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ABSTRACT: Developing portable and sensitive devices for Excitation

point of care detection of low abundance bioactive molecules is
highly valuable in early diagnosis of disease. Herein, an
ultrasensitive photonic crystals-assisted rolling circle amplifica-
tion (PCs-RCA) biochip was constructed and further applied to
circulating microRNAs (miRNAs) detection in serum. The
biochip integrated the optical signal enhancement capability of
biomimetic PCs surface with the thousand-fold signal
amplification feature of RCA. The biomimetic PCs displayed
periodic dielectric nanostructure and significantly enhanced the
signal intensity of RCA reaction, leading to efficient improve-
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ment of detection sensitivity. A limit of detection (LOD) as low as 0.7 aM was obtained on the PCs-RCA biochip, and the
LOD was 7 orders of magnitude lower than that of standard RCA. Moreover, the PCs-RCA biochip could discriminate a
single base variation in miRNAs. Accurate quantification of ultralow-abundance circulating miRNAs in clinical serum
samples was further achieved with the PCs-RCA biochip, and patients with the nonsmall cell lung carcinoma were
successfully distinguished from healthy donors. The PCs-RCA biochip can detect bioactive molecules with ultrahigh
sensitivity and good specificity, making it valuable in clinical disease diagnosis and health assessment.
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mortality and improve survival rates." Bioactive

molecules including nucleic acids, proteins, sugars,
and small metabolites play crucial roles in the early diagnosis of
disease.”™* MicroRNAs (miRNAs) act as post-transcription
regulators of gene expression and participate in various
biological processes such as cell growth, proliferation, and
apoptosis.”® Increasing evidence suggests that the dysregulated
expression of serum circulating miRNAs is highly correlated
with certain human diseases, including various types of
cancer.”” "' Thus, serum circulating miRNAs are identified
as noninvasive biomarkers,'* and great efforts have been made
to develop methods for highly sensitive detection for
circulating miRNAs. Rolling circle amplification (RCA) is an
isothermal and enzymatic process that holds great potential in
the detection of DNA, RNA, and protein in genomics and
proteomics.'”'* Due to the enzymatic process of RCA,
thousand-fold signal amplification can be achieved.'>™"”
Moreover, RCA is suitable for point-of-care detection of
targets since it only involves isothermal reaction."* ™" In spite

Early diagnosis of disease can significantly reduce
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of such virtue, RCA still faces formidable challenges in the
detection of serum circulating miRNAs. The limit of detection
(LOD) of standard RCA is only femtomolar, and it cannot
detect the trace circulating miRNAs in clinical serum
samples.'>*"** Developing a strategy to improve the sensitivity
of RCA for direct serum miRNA detection is highly valuable in
early diagnosis of disease.

Nature has created a great variety of structural color
materials that can precisely confine, control, and manipulate
light by their regularly photonic nanostructures.”® For instance,
the wings of the Morpho butterfly usually exhibit bright colors
due to the Bragg diffraction effect generated by the periodic
ordered structures of wings.”> >° Inspired by the natural
creatures, many artificial photonic materials with controllable
structures and light-manipulating functions have been
developed.”® Photonic crystals (PCs) are one of the most
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Scheme 1. Schematic Illustration of the miRNA-Responsive PCs-RCA Biochip
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Figure 1. (a) Photograph of the prepared PCs in sunlight. Insert: SEM image of the periodic nanostructure of PCs. (b) Transmittance
spectrum of the designed PCs and fluorescence spectra of SG and FAM.

widely studied artificial periodic nanostructures that display
special ability to enhance the intensity of optical species.”’
Generally, when the emission light of fluorophores on PCs
surface overlaps with the photonic band gap of the PCs, the
emission light is unable to pass through the PCs and will be
effectively reflected in the direction of the band gap.*® The
reflected light signal can be simultaneously collected with the
emission signal of fluorophores, thus leading to the enhance-
ment of signal intensity.”® In the past years, PCs have been
largely used to enhance the signal intensity in biosensing and
hundred-fold enhancement of sensitivity has been
achieved.””™* Therefore, PCs can serve as an ideal platform
to improve the detection sensitivity of RCA by enhancing the
signal intensity.

