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Physical and Chemical Template-Blocking Strategies in the 
Exponential Amplification Reaction of Circulating MicroRNAs

Michael P. Trinh1, Jocelyn G. Carballo1, Gary B. Adkins1, Kaizhu Guo1, Wenwan Zhong1,*

1Department of Chemistry, University of California-Riverside, Riverside, CA 92521, USA

Abstract

The detection of circulating miRNA through isothermal amplification wields many attractive 

advantages over traditional methods, such as reverse transcription RT-qPCR. However, it is 

challenging to control the background signal produced in the absence of target, which severely 

hampers applications of such methods for detecting low abundance targets in complex biological 

samples. In the present work, we employed both the cobalt oxyhydroxide (CoOOH) nanoflakes 

and the chemical modification of hexanediol to block non-specific template elongation in 

exponential amplification reaction (EXPAR). Adsorption by the CoOOH nanoflakes and the 

hexanediol modification at the 3’ end effectively prevented no-target polymerization on the 

template itself and thus greatly improved the performance of EXPAR, detecting as low as 10 aM 

of several miRNA targets, including miR-16, miR-21, and miR-122, with the fluorescent DNA 

staining dye of SYBR Gold™. Little to no cross-reactivity was observed from the interfering 

strands present in 10-fold excess. Besides contributing to background reduction, the CoOOH 

nanoflakes strongly adsorbed nucleic acids and isolated them from a complex sample matrix, thus 

permitting successful detection of the target miRNA in serum. We expect the simple but sensitive 

template-blocking EXPAR could be a valuable tool to help discovery and validation of miRNA 

markers in biospecimens.
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Introduction

Cancer is one of the greatest health challenges faced by mankind worldwide, but it is 

manageable and susceptible during its early developmental stages. Therefore, advancements 

in early cancer detection have contributed greatly to improving survival rates in the past 

decades. One promising strategy is to detect biomarkers in biofluids, such as blood, urine, 

saliva, etc. Liquid biopsy is less invasive, much easier and cheaper to procure than sampling 

tumor tissues[1]. Among the deluge of identifiable biomarkers present in biofluids, 

circulating microRNAs (miRNAs) have inspired the close examination of cancer research, 

owing to their 1) regulatory involvement in a variety of biological processes[2], 2) altered 

expression during cancer[3–7], and 3) resistance to degradation in body fluids due to the 

protection bestowed by RNA-binding proteins and vesicles[8–10].

Bringing detection of miRNAs in biofluids into feasibility needs to overcome the forefront 

challenge presented by their very low abundance in biofluids. Additionally, the physiological 

matrix contains large amounts of interfering molecules[11,12] that can readily generate false 

positives. Detection of circulating miRNA also needs to be practical and accurate under low-

resource contexts, where rapid assay times, small sample consumption, portability and 

affordability are immensely valued. These requirements cannot be easily met by 
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conventional methods like real-time quantitative polymerase chain reaction (RT-qPCR), 

Northern blot, microarray, and next-generation sequencing, all of which are considered gold 

standards and still widely employed in research labs, but have poor sensitivity, consume 

expensive reagents, and offer low throughput[13–16]. Thus, on-going technology 

developments have been striving to amend these issues for general clinical applications and 

simplify the assay demands for field conditions, with isothermal amplification catching great 

attention and showing high promise.

Isothermal amplification utilizes the target nucleic acid to trigger reaction cascades that 

amplify the detection signals[17]. The reaction can involve no enzymes, such as in 

hybridization chain reaction (HCR); or rely on enzymes, like in loop-mediated isothermal 

amplification (LAMP), strand displacement amplification (SDA), helicase-dependent 

amplification (HDA), rolling circle amplification (RCA), and nicking enzyme amplification 

reaction (NEAR). The enzyme-assisted reactions are more rapid and sensitive compared to 

the enzyme-free approaches, but generally require more optimization and are vulnerable to 

enzyme instability. Nevertheless, high background generation is a perpetuating dilemma in 

isothermal amplification and is the main culprit of poor signal-to-noise for both 

amplification approaches[18–20]. The root cause of background is from the undesirable 

template-polymerase [21] or self-priming template interactions[22].

Nanomaterials with unique chemical or optical properties can be added to enhance signal 

amplification, and possibly also serve as analyte enrichment platforms by taking advantage 

of their unique features in fluorescence quenching and specific affinity to single-stranded 

nucleic acids. The most widely employed nanomaterials are gold nanoparticles (AuNPs)[23–

25], metal oxides [26,27] and graphene oxide (GO)[28–30], with the transition metal 

dichalcogenide (TMD)[31–35] monolayers recently emerging. TMDs have outperformed 

AuNPs and GO in sensor design because they incorporate large atoms in their 2D 

infrastructure, which can help shuttle electron transportation and enhance the performance 

of electrochemical or optical sensors[36]. Metal oxides, like CoO, reported by Liu et al. 
[26,27] also exhibit strong quenching and DNA adsorption capacities, but DNA desorption 

for downstream processing could be challenging. On the other hand, cobalt oxyhydroxide 

(CoOOH) nanoflakes [37–39] are a two-dimensional nanomaterial with versatile functions, 

including the ability to bind strongly to single-stranded (ss) nucleic acids but only partially 

to double-stranded (ds) ones, as well as catalyze the oxidation of peroxidase substrates in the 

presence of H2O2.

