd. (Shanghai,
China). SYBR Green I was purchased from Solarbio
Biotechnology Co., Ltd. (Beijing, China). All chemicals were
of analytical grade without further purification and dissolved in
ultrapure water produced by the MiNiQ-Direct 8 Laboratory
Small Pure Water System (electrical resistance of 18.25 MΩ
cm at 25 °C) that was purchased from Merck (Merck, GER).
4.2. Instruments. Fluorescence scanning was performed

by a Hitachi F-7000 spectrometer and FL fluorescence
software. Native polyacrylamide gel electrophoresis and
agarose electrophoresis were executed on an electrophoresis
apparatus (Bio-Rad, USA) and imaged by a ChemiDoc XRS
imaging apparatus (Bio-Rad, USA).
4.3. Gel Electrophoresis Analysis. For gel electro-

phoresis analysis, 8% native polyacrylamide electrophoresis
(PAGE) or 1% agarose gel electrophoresis was freshly
prepared and used to verify the rolling circle products. The
samples were prepared by mixing 8 μL of the reaction mixture,
2 μL of 6× loading buffer, and 2 μL of 10 × SYBR Green I.
After loading into the well, the native PAGE was run under a
constant voltage of 80 V in 0.5× TBE buffer (4.5 mM Tris, 4.5
mM boric acid, 0.1 mM EDTA, pH 7.9), while agarose gel was
conducted on a constant voltage of 100 V in 0.5× TBE buffer.
4.4. Phosphorylation, Ligation, and PHP-RCA Reac-

tion. The palindrome-embedded hairpin structure (PHP) was
first 5′-phosphorylated using PNK. Specifically, 177 μL of PHP
was mixed with 20 μL of 10× PNK buffer, 2 μL of ATP (100
mM), and 1 μL of PNK and incubated at 37 °C for 2 h.
Subsequently, the mixture was heated at 90 °C for 10 min to
terminate the reaction. Finally, the concentration of 5′-
phosphorylated PHP (PPHP) was concentrated to 1 μM and
stored at 4 °C before usage.

The reaction mixture for target detection was prepared by
mixing PPHP (1 μM, 1 μL), miR-21 (1 μM, 1 μL), 2 μL 10×
T4 DNA ligase buffer (660 mM Tris−HCl, 66 mM MgCl2,
100 mM DTT, 1 mM ATP, pH 7.6), and 5 U T4 DNA ligase,
and we added ddH2O to a final volume of 20 μL. The ligation
reaction was carried out at 16 °C for 2 h to form a palindrome-
embedded dumbbell-shaped probe (PDP). After that, 2.5 μL
of 10 mM dNTPs, 2.5 U phi29 MAX DNA polymerase, and 4
μL of 10× phi29 MAX DNA polymerase buffer was added and
diluted with ddH2O to a final volume of 40 μL then incubated
at 30 °C for 40 min. Finally, the mixture was heated at 65 °C
for 10 min to inactivate the enzymes and gradually lowered
down to room temperature.
4.5. Fluorescence Detection. The sample for fluores-

cence scanning was prepared by mixing the reaction solution
(40 μL) and 40 μL of 10× SYBR Green I for 10 min at room
temperature then diluting with 120 μL of 1× phi 29 MAX
DNA polymerase buffer to a final volume of 200 μL.
Fluorescence measurements were performed using a Hitachi
F-7000 fluorescence spectrometer (Hitachi, Ltd., Japan) with a
xenon lamp as the excitation light source. We set an excitation
wavelength of 492 nm and collected the spectra between 500
and 600 nm at a scan rate of 240 nm/min with the integration
time of 0.5 s. The slit widths of both emission and excitation
were consistent at 5 nm. The maximum peak of the
fluorescence emission at 526 nm was employed to evaluate
the response capability for the sensing system.
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