The schematic representation of PCs-assisted RCA (PCs-
RCA) biochip is illustrated in Scheme 1. Target miRNA acts as
the template to ligate the padlock probe and further initiate the
RCA reaction to produce long double-stranded DNA
(dsDNA). SYBR Green I (SG) molecules specifically bind to
the minor groove of dsDNA to produce fluorescence signal.”®
Due to the overlap between the photonic band gaps of PCs
and the emission band of SG, the fluorescence intensity of SG-
dsDNA on the PCs surface can be significantly enhanced, thus
leading to improvement of the detection sensitivity of RCA.
This PCs-RCA biochip rationally combines the prominent
fluorescence enhancement capability of PCs with the signal
amplification feature of RCA, making it possible for detection
of miRNAs with low expression levels in serum samples.
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RESULTS AND DISCUSSION

The PCs were fabricated by depositing hydrophilic polystyrene
(PS) spheres (Figures S1 and S2) onto hydrophobic
polydimethylsiloxane (PDMS) substrate. Figure la and Figure
S3 show that PS spheres self-assembled into a closely packed
periodic nanostructure on PDMS after evaporation. Bright
green color is observed on the PCs when it is exposed to
sunlight, suggesting that green light can be efficiently reflected
by the PCs surface. The capability of the prepared PCs for
enhancing the fluorescence intensity of green fluorophores
such as SG or carboxyfluorescein (FAM) was further
investigated. Figure 1b shows that the photonic band gap of
PCs covers from 500 to 570 nm, consistent with the above
phenomenon that the PCs surface can selectively reflect green
light. The emission bands of SG and FAM well overlap the
photonic band gap of PCs, making the PCs surface ideal to
reflect the fluorescence signal of such green fluorophores.
The solution of FAM-labeled DNA (FAM-DNA) was
further employed to test the signal enhancement capability
of the PCs surface, as illustrated in Figure 2a. The photographs
of FAM-DNA solution on bare PDMS and on PCs surface
under ultraviolet light excitation were provided (Figure 2b).
The FAM-DNA solution on bare PDMS displays negligible
green fluorescence, whereas bright green fluorescence is clearly
observed from FAM-DNA solution on PCs surface, clearly
showing that the biomimetic periodic nanostructure of PCs
surface can efficiently enhance the fluorescence intensity of
FAM-DNA. Quantitative characterization about the capability
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Figure 2. (a) Schematic illustration of FAM-DNA solution on
PDMS and on PCs surface under excitation. (b) The photographs
of FAM-DNA solution on bare PDMS and on PCs surface under
excitation with a portable UV lamp. (c) Fluorescence images of
FAM-DNA on PDMS and on PCs surface captured with a PE
Spectrum and Quantum FX imaging system. (d) The enhancement
factors of the PCs surface for FAM, TAMRA, and Cys,
respectively.

of the PCs surface in signal enhancement was further
conducted with a PE Spectrum and Quantum FX imaging
system. As shown in Figure 2¢c, FAM-DNA solution deposited
on the PCs is much brighter than that on bare PDMS
substrate, which can be attributed to the efficient reflection of
the green fluorescence from FAM-DNA by the periodic
dielectric nanostructures of PCs surface. Moreover, the signal
intensity of FAM-DNA solution is measured to be enhanced
by about 33-fold on PCs surface (Figure S4). The influence of
the PCs surface on the fluorescence from other organic dyes
including S-carboxytetramethylrhodamine (TAMRA) and
N,N’-(dipropyl)-tetramethyl-indodicarbocyanine (CyS) was
also investigated. As shown in Figure 2d, the PCs surface
displays the highest enhancement factor to FAM fluorescence,
which can be ascribed to the well overlap of FAM emission
with the photonic band gap of PCs. These results clearly
demonstrated that the designed PCs could significantly
enhance signal intensity of green fluorophores by its uniform
periodic dielectric nanostructure.