Exponential amplification reaction (EXPAR) uses the strand displacement activity of a 

thermostable polymerase and a nickase to achieve multiple rounds of strand extension for 

high amplification efficiency. Compared to the aforementioned enzyme-assisted isothermal 

techniques, EXPAR is arguably simpler by using only a linear two-unit X’–X’ template, 

whereas others tend to deploy hairpin-like probes that invite secondary structures; and it also 

has a high enzyme turnover rate[40]. However, the high amplification efficiency of EXPAR 

also renders high false-positive amplification. In the present work, this problem was solved 

by using a combination of chemical and physical template-blocking approaches: 

modification at the 3’ end with hexanediol, and adsorption of the template by the ssDNA-

binding CoOOH nanoflakes. Together with the ssDNA-binding protein of T4 gp32, these 
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elements synergistically increased the positive signal and decreased the nonspecific 

polymerase activity, resulting in greatly improved detection sensitivity and specificity, 

compared to other chemical labels and other ssDNA-binding nanomaterials. Ultimately 

through the developed method, successful detection of several miRNAs was attained. In 

addition, the nanoflakes can adsorb the single-stranded nucleic acids and thus enrich the 

analyte of interest from biofluids, thereby avoiding the interference from matrix components 

in the amplification reaction. Detection of miRNAs in serum was then realized without pre-

purification.

Experimental section

Oligonucleotides and reagents.

All oligonucleotides were synthesized, purified, and purchased from Integrated DNA 

Technologies (Coralville, IA). The sequences used are enumerated in Table S1 and their 

designs were assisted with tools in NUPACK (www.nupack.org) and DINAMelt (http://

unafold.rna.albany.edu/). All enzymes, proteins, and the NEBuffer 3.1 were procured from 

New England Biolabs (Ipswich, MA). Glycerol and dNTP mix were purchased from 

Promega Corporation (Madison, WI). SYBR™ Gold Nucleic Acid Gel Stain (10,000x 

concentrate in DMSO) was obtained from Thermo Fisher Scientific Inc. (Waltham, MA). 

CoOOH nanoflakes were synthesized and purified in-house. Single-donor serum was 

purchased from Innovative Research Inc. Gold nanospheres were purchased from 

nanoComposix (San Diego, CA). Graphene oxide sheets were obtained from the 

Nanotechnology Health Implications Research Consortium established by the National 

Institute of Environmental Health Sciences (NIEHS)[41,42]. All dilutions were prepared 

using ultrapure water unless otherwise stated.

CoOOH nanoflake fabrication.

To 1,650 μL of ultrapure H2O, 150 μL of 100 mM COCl2 hexahydrate and 75 μL of 5 M 

NaOH were added sequentially and sonicated together for 10 minutes. After the elapsed 

time, 75 μL of 0.9 M NaCIO were added and the resulting brown solution was allowed to 

continue incubating under sonication for 30 more minutes. The CoOOH nanoflakes were 

then pelleted by centrifugation at 10,000 RCF for 10 minutes. Upon removing the 

supernatant, the nano flake pelleted was rinsed twice vigorously with 1.5 mL of ultrapure 

water by vortexing and sonicating, and a third time with 1.5 mL of ethanol. The nanoflakes 

were recovered during these wash steps by centrifugation at 10,000 RCF for 10 minutes. The 

purified nanoflakes were then desiccated by briefly baking them in 60 – 80 °C and 

subsequently leaving them under house vacuum until visibly dry. Finally, the nanoflakes 

were weighed and dispersed in ultrapure water to the desired concentration.

CoOOH nanoflake characterization.

The morphology of the CoOOH nanoflakes was determined on an FEI Tecnai T12 

transmission electron microscope at 120 kV after mounting them onto a Formvar/carbon 

film on a 400 mesh copper grid and the average vertex-to-vertex length of each nanoflake 

was measured by Fiji. Atomic force microscopy (AFM) was carried out on 0.21 mm thick 

AFM mica discs using Veeco Dimension 5000 and nanoflake thickness was inferred from 
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NanoScope® Analysis software (Bruker). The zeta potential was obtained from a Delsa™ 

Nano C Particle Analyzer (Beckman Coulter). Fourier transform infrared (FTIR) absorption 

spectrum was measured on a Nicolet 6700 FT-IR spectrometer (Thermo Fisher Scientific) 

using nanoflakes prepared as a 1% w/w KBr pellet that was oven-dried at 110 °C for at least 

24 hours. For UV-vis characterization, a 1 μg/μL solution of nanoflakes was prepared and 

the corresponding spectrum was collected in a Varian Cary® 50 UV-Vis spectrometer 

(Agilent Technologies Inc.).

