
Chinese Chemical Letters 34 (2023) 108141

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

High-throughput quantitative detection of triple-negative breast

cancer-associated expressed miRNAs by rolling circle amplification on

fluorescence-encoded microspheres

Jieyu Liua,1, Liming Zhanga,1, Wentao Zenga, Lihua Zhangb, Nongyue Hec,d,∗,
Zhuoxuan Lua,∗

a Key Laboratory of Tropical Translational Medicine of Ministry of Education, NHC Key Laboratory of Control of Tropical Diseases, School of Tropical

Medicine, Micronano Technology Research Institute, School of Basic Medicine and Life Sciences, Hainan Medical University, Haikou 571199, China
b Beadstar Biotechnology Hainan Province Co., Ltd., Haikou 570110, China
c State Key Laboratory of Bioelectronics, School of Biological Science and Medical Engineering, Southeast University, Nanjing 210096, China
d Economical Forest Cultivation and Utilization of 2011 Collaborative Innovation Center in Hunan Province, Hunan Key Laboratory of Biomedical

Nanomaterials and Devices, Hunan University of Technology, Zhuzhou 412007, China

a r t i c l e i n f o

Article history:

Received 28 September 2022

Revised 7 January 2023

Accepted 10 January 2023

Available online 11 January 2023

Keywords:

MicroRNAs

Rolling circle amplification

Fluorescence-encoded microspheres

High-throughput

Triple-negative breast cancer

a b s t r a c t

Compared with other types of breast cancer, triple-negative breast cancer (TNBC) has the characteristics

of a high degree of malignancy and poor prognosis. Early diagnosis of TNBC through biological markers

and timely development of effective treatment methods can reduce its mortality. Many Research exper-

iments have confirmed that some specific miRNA expression profiles in TNBC can used as markers for

early diagnosis. However, detecting the expression profiles of multiple groups of miRNAs according to

traditional detection methods is complicated and consumes many samples. To address this issue, we de-

veloped a method for high-throughput, high-sensitivity quantitative detection of multiple sets of miRNAs

(including miR-16, miR-21, miR-92, miR-199, and miR-342) specifically expressed in TNBC by rolling circle

amplification (RCA) on fluorescence-encoded microspheres. Through the optimization of reaction system

conditions, the developed method showed an extensive linear dynamic range and high sensitivity for all

five miRNAs with the lowest limit of detection of 2 fmol/L. Meanwhile, this high-throughput detection

method also appeared reasonable specificity. Only in the presence of a specific target miRNA, the fluores-

cence signal on the correspondingly encoded microspheres is significantly increased, while the fluores-

cence signal on other non-correspondingly encoded microspheres is almost negligible. Furthermore, this

process exhibited good recovery and reproducibility in serum. The advantages of this method allow us to

more conveniently obtain the expression profiles of multiple groups of TNBC-associated miRNAs, which

is beneficial for the early detection of TNBC.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Triple-negative breast cancer (TNBC) accounts for 15%−20% of

women with breast cancer worldwide [1–3]. This subtype of breast

cancer has the characteristics of early recurrence and high recur-

rence rate, so the survival rate of patients with TNBC is mea-

ger [2,4]. Finding the biomarkers of TNBC is of great significance

for the early diagnosis of TNBC. Different from other breast can-

cers (the expression levels of estrogen receptor (ER), progesterone

receptor (PR), and human epidermal growth factor receptor 2

(HER2)) can provide important reference information for clinicians
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[5–7], triple-negative breast cancer lacks tumor markers, making

early diagnosis extremely difficult. In recent years, studies have

proved that some specific miRNA expression profiles in serum can

provide important information for the early diagnosis of TNBC [8].

For example, miR-16 [8,9], miR-21 [9–11], miR-92a-3p [9,12], miR-

199a-5p [9,13] and miR-342–3p [9,14] were shown to have sig-

nificant differences in their expression levels between TNBC, non-

TNBC and healthy controls. However, simultaneous detection of

multiple miRNAs is still a challenging task due to their limited size,

low abundance, and complex experimental procedures [15–18].

With the development of micro-nano materials, many pioneer-

ing ideas have been opened up for tumor treatment and detection

[19–26]. Fluorescence-encoded microspheres, whose unique codes

can distinguish different test objects, provide an excellent conve-
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Fig. 1. Schematic illustration of the mechanism of high-throughput quantitative de-

tection of TNBC-associated expressed miRNAs by RCA on fluorescence-encoded mi-

crospheres.

nience for high-throughput detection [27–32]. At this stage, some

high-throughput detection methods for specific proteins based on

fluorescence-encoded microspheres have been developed [33–35],

not only for scientific research but also gradually applied to clin-

ical applications, such as the detection of tumor markers [36,37]

and cytokines [38,39]. Compared with the high-through detec-

tion of protein, the high-through detection methods of nucleic

acid (including DNA, RNA and miRNA) based on fluorescence-

encoded microspheres are more complicated because a lot of low-

abundance nucleic acid fragments need to be amplified before de-

tection [40,41]. While conventional PCR thermal cycling is difficult

to perform on the microsphere, this is because the conjugation be-

tween the microsphere and the primers is disrupted at high tem-

peratures. Existing detection methods generally perform amplifica-

tion reactions and then hybridize with probes attached to the mi-

crospheres [42,43].