The capability of PCs to improve the sensitivity of RCA was
further tested. Let-7a miRNA was employed as the target. The
let-7a is one of the earliest found miRNA that has been
confirmed to be dysregulated in several cancers.”>”” Recent
research suggests that serum let-7a miRNA can serve as
biomarker for the diagnosis of nonsmall cell lung carcinoma
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(NSCLC).**** Gel electrophoresis confirms that the let-7a
miRNA successfully initiated the RCA reaction (Figures SS—
S7). Due to the excellent signal enhancement capability of the
PCs, RCA reaction on PCs surface shows much brighter
fluorescence than standard RCA at the same concentration
(Figure 3a). Moreover, when the concentration of miRNA is
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Figure 3. (a) Fluorescent images of let-7a miRNA-initiated RCA
reactions at different let-7a concentrations on PCs surface (upper
panel) and on bare PDMS (lower panel). (b) The relationship
between the fluorescence intensity and the concentration of let-7a
miRNA. Error bars show the standard deviation of three replicate
measurements.

lower than 10 fM, the signal from the standard RCA cannot be
detected. The same result can be observed when the
fluorescence intensity of standard RCA products is measured
by fluorescence spectrum (Figure S8). Also, as for let-7a
miRNA detected on PCs dots without RCA process, the signal
of let-7a miRNA solution could not be recognized when the
concentration of let-7a miRNA was lower than 10 fM (Figure
S9). In contrast, the RCA reaction on PCs surface shows
strong fluorescence even with the let-7a miRNA concentration
as low as 0.1 aM, clearly showing that the designed PCs can
drastically enhance the signal of RCA to improve the detection
sensitivity. The LOD of standard RCA is determined to be 10
fM. Whereas, the PCs-RCA biochip shows a LOD of 0.7 aM
(Figure 3b), nearly S orders of magnitude lower than that of
standard RCA. Such a low LOD corresponds to approximately
8 copies of let-7a miRNA molecules in a sample volume of 20
uL, clearly showing the high sensitivity of the PCs-RCA
biochip in detecting let-7a miRNA. The regression equation of
PCs-RCA biochip in let-7a miRNA detection is F = 20.5 X
IgC/M + 403.5 with a correlation coefficient R? = 0.9976.

DOI: 10.1021/acsnano.8b01950
ACS Nano 2018, 12, 67776783


http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b01950/suppl_file/nn8b01950_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b01950/suppl_file/nn8b01950_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b01950/suppl_file/nn8b01950_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b01950/suppl_file/nn8b01950_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b01950/suppl_file/nn8b01950_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.8b01950/suppl_file/nn8b01950_si_001.pdf
http://dx.doi.org/10.1021/acsnano.8b01950

ACS Nano

Moreover, a wide liner range from 0.1 aM to 1 pM is obtained
with the PCs-RCA biochip in let-7a miRNA detection. The
above results thus clearly show that ultrahigh sensitivity can be
achieved by integrating the optical signal enhancement
function of PCs and the signal amplification capability of RCA.

The specificity of the PCs-RCA biochip was further
investigated. Since the let-7a miRNA shows high sequence
homology to other let-7 family members, high specificity is
required in the detection of serum circulating miRNA.***" The
response of the PCs-RCA biochip in the presence of let-7a, let-
7¢, let-7f, miR-21, miR-122, miR-155, and miR-199 was
systematically examined (Figure 4). Among these miRNAs, let-
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Figure 4. (F — F,)/F, value of the PCs-RCA biochip in response to
let-7a, let-7c, let-7f, miR-21, miR-122, miR-155, and miR-199
miRNAs at the concentration of 1 nM. F;, and F are the
fluorescence intensity in the absence and presence of miRNA,
respectively. Error bars show the standard deviation of three
replicate measurements.