To assess RNA adsorption, 100 ng of ssRNA ladder was incubated with 0, 1, 3 or 5 μg of 

nano flakes over ice for at least 10 minutes. The supernatant was recovered by centrifugation 

at 10,000 RCF and analyzed by 5% PAGE. To determine the loading capacity of the 

nanoflakes, Fiji was utilized to quantify and convert the band intensities to an adsorption 

percentage. Target RNA adsorption by the nanoflakes was evaluated by fluorescence 

quenching, which was performed by mixing together 10 pmol each of target RNA and FAM-

labeled capture probe, along with 100 μg of CoOOH nanoflakes, in a total volume of 100 μL 

constituted by 1× TE buffer (10 mM Tris, 0.1 mM EDTA, pH 8.0). Fluorescence 

measurements were carried out in the PTI QuantaMaster™ 400 (HORIBA) fluorometer.

Template-blocking EXPAR for detection of miRNAs.

Template-blocking EXPAR was performed in a one-pot reaction manner. One μL of miRNA 

target was added to the detection mix that contained 0.8 μL of 1 μM EXPAR template 

(hexanediol), 0.8 μL of 10 mM dNTP mix, 1 μL of 1 μg/μL CoOOH nanoflakes, 2 μL of 10× 

NEBuffer 3.1, 2 μL of 10× SYBR™ Gold, 2 μL of 100% glycerol, and 6.4 μL of ultrapure 

H2O. Then, the enzyme mix containing 1 μL of 1.6 U/μL Bst 2.0 DNA polymerase, 1 μL of 

10 U/μL Nt.BstNBI nicking enzyme, and 2 μL of 20 μM T4 gp32 was added and aspirated 

gently to homogenize the solution.

The EXPAR reaction was monitored in low profile, non-skirted, 96-well PCR plates 

(Thermo Scientific) and controlled using a Bio-Rad (Hercules, CA) CFX Connect Real-

Time PCR Detection System. Isothermal amplification was initiated at 55 °C and each cycle 

was defined as 30 seconds. The fluorescence data was exported using the Bio-Rad CFX 

Manager software. By matching their cycle numbers, the fluorescence values of each target 

or nonspecific strand were normalized to the corresponding background fluorescence in 

order to obtain the signal-to-noise (S/N) ratios. The highest S/N was then identified for the 

true target of the reaction and fluorescence values were assigned to each strand and control 

using the cycle corresponding to the highest S/N.

EXPAR application in serum.

Off-the-clot single donor human serum (Innovative Research Inc.) was first clarified by 

briefly centrifuging at 10,000 RCF and transferring the supernatant to a clean tube while 

heeding large debris particles. Spiked serum samples were then prepared by diluting 5 μL of 

miRNA with 5 μL of clarified serum. Three μg of CoOOH nano flakes were added to the 

serum and incubated for at least 10 minutes over ice with occasional agitation. The 

nanoflakes were then pelleted by centrifugation at 10,000 RCF for at least 5 minutes, 

separated from the serum supernatant and rinsed once with 1× PBS. After pelleting the 
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nanoflakes once again at 10,000 RCF, the wash solution was discarded and the pellets were 

allowed to rest on ice. The nucleic acid-bound nanoflakes were then mixed with the 

detection solution, which was prepared in the same way as in the template-blocking EXPAR, 

but supplied with 2 μL ultrapure H2O instead of nanoflakes to get the final reaction volume 

of 20 μL. The resulting solution was sonicated until the nanoflakes were completely 

dissolved. Upon subsequent addition of the enzyme mix, the full reaction was monitored on 

a Bio-Rad CFX Connect Real-Time PCR Detection System.

Polyacrylamide gel electrophoresis.

Denaturing urea polyacrylamide gel electrophoresis (PAGE) was used to analyze the nucleic 

acid species present in EXPAR. For analyzing species of 20 – 100 bases, 20% acrylamide 

was the final gel composition while 5% was prepared for 50 – 1000 bases. PAGE was run 

with 1× TBE buffer at 100 V initially for band focusing and 150 V or more for the 

remaining time. The gel was stained in lx SYBR Gold and imaged on a Spectroline™ 

Slimline™ UV Transilluminator (Fisher Scientific).

Results and discussion

Design of template-blocking EXPAR.

Individual circulating miRNA from healthy human serum can be as low as tens of fM[43], 

although the total miRNA concentration can reach a few pM[44]. To detect such a low 

content of the miRNA target, the simple but highly sensitive isothermal EXPAR approach is 

attractive. However, high background signal resulting from the no-target self-extension of 

the EXPAR template could be a big challenge, particularly if the DNA staining dyes are 

employed as the cost-effective detection method. The presence of a large amount of 

endogenous proteins[12] in serum can also interfere with enzymatic amplification.