In this study, an assay for high-throughput detection of TNBC-

related miRNA expression using rolling circle amplification (RCA)

on fluorescence-encoded microspheres was developed. As illus-

trated in Fig. 1, a specific miRNA is reverse transcribed into cDNA

and paired with the corresponding stem-loop primers. Then the

stem-loop primers are ligated into a loop under the action of lig-

ase. At the same time, the specific biotinylated capture primers

bind to the corresponding specific fluorescence-encoded micro-

spheres. Then these capture primers are complementary to the

corresponding specific DNA loops, and the rolling circle process

begins under the action of phi29 DNA polymerase. Sequences of

all primers can be found in Table S1 (Supporting information). Fi-

nally, the encoded fluorescence on the microsphere was detected

to identify the analyte to be detected by flow cytometry and cal-

culate the analyte concentration by measuring the fluorescence in-

tensity of the amplified product (iFluor 488-labeled dUTP replaces

part of dTTP during amplification) to achieve the purpose of high-

throughput quantitative detection.

To establish an RCA system for high-throughput detection of

miRNAs on fluorescence-encoded microspheres, the first step is to

optimize the RCA system. Initially, we tried to use the miRNA to

complement the stem-loop primer and allow it to form a loop

under the action of ligases. However, the gel electrophoresis im-

age shows almost no product detected even though three enzymes

were used, including T4 DNA ligase, Taq DNA ligase, and SplintR

ligase for ligation (Fig. 2A). The possible reason is that miRNAs

are so easily degraded that many of them are degraded before the

ligation reaction is completed. To ensure that the detection reac-

Fig. 2. Optimization of experimental conditions. (A) Agarose gel electrophoresis of RCA products after ligation by T4 DNA ligase, Taq DNA ligase, and SplintR ligase, re-

spectively. (B) Fluorescence intensities of different concentrations of test primers attached to fluorescence-encoded microspheres for 2h detected by flow cytometry. (C)

Fluorescence intensities of the test primers on fluorescence-encoded microspheres after mixing with the microspheres for different times. (D) Fluorescence intensities of

amplification products after RCA reaction with amplification primers with different arm lengths. (E) Fluorescence intensities of amplification products for different times of

RCA. ns: not significant, ∗P<0.05, ∗∗P<0.01, ∗∗∗P<0.001 and ∗∗∗∗P<0.0001.
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tion is not affected by RNA degradation, we chose to reverse tran-

scribe the miRNA into DNA first and then perform the detection,

even though this process was slightly cumbersome. Next, the op-

timal conditions were explored for attaching extension primers to

fluorescence-encoded microspheres. A range of concentrations of

3′ labeled fluorescent and 5′ biotinylated text primers, which are

used to directly reflect primer-to-sphere attachment, were mixed

with avidinylated fluorescence-encoded microspheres. As shown

in Fig. 2B, the fluorescence intensity increases continuously with

the increase of primer concentration, and this enhanced trend is

not obvious until the primer concentration exceeds 4pmol/L. Then,

we tried to figure out the optimal reaction time for attaching the

amplification primers to the microspheres via a biotin and avidin

system. 3′ labeled fluorescent and 5′ biotinylated test primers

were mixed with fluorescence-encoded microspheres for various

times. As shown in Fig. 2C, the fluorescence signal continues to

increase until the reaction time exceeds 2h which the fluores-

cence signal reaches a plateau and no longer increases. Therefore,

in the subsequent establishment of the reaction system, these opti-

mized reaction conditions were used to connect the amplification

primer on fluorescence-encoded microspheres. Since the amplifi-

cation primers are attached to the microspheres, steric hindrance

occurs when the amplification primers are complementary to the

DNA loop [44–46]. A series of amplification primers with differ-

ent arm lengths were designed to avoid the interference of steric

hindrance on amplification efficiency. As illustrated in Fig. 2D, the

highest fluorescence values are achieved when the arm is eight

bases. Therefore, amplification primers with an 8-base arm were

designed in the following experiments. Finally, to determine the

time required for the RCA reaction on the microsphere, the fluo-

rescence of amplified products was measured at different ampli-

fication times by flow cytometry. As shown in Fig. 2E, with the

prolongation of reaction time, the RCA product continues to in-

crease, which is reflected in the fluorescence intensity of iFluor

488-labeled dUTP that enzymatically incorporated into the ampli-

fication product. However, excessive reaction products can lead to

the aggregation of fluorescence-encoded microspheres. We finally

chose 2h as amplification reaction time to avoid this phenomenon.