7a, let-7¢, and let-7f have their sequences differ by only one
base at different sites. As shown in Figure S10, the PCs dots
added with let-7a miRNA display much higher fluorescence
intensity than those added with other miRNAs including let-7¢
and let-7f miRNA, suggesting that the PCs-RCA biochip can
effectively distinguish miRNAs even with a single base
difference. The signal intensity produced by let-7a miRNA is
approximately 3.5-fold higher than that produced by let-7c
miRNA and 7-fold higher than that produced by let-7f miRNA.
These results demonstrate the high specificity of the PCs-RCA
biochip, showing its good promise in serum circulating miRNA
detection.

The performance of the PCs-RCA biochip in the detection
of let-7a miRNA in serum samples was further tested. Fetal
bovine serum (FBS) spiked with synthetic let-7a miRNA at
different concentrations was employed as the standard
solutions. The response of the PCs-RCA biochip to the
standard solutions was systematically measured. As shown in
Figure Sa and 5b, a good linear relationship between the signal
intensity of PCs dots and let-7a miRNA concentration is
obtained in 7 orders of magnitude from 1 aM to 1 pM. The
regression equation is F = 25.9 X 1gC/M + 484.16 with a
correlation coefficient R* = 0.991S. These results suggest that
the biosensing performance of the PCs-RCA biochip was not
significantly affected by background compounds in serum. The
concentration of let-7a miRNA in serum samples from 48
donors, 24 healthy donors and 24 NSCLC patients, was further
analyzed with the PCs-RCA biochip according to the above
calibration curve. As shown in Figure Sc, serum samples from
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NSCLC patients produce much weaker signal intensity than
that from healthy donors, indicating the down-regulated
expression of let-7a miRNA in NSCLC patients. The
quantification results in Figure S5d further show that the
average expression level of let-7a miRNA in serum samples
from healthy donor is about 2 times of that in serum samples
from NSCLC patients, in good agreement with previous
reports.”” The above results thus clearly demonstrate the good
promise of the PCs-RCA biochip in direct analysis of low
abundance bioactive molecules in clinical samples, which can
provide valuable information for health assessment and early
diagnosis of disease.

To further confirm the reliability of PCs-RCA biochip in
analyzing clinical samples, the concentration of let-7a miRNA
in serum samples was in parallel measured with RT-qPCR. As
shown in Figure 6, RT-qPCR measurements also indicate the
down-regulated expression of let-7a miRNA in NSCLC
patients, consistent with the results provided by PCs-RCA
biochip. Moreover, the results obtained by PCs-RCA biochip
on both healthy donors and NSCLC patients are close to those
obtained by RT-qPCR. The ¢ test further confirms that the
quantification results provided by the PCs-RCA biochip do not
differ significantly from those obtained by RT-qPCR (p >
0.05). The above results thus clearly demonstrate that the
developed PCs-RCA biochip is highly reliable for serum
circulating miRNA detection, suggesting its good promise in
the analysis of low-abundance bioactive molecules in clinical
samples.

CONCLUSIONS

We have developed an ultrasensitive biochip by designing PCs-
assisted RCA reaction to achieve massive signal amplification
for serum miRNA detection. The PCs-RCA biochip allows for
sensitive detection of target miRNA with a LOD as low as 0.7
aM and a wide liner range of 8 orders of magnitude. Moreover,
the PCs-RCA biochip possesses excellent specificity, and it can
discriminate miRNAs with a single base difference. Due to its
ultrahigh sensitivity and excellent specificity, trace target
miRNA in serum samples from NSCLC patients was
accurately quantified by the PCs-RCA biochip. The developed
PCs-RCA biochip holds great potential in ultrasensitive
detection of bioactive molecules, and it can further contribute
to areas such as disease diagnosis and health assessment.