We propose that CoOOH nanoflakes can help reduce the background in EXPAR because 

they have high affinity to single-stranded nucleic acids, as demonstrated in our work and 

others’ [37,38]. The CoOOH nanoflakes have large specific surface areas and rich positive 

surface charges, attracting the negatively charged nucleic acids. Their preference for single-

stranded nucleic acids to double-stranded duplexes stems from the stronger interaction 

between the unpaired nucleobases and the nanoflake surface via π–π stacking and H-

bonding. Thus, they can bind to the single-stranded EXPAR template to increase the space 

hindrance for template-polymerase interactions, thereby pacifying template self-extension 

and reducing background. In addition, they can adsorb and isolate the microRNAs from the 

complex sample matrix, so that detection by EXPAR can be carried out in a clean solution 

without interference from the matrix components. The physical template blockage with the 

nanoflakes can collaborate with chemical modification and protein binding on the template 

to further improve the signal-to-noise ratio.

The scheme of template-blocking EXPAR is illustrated in Figure 1. Firstly, the single-

stranded nucleic acids in the sample are adsorbed by the nanoflakes. Secondly, the 

nanoflakes are transferred to the EXPAR reaction matrix containing the chemically modified 

template. Next, the templates are hybridized to the target miRNA strands to unload them off 
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the nanoflake for insolution enzymatic reaction, while the free ones are adsorbed on the 

nanoflake surface, preventing their interaction with the polymerase to generate non-target 

amplification. The insolution amplification is the same as the conventional EXPAR design: 

the polymerase extends the target miRNA and the nicking enzyme generates a break on the 

double-stranded product for another cycle of isothermal strand extension and displacement, 

producing multiple copies of ssDNA detected by the fluorescence stain of SYBR Gold™.

Target and enzyme selection.

The present work developed the template-blocking EXPAR to mainly target miR-\22\ and 

miR-16 and miR-21 were also targeted to demonstrate the wide applicability of our method. 

miR-122 is a well-established biomarker for liver toxicity[45–49], and is also downregulated 

in liver diseases, such as Hepatitis B & C[49,50] and hepatocellular carcinoma[45,46]. It is 

also a potential marker upregulated in patients with breast cancer[51,52], because it 

regulates glucose metabolism that is important for tumor cell adaptation to 

microenvironments. Frequent downregulation[53] and upregulation[54] of miR-16 and -21 

have been reported to be closely related to cancer development in a wide variety of tissues 

and organs, including breast, lung, brain, and many others[43,53,55–58]. With the highly 

significant clinical relevance and disease implications entailed in these miRNAs, an 

isothermal assay that can rapidly quantify their abundance in biological matrices with simple 

procedures will be highly beneficial for validating their roles as diagnostic markers in 

different diseases. However, while many isothermal methods have been reported for 

detection of miR-16 and -21 [59–63], relatively few assays have been developed so far for 

circulating miR-122[64–66].

The Bst homologues, Bst 2.0, Bst 2.0 WarmStart, and Bst 3.0, are in silico designs based on 

Bst Large Fragment but with improved processivity and thermostability. They are good 

polymerase choices for EXPAR because of their high strand-displacement activity and 

capability to extend from RNA primers and nicks. In addition, their optimal operation 

temperature range of 55 – 65 °C can help diminish template secondary structures and 

minimize target-template mismatches to improve assay specificity. These enzymes were 

tested initially for amplification of 500 aM miR-122, with Bst 2.0 outperforming the other 

Bst enzymes and resulting in the highest S/N value (see Electronic Supplementary Material 

(ESM) Fig. S1). With Bst 2.0 being the optimal polymerase used in our design, Nt.BstNBI 
was selected for nick generation because it can operate at 55 °C to match the optimal 

temperature of Bst 2.0.

CoOOH nanoflake characterization and nucleic acid binding capability.

The nanoflakes were fabricated by oxidizing C0CI2 under basic conditions. They were 

rigorously characterized to verify their correct fabrication. The signature –O–H and –O–Co–

O– IR stretches at 3421.3 cm−1 and 584.9 cm−1, respectively, were observed in the FTIR 

spectrum (ESM Fig. S2a). These stretching frequencies reflect the hydroxyl-functionalized 

surface of the nanoflakes and the Co–O2− complex in the oxide, proving successful 

preparation of the nanoflake. The nanoflakes were also imaged by TEM and showed a 

single-layer hexagonal morphology with an estimated vertex-to-vertex length of 158.98 ± 

36.75 nm (Figure 2a). The average thickness of the nanoflake was assessed by AFM and 

Trinh et al. Page 7

Anal Bioanal Chem. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



found to be about 1.47 ± 0.20 nm (Figure 2a). The zeta-potential of the nanoflakes was 

measured as 33.39 ± 1.02 mV. Both the rigid 2D planar geometry and positive surface 

charges support that the nanoflakes provide a large relative surface area ideal for nucleic 

acid adsorption through electrostatic attraction.