Next, the sensitivity of this miRNA detection method was eval-

uated method. As shown in Fig. 3, the linear detection ranges of 5

TNBC-associated miRNAs (including miR-16, miR-21, miR-92, miR-

199, and miR-342) have slightly different (the linear range of miR-

16 is 32 fmol/L to 100pmol/L (Fig. 3A), the linear detection range

of miR-21 and miR-199 are 32 fmol/L to 40pmol/L (Figs. 3B and D),

and the linear detection range of miR-92 is 64 fmol/L to 80pmol/L

(Fig. 3C)). The detection range of miR-342 is from 64 fmol/L to

200pmol/L (Fig. 3E). Among these miRNAs, the lowest limit of

detection (LOD, in terms of 3 times deviation over the blank re-

sponse rule) is calculated as 2 fmol/L (miR-342). The LOD values of

miR-199 and miR-92 are also calculated below 10 fmol/L (2.74 and

6.8 fmol/L, respectively). The sensitivity of this assay is compara-

ble to the linear detection range reported in the previous literature

[47–50], suggesting that the high-throughput detection method has

a wide linear range and a relatively low LOD.

Moreover, the specificity of the method was investigated. As

illustrated in Fig. 4, only in the presence of a specific target

miRNA, the fluorescent signal on the corresponding encoded mi-

crosphere significantly increases. The fluorescence signal on other

non-corresponding encoded microspheres is almost negligible. For

example, when there is only target miR-21 in the test, the fluo-

rescence intensity detected on the corresponding microsphere is

at least 53 times that of other microspheres (Fig. 4B). Further-

more, almost no interfering signal is observed when miR-92, miR-

199, and miR-342 are individually tested for specificity as ana-

lytes, meaning that no non-specific amplification occurs (Figs. 4C-

E). Among the specific detections, the specific detection of miR-16

is the least satisfactory, but its fluorescence intensity on the corre-

sponding encoded microspheres is also at least 6-fold higher than

the interference signal (Fig. 4A). According to these results, it can

be seen that this method has reasonable specificity, and the cross-

linking signal of these five miRNAs is relatively tiny.

To further evaluate the feasibility of the proposed method in

practical application, the miR-16, miR-21, miR-92, miR-199, and

miR-342 at different concentrations were added to the serum sam-

ples. As shown in Table 1, the recovery rates of 5 different con-

centrations of miRNAs vary from 81.01% to 108.00%, with the rel-

ative standard deviation (RSD) less than 8.32%. These results indi-

cate that the developed fluorescence-encoded microspheres-based

RCA method can detect multiple miRNAs in complex serum sam-

ples.

Fig. 3. The linear relationship of (A) miR-16, (B) miR-21, (C) miR-92, (D) miR-199, and (E) miR-342 between mean fluorescence intensity and miRNA concentration.
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Fig. 4. The selectivity analysis of high-throughput quantitative detection of (A) miR-16, (B) miR-21, (C) miR-92, (D) miR-199 and (E) miR-342 by RCA on fluorescence-encoded

microspheres.

Table 1

Recovery data for different concentrations of miR-16, miR-21, miR-92, miR-199, and

miR-342 spiked into serum samples.

Sample Added

(pmol/L)

Mean found

(pmol/L)

Mean recovery

(%)

RSD (%)

(n=3)

miR-16 0.1 0.098 98.00 2.71

1 0.886 88.60 6.44

10 9.177 91.77 3.94

miR-21 0.1 0.108 108.00 3.46

1 0.855 85.50 4.04

10 8.101 81.01 3.61

miR-92 0.1 0.107 107.00 3.80

1 0.854 85.40 3.81

10 8.959 89.59 3.71

miR-199 0.1 0.101 101.00 8.32

1 0.957 95.70 0.69

10 8.248 82.48 0.44

miR-342 0.1 0.096 96.00 1.65

1 1.042 104.20 2.49

10 9.228 92.28 5.81

In this study, an RCA-based method was developed for high-

throughput quantitative detection of TNBC-associated miRNAs on

fluorescence-encoded microspheres. The detection sensitivity was

significantly improved by optimizing various conditions, and its dy-

namic detection range can expand to 3.1 to 3.5 orders of magni-

tude. Specificity assays showed only a few weak cross-linking sig-

nals, indicating very little non-specific amplification. Moreover, we

added miRNAs to serum to simulate actual samples and performed

concentration detection by the developed method. The data exhib-

ited that the five miRNAs showed good recoveries at three different

concentrations. By virtue of these advantages, this high-throughput

method for detecting TNBC-associated miRNA expression profiles

by isothermal amplification reactions on fluorescence-encoded mi-

crospheres has broad potential for clinical application.
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