MATERIALS AND METHODS

Materials and Reagents. The sequences of all DNA and RNA
oligonucleotides are provided in Table S1. DNAs were purchased
from Sangon (Shanghai, China), and RNAs were purchased from
Takara Biotechnology (Dalian, China). All of the oligonucleotides
were purified by high-performance liquid chromatograph (HPLC).
T4 RNA ligase 2 and phi29 DNA polymerase were purchased from
New England Biolab (Beijing, China). SYBR green I (SG), dNTP (10
mM), and ribonuclease inhibitor were purchased from Thermo
Scientific (USA). Polydimethylsiloxane (PDMS, Sylgard 184 silicone
elastomer kit, Dow), curing agent, monodispersed latex spheres
polystyrene (PS, m/v = 10%) were obtained from Dow Corning
(UsA).

MiRNA-Initiated RCA Reaction. First, 10 xL of mixed solution
containing phosphorylated linear DNA template (0.2 pmol), miRNA
with certain concentration (from 10 pM to 0.1 aM), 1 uL of 10 X T4
RNA ligase 2 buffer, and 40 U of ribonuclease inhibitor was prepared.
The solution was heated to 65 °C and kept at this temperature for S
min. The solution was further cooled to 25 °C and kept for 40 min.
Then, T4 RNA ligase 2 (2 U) was added into the above solution, and
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Figure 5. (a) Fluorescence image of the PCs-RCA biochip with the addition of standard let-7a miRNA-FBS solution. (b) The linear
correlation between the fluorescent intensity and the concentration of let-7a miRNA. (c) Fluorescence image of the PCs-RCA biochip with
the addition of serum samples from healthy donors and NSCLC patients. (d) The (F — F,)/F, value of the PCs-RCA biochip in response to
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Figure 6. Comparing the let-7a miRNA quantification results
provided by the PCs-RCA biochip and RT-qPCR. The t test was
performed with p = 0.05. NS = not significant. Error bars show the
standard deviation of three replicate measurements.

the resultant mixture was incubated at 39 °C for 1.5 h and was further
denatured at 75 °C for 10 min. For exonuclease experiment, 1 uL of
10 X Exo I buffer and 0.5 uL of Exo I were added into the above
solution to remove any remained linear DNA. The solution was
heated to 37 °C and kept at this temperature for 30 min, followed by
enzyme deactivation at 85 °C for 10 min. The ligated DNA templates
were analyzed by 12% native polyacrylamide gel electrophoresis (120
V, 60 min). The ligation product was further added into 10 uL of
RCA reaction mixture containing 2 #M of second primer (SP), 1 mM
of ANTP, 2 uL of 10 X phi29 DNA polymerase buffer, 1 4L of 1 mg/
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mL BSA, and 20 U of phi29 DNA polymerase. The RCA reaction was
performed at 30 °C for 2 h and further terminated by incubation at 65
°C for 10 min.

Fabrication of PCs Substrate. The PCs substrate was fabricated
by solvent evaporation method. PDMS and curing agent (m/m = 1:1)
were mixed and stirred adequately for 30 min. Then the mixture was
treated under vacuum until no bubbles were observed. To fabricate
PDMS-covered substrate, the above mixture was spin-coated on a
glass slide followed by drying at 60 °C overnight. Next, 10 uL of the
monodispersed carboxyl-modified polystyrene (PS) spheres (diluted
with ultrapure water in a 1:4 v/v ratio) dropped vertically onto the
PDMS substrate, and the substrate was kept at 40 °C until the PCs
droplet was dried. The prepared PCs substrates were kept at a dry
condition for further use.

Detection of let-7a miRNA with the PCs-RCA Biochip. For
the detection of let-7a miRNA, 1 yL of 20 X SG was added to 20 uL
of let-7a miRNA-initiated RCA products, and the resultant solution
was incubated for 10 min at room temperature. Then 4 uL of the
above products was dropped on the PCs dots, and the fluorescence
pictures were captured by the PE Spectrum and Quantum FX imaging
system.