The ability to differentiate between single- and double-stranded nucleic acids is a defining 

trait of CoOOH nanoflakes to assist EXPAR in our design. The absorption spectrum of the 

nanoflakes exhibited a broad peak in the visible light range of 450 – 550 nm (ESM Fig. 

S2b), indicating their capability to quench green fluorescent dyes, like fluorescein, if the dye 

is within the energy transfer distance to the nanoflake surface. Utilizing this feature, we 

incubated a FAM-labeled capture probe with the nanoflakes and evaluated fluorescence 

quenching by the nanoflakes to estimate their affinity to the DNA probe. We found that 96% 

of the probe fluorescence was quenched by the nanoflakes, and the addition of an equimolar 

complementary target miRNA recovered about 24% of the fluorescence (Figure 2b; ESM 

Fig. S3a), confirming that the nanoflakes prefer the single-stranded nucleic acids over the 

double-stranded ones.

Besides binding to the EXPAR template for background reduction, we also expect the 

nanoflakes to be able to extract microRNAs from sample matrices. Thus, the capability of 

the CoOOH nanoflakes for binding of ssRNAs was tested by incubating increasing 

nanoflake amounts with 100 ng of the ssRNA ladder. Afterward, the nanoflakes were 

pelleted and the supernatant was analyzed by PAGE. We found that with 1 pg nanoflakes, 

the band intensity for RNAs shorter than or equal to 150 nt started to decrease until they 

disappeared completely with the addition of 5 pg nanoflakes (ESM Fig. S3b). Using the 

band intensities, we calculated the bound ratio and determined that 1 pg nanoflakes could 

adsorb up to 13.16 ng of RNA, which is sufficiently greater than the total RNA in 50 μL of 

healthy human serum[44]. The adsorption behavior also has an apparent bias toward shorter 

RNA strands: the intensity of the higher MW bands also decreased but to lesser extents than 

the lower MW ones—a suitable property for the isolation and detection of miRNA (ESM 

Fig. S3b).

Template blockage for background reduction.

In order to bring out the best performance of CoOOH nanoflakes, we first determined the 

proper amounts of nanoflakes and templates for the reaction because the nanoflakes may 

also bind to the ssDNA products displaced off the template during polymerization, rendering 

them undetectable by SYBR Gold™. Thus, sufficient nanoflakes should be provided to 

adsorb the templates, but not in excess to quench the product signal. We evaluated the 

EXPAR performance for miR-122 using a 53-nt template that contained two complementary 

sequences flanked by a 9-nt Nt.BstNBI recognition site (ESM Table S1). We found that the 

optimal amount of CoOOH nanoflakes for our reaction was 1 μg since this amount yielded 

the largest separation between background and target amplification curves (ESM Fig. S3c). 

As a result, we employed this amount in the following tests.

To gain a better understanding of our background issue, we briefly compared the 

performance of EXPAR using an unmodified or modified template alone, or using an 

unmodified template with the CoOOH nanoflakes. As expected, EXPAR using an 
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unmodified template alone produced long DNAs too large to enter the gel in all negative 

reactions that contained either no target miRNA or missing one of the enzymes (ESM Fig. 

S4a). These long products would generate high fluorescence with the reaction detected by 

SYBR Gold™ in the real-time PCR instrument.

The nonspecific strand extension could be from intra and intermolecular hybridization of 

templates, producing a short and random double-stranded region that primes polymerase 

activity. Thus, dissociating the single-stranded template and the polymerase by ssDNA-

binding nanomaterials may be one effective way of suppressing background. Supplementing 

the reaction with CoOOH nanoflakes apparently decreased the production of the long DNA 

(ESM Fig. S4b). Another typical way to reduce background in isothermal amplifications is 

to block the 3’ OH end of the template with chemical modification. We found that the 

hexanediol modification effectively reduced background production, but product generation 

also decreased (ESM Fig. S4c). Interestingly, compared to the slight advantages brought by 

the CoOOH nanoflakes or by the hexanediol modification alone, we observed strong 

synergistic effects when combining these two chemical (hexanediol) and physical 

(nanoflakes) blocking approaches: the product band greatly intensified with negligible 

background detected in the negative reactions (Figure 3a). The exact reason behind the 

synergistic effect between the hexanediol modification and CoOOH nanoflakes in blocking 

non-specific target extension in our EXPAR design is not known. We hypothesize that the 

extensive hydrogen bonds between the hexanediol and the perhydroxyl groups on the 

nanoflake surface may create a stable and concentrated locale of templates on the nanoflakes 

and enhance amplification.