Confirming the RCA Reaction with Electrophoresis. The
RCA reaction was confirmed with a restriction enzyme digestion
method reported previously.”> A reaction solution containing
digestion template (DT, 0.2 pmol), let-7a miRNA with different
concentration, 1 yL of 10 X T4 RNA ligase 2 buffer, and 40 U of
ribonuclease inhibitor was prepared. The reaction solution was treated
at 65 °C for 5 min followed by cooling to 25 °C for 40 min. Then T4
RNA ligase 2 (2 U) was added in to the reaction solution. The
mixture was incubated at 39 °C for 1.5 h and was denatured at 75 °C
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for 10 min. Then the product of the ligation product was added to 10
UL of RCA reaction mixture containing 2 yM digestion second primer
(DSP), 1 mM of ANTP, 2 uL of 10 X phi29 DNA polymerase buffer,
1 puL of 1 mg/mL BSA, and 20 U of phi29 DNA polymerase. The
RCA reaction was performed at 30 °C for 24 h and terminated by
incubation at 65 °C for 10 min. After that, 2 yuL of 10 X cutsmart
buffer and 0.5 pL of Xhol were added into the above solution. The
reaction mixture was then incubated at 37 °C for 12 h and denatured
at 65 °C for 20 min. The digestion procedure was designed to convert
long RCA product into monomeric units (60 nt) to facilitate gel-
based DNA concentration analysis. Then, 2.5 yL of 1 uM monomeric
digestion product (MDP, 60 nt) and 2.5 uL of 1 uM reference DNA
(RD, 70 nt) were added into 10 L of the digestion product. The as
prepared solution was then analyzed by 20% denature PAGE gel, and
the gel was further stained with Gel Red before scanning. The
concentration of the RCA product was calculated according to the
fluorescence ratio between the monomeric digestion product band
and the reference DNA band at each let-7a miRNA concentration.

Testing the Specificity of the PCs-RCA Biochip. The reaction
was performed in 10 uL of ligation system containing padlock probe
(0.2 pmol), 1 uL of 10 X T4 RNA ligase 2 buffer, 40 U of
ribonuclease inhibitor, and 2 nM of each miRNAs (let-7a, let-7c, let-
7f, miR-21, miR-122, miR-155, miR-199). The solution was heated to
65 °C and kept for S min. Then the solution was cooled to 25 °C and
kept for 40 min. After that, T4 RNA ligase 2 (2 U) was added into the
above solution, and the resultant mixture was incubated at 39 °C for
1.5 h, followed by denaturation at 75 °C for 10 min. Then the product
of the ligation product was added to the 10 uL of RCA reaction
mixture containing 2 yuM SP, 1 mM dNTP, 2 uL of 10 X phi29 DNA
polymerase buffer, 1 yL of 1 mg/mL BSA, and 20 U of phi29 DNA
polymerase. The RCA reaction was performed at 30 °C for 2 h and
further terminated by incubation at 65 °C for 10 min. Then 1 uL of
20 X SG was added to 20 uL of the each miRNA-initiated RCA
product, and the solution was incubated for 10 min at room
temperature. Then 4 uL of the each RCA products was dropped on
the PCs dots, and the fluorescence images of the PCs dots were
measured with a PE Spectrum and Quantum FX bioimaging system.

Quantification of let-7a miRNA in Serum Samples with PCs-
RCA Biochip. The serum samples from 24 NSCLC patients and 24
healthy donors were provided by Zhongnan Hospital, Wuhan.
Typically, 80 uL of 1 X PBS was added into to 20 yL of serum
sample, and the solution was heated to 95 °C for 5 min. Then the
solution was cooled rapidly to 4 °C and kept for 3 min.** Then the
denatured serum lysates were centrifuged at 17,000 X g for 20 min at
4 °C. Finally, 2 pL of the supernatant was added to ligation and RCA
reaction system. The reaction products treated with SG were further
dropped on PCs dots, and the quantification was performed with the
above-mentioned procedures.
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