Inspired by the synergistic effects of the nanoflakes and hexanediol modification, we 

employed another physical blockage using single-stranded DNA-binding proteins (SSB)

[67], which has been employed in PCR to help preserve the ssDNA structure and promote 

enzyme access. T4 gene 32 protein (T4 gp32)[68,69] is an economical alternative to the 

general SSB used in PCR, and thus selected in our assay. The reactions were monitored in a 

real-time PCR instrument. Signal-to-noise (S/N) ratios were derived from amplification 

curves and used as an index of comparison among different treatment conditions: with no 

additives, with T4 gp32 only, with nanoflakes only, or with both T4 gp32 and nanoflakes, all 

using the hexanediol-modified template and targeting miR-122. The EXPAR results clearly 

revealed that combining the hexanediol modification with physical blockage using either the 

nanoflakes or T4 gp32 could improve the S/N by about 10 or 100 folds, respectively; 

however, employment of both physical blockage approaches with hexanediol presented a 

striking performance boost that increased the S/N by approximately 400 folds (ESM Fig. 

S5).

Comparison with other modifications.

To further explore this surprising phenomenon, we tested other chemical modifications on 

the template when used together with CoOOH nanoflakes and T4 gp32. Phosphorylation of 

the 3’ end is commonly employed in normal EXPAR and other strand-displacement 

dependent isothermal amplification methods; but some reports also suggest that such a 

modification could be ineffective[19,70]. Relocating the nucleophilic 3’ OH to the 5’ 
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position in the inverted dT base[71] should block template self-extension as well, but has not 

been thoroughly investigated for potentially blocking non-specific 3’ extension. We 

compared background and positive signal generation on templates that are either unmodified 

or modified with phosphorylation, hexanediol or inverted dT and observed that the other two 

modifications failed to deliver any synergistic effect as that obtained with the 3’-hexanediol 

modification (Figure 3 b).

Not only did the hexanediol modification combined with nanoflakes and T4 gp32 yield a 

much higher S/N ratio than other modifications, but this combination offered much better 

specificity when non-specific miRNA targets, like miR-16, miR-21, and three miR-122 
mutants, were investigated. The 21- or 23-mer miR-122 mutants are the results of miR-122 
maturation in the liver. They differ from the wild type miR-122 by a single nucleotide: the 

21-mer and 23-mer mutants are with 3’ G deletion and 3’ adenylation, respectively[72,73]. 

The ratio of mutant levels may dictate the onset of a corresponding liver disease. We also 

included a custom miR-122 isoform containing a center point mutation to increase the 

stringency of our specificity test. Minimal signal was obtained from miR-16 and -21, and the 

23-mer mutant of miR-122, which had an extra A on the 3’ end to promote DNA breathing 

and compromise the double-stranded substrate needed for favorable polymerase binding. 

However, the 21-mer mutant with a missing G at the 3’ end and the mutant with one 

nucleotide difference at the center position also generated positive signals, although lower 

than that of wild type miR-122, probably because their 3’-end region could still stably 

hybridize to the template to initiate polymerization.

Distinction of these mutants with high sequence similarity to the target strand should be 

solved by other template designs in future studies. In this work, we briefly attempted the 

strategy of using a hairpin template, which has been reported to be able to enhance target 

specificity compared to a linear ones[29,74]. We designed a hairpin template with a stem-

loop that does not unfold in the presence of target. However, regardless of the 3’ 

hexanediol’s presence, the hairpin template failed to amplify appreciably (ESM Fig. S6).

Comparison with other nanomaterials.

Other ssDNA-binding nanomaterials may adsorb the template and improve the performance 

of EXPAR as well. We therefore compared the EXPAR results obtained by CoOOH 

nanoflakes, gold nanospheres (AuNP) or graphene oxide (GO). Both AuNP and GO are 

popular substrates in many nanomaterial-facilitated isothermal applications. In lieu of 

nanoflakes, the citrate-capped gold nanospheres with an average diameter of 15 nm 

(nanoComposix) and GO sheets (diameter of 465 ± 155 nm and thickness 0.85 – 1.1 nm and 

zeta-potential of −46.6 ±1.4 mV; detailed characterization can be found in [41,42]) were 

tested as well for their performance in EXPAR. They were concentrated by centrifugation at 

10,000 RCF and reconstituted to an appropriate concentration for EXPAR. These 

nanomaterials then substituted the nanoflakes in EXPAR with 40 nM of 3’-hexanediol 

template. The reactions using AuNPs or GO were optimized to get their best performance. 

Still, we found that the CoOOH nanoflakes outperformed AuNPs and GO in EXPAR (Figure 

3c). We hypothesize that this may be attributed to 1) the better water solubility of CoOOH 

compared to GO and 2) the larger specific surface area of the 2D CoOOH nanoflake than 
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that of the AuNPs. Both these properties allow the nanoflakes to offer more protection 

against nonspecific polymerase activity than the surfaces of the other two nanomaterials.

Detection sensitivity and cross-reactivity with other miRNAs.

Because the allied combination of hexanediol, nanoflakes, and T4 gp32 leads to superior 

S/N enhancement and satisfactory specificity, these modifications collectively established 

our working EXPAR system. Thus, the final system of the template-blocking EXPAR 

contains Bst 2.0, hexanediol-modified template, CoOOH nanoflakes and T4 gp32. It was 

tested for detection of miR-122. The assay sensitivity was evaluated by monitoring the 

reactions over the target concentration range of 500 fM to 50 aM by the CFX Connect Real-

Time PCR Detection System with the Cq’s (quantitation cycle) obtained using the CFX 

manager software. Excellent linearity and reproducibility were achieved over at least 5 

orders of magnitude (Figure 4). Defining the detection limit as x‒ − 3s, where x‒ and s are 

respectively the mean and standard deviation of the blank, the LoD computes to Cq = 35.28, 

which translates to 151 ymol or 7.58 aM using the regression formula. Compared to other 

isothermal methods for miRNA detection[75], this method’s LoD is at least one order of 

magnitude lower and well below the levels found in circulation[43,44]. This is a significant 

improvement over conventional EXPAR and LAMP, both of which are notorious for high 

levels of background amplification[17]. Along the same line, RCA, SDA, HCR, or DSNSA 

(duplex-specific nuclease signal amplification) are other notable isothermal systems that 

generally have detection limits within only 10 – 100 fM[75].

The specificity of the template-blocking EXPAR over strands with single mutations at the 

same concentration as the wild type target has been shown in Figure 3b. In the present 

performance evaluation, we mainly focused on the cross-reactivity against other non-target 

miRNAs. The test was further challenged by setting the concentration of non-targets ten 

times greater than miR-122, which was at 50 aM. As shown in Figure 4c (amplification 

curves shown in ESM Fig. S7a), only miR-122 produced a significant response above noise, 

whereas non-target strands were below. Cross-reactivity was also subjected to a more natural 

milieu using a mixture of miR-122 and non-targets at equimolar concentrations. Under these 

criteria, the template-blocking EXPAR was still able to selectively amplify miR-122 and 

curb false positives from miR-16, miR-21 and miR-191 (Figure 4d; amplification curves 

shown in ESM Fig. S7b). Together, these results established that this EXPAR system holds 

satisfactory performance towards detecting at low abundance and differentiating the target 

miRNA from other non-target ones.

EXPAR detection of other miRNA targets.

To confirm that our CoOOH nanoflake-assisted EXPAR can be applied to detect other 

miRNA targets, we designed the appropriate templates for miR-16 and miR-21. Detection 

specificity was evaluated by reacting miR-16, miR-21, miR-122, and miR-191 with either 

the miR-16 template or miR-21 template and comparing the resulting EXPAR signals. To 

further challenge the assay, the target of interest was set at 50 aM while the non-target 

strands were at 500 aM.
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Specific miR-16 EXPAR was easily met under these conditions and its specificity profile 

presents a highly selective reaction (Figure 5a; amplification curves in ESM Fig. S8a). 

miR-21 EXPAR was found to be specific also, but emitted a weaker positive signal than 

miR-16 EXPAR (Figure 5b; amplification curves in ESM Fig. S8b). The stronger 

amplification of miR-16 can be ascribed to the strand’s 3’ end being more GC-rich than 

miR-2Vs, effectively reducing DNA breathing and allowing better polymerase binding. 

However, it is interesting to note that miR-16 and -21 EXPAR also required 8× less Bst 2.0 

than that of mill-122 EXPAR in order to evade high background generation and implement 

proper detection. This observation is in accordance with our own reverse transcription RT-

qPCR protocol, where miR-16 and -21 are quickly detectable with less polymerase but 

miR-122 demands 2× as much.

Detection of target miRNA in serum.

Serum detection of miRNA is the culmination of every optimization, refinement and critical 

attempt at background reduction. However, direct application of the developed EXPAR 

assay to detect miRNA in serum could be inhibited by the highly complex serum 

matrix[11,12]. Several protocol adjustments were introduced in order to transition from a 

clean buffer system to the physiological environment of serum. First, the serum was clarified 

of large particle debris (e.g., precipitated lipids and lipoproteins) so that they would not 

saturate the surface of nanoflakes that were subsequently added. Besides playing the 

ancillary role of enhancing signal-to-noise ratio, the nanoflakes also can enrich RNAs in 

serum by adsorbing and isolating the total nucleic acids from the sample. The EXPAR 

detection solution would then be added directly to the nanoflakes to amplify the target 

strands among the adsorbed total RNAs (Figure 1a). More nanoflakes were used compared 

to in-water detection to avoid incomplete target capture. This situation underlies from the 

fact that serum embodies a larger ensemble of endogenous nucleic acid species that will 

compete for nanoflake adsorption[11]. As a side effect of extra nano flakes, the reaction 

requires more amplification cycles to rise above background, as indicated by the higher Cq 

scale (Figure 4b vs. Figure 6a), due to the greater adsorption dynamic between nanoflakes 

and newly synthesized EXPAR products.

To simulate circulating miRNA and validate the method’s capability to handle such targets, 

miR-122-spiked serum samples were prepared and analyzed. Evidenced by the amplification 

curves, serum detection becomes increasingly difficult as concentration approaches 

background (Figure 6a), although linearity can still be constituted over at least 6 orders of 

magnitude between 500 pM – 5 fM (Figure 6b). This range encompasses that of circulating 

miRNA concentrations [43,44] and highlights the extent of our nanoflake-assisted EXPAR 

method to undertake serum detection.

Conclusions

In the present day and age of unpredictable cancer incidences, there is very much a high 

demand for rapid and sensitive assays for biofluid biomarkers, which can be used to guide 

early disease detection and appropriate treatment. The analytical development of this work 

focuses on enabling detection of circulating miRNA through EXPAR. Consequently, several 
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cogent strategies were executed to mitigate background generation. Among them, the 

CoOOH nanoflakes are focal in our design and responsible for enriching target miRNAs and 

shielding free template from premature polymerase interactions. Equally important are the 

background-reducing effects of the hexanediol modification and T4 gp32, which 

respectively block DNA polymerase elongation and reinforce the linear structure of the 

template. We envision that our template-blocked EXPAR system fits the need of minimally 

invasive point-of-care diagnosis. By virtue of the advantages brought about in this work, it is 

with utmost optimism that the proposed EXPAR assay will motivate further biomarker 

discovery and advance mankind’s campaign against cancer.

Many enzymatic isothermal amplification strategies, including EXPAR, are lacking 

specificity over strands with very high sequence similarity, which was also observed in our 

work. However, their fast reaction speed and high sensitivity are still valuable in rapidly 

screening the presence of target miRNAs or those with similar sequences in biological 

samples. Detection of the expression profiles of strands with single or multiple mutations 

could then be followed if needed. We also believe that the hydrogen bonding interactions 

between the hexanediol template and nanoflake substrate in this EXPAR system enforce 

more stringent template-target hybridization conditions and thereby ameliorate common 

specificity issues, while still maintaining the advantage of high enzyme processivity. Such a 

phenomenon is worthy of future study and may bring in benefits to other isothermal 

amplification strategies as well.
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Study of the nano-bio interface to guide sustainable design and applications of 

nanomaterials.
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Figure 1. 
Principle of circulating miRNA detection by template-blocking exponential amplification 

reaction (EXPAR). (a) Cobalt oxyhydroxide (CoOOH) nanoflakes are added to serum and 

recovered after incubation. (b) EXPAR is applied directly to target-bound nanoflakes and the 

resulting amplicon products are stained with SYBR Gold™ to generate amplification signal.
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Figure 2. 
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Characterization of fabricated CoOOH nanoflakes. (a) TEM (left) and AFM (right) images 

of CoOOH nanoflakes. (b) Typical fluorescence spectra of FAM-labeled DNA capture probe 

with and without CoOOH nanoflakes. Maximum emission was measured at 520 nm for both 

single-stranded (ss) and double-stranded (ds) DNA.
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Figure 3. 
Investigation of physical and chemical blockage of template. (a) Demonstration of the 

enhanced specificity attained for miR-122 EXPAR with the hexanediol-modified template 

and nanoflakes, as visualized by 20% denaturing PAGE, and with 1 nM of miR-122 in the 

negative controls. (b) Comparison of EXPAR results for detection of miR-122 with 

nanoflakes and templates carrying different 3’ chemical modifications. Specificity was 

compared using the non-target strands of miR-16, miR-21, and several mutants of miR-122, 

with each miRNA strand at 500 aM. (c) Comparison of maximal S/N ratios produced by 

CoOOH nanoflakes and the two ssDNA-binding nanomaterials – GO and AuNPs – in 

miR-122 EXPAR using a 3’ hexanediol-modified template, and 500 aM target. All error bars 

represent triplicate measurements.
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Figure 4. 
(a) The linear regression and (b) standard amplification curves for the template-blocking 

EXPAR for detection of miR-122. Cross-reactivity was tested (c) against individual 

nonspecific strands and (d) in an equimolar mixture. In (c), miR-122 was set at 50 aM while 

non-target strands were at 500 aM. In (d), the ratio of 0:1:1:1 and 1:1:1:1 respectively 

represent 0 aM or 500 aM of miR-122 mixed with miR-16, miR-21 and miR-191, each at 

500 aM. Amplification curves and error bars were recorded in triplicate. Target was denoted 

by (+), non-target strands by (X), and background by (−). NTC = no target control.
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Figure 5. 
Detection performance of (a) miR-16- and (b) miR-21-based template-blocking EXPAR. 

Target concentration was set at 50 aM while non-target strands were at 500 aM. Error bars 

represent triplicate measurements. NTC = no target control.
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Figure 6. 
(a) Amplification curves and (b) the calibration curve for detection of miR-122 spiked in 

healthy single donor human serum. In (a) (+) and (−) respectively referred to miR-122 and 

background. The indicated concentrations were the final concentrations after spiking into 

diluted serum. Error bars represent triplicate measurements.
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