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ABSTRACT: Herein, a novel, rapid, highly sensitive, and selective
fluorescent biosensor is presented, which is designed based on
“sandwich-type” hybridization of oligonucleotides and the fluores-
cence resonance energy transfer (FRET) strategy. It senses and
determines the MicroRNA-155 (miRNA-155) expression levels as a
cancer biomarker. In this study, a modified La(III)-metal—organic
framework(MOF) and silver nanoparticles (Ag NPs) were used as
the energy donor—acceptor pairs in fluorescence quenching through
the FRET process. La(III)-MOF was synthesized and then modified
by glutaraldehyde as a cross-linking agent. The Ag NPs were also
prepared, and then, the surface of both was conjugated with different
5’-amino-labeled ssDNA strands (aptamers). These prepared nanop-
robes were characterized by various physicochemical techniques such
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as X-ray diffraction, energy-dispersive X-ray spectrometry, Fourier transform infrared, field emission scanning electron microscopy,
UV-—vis spectroscopy, elemental mapping, and gel electrophoresis. To optimize the detection conditions, several factors affecting
biosensor performance were assessed by one variable-at-a-time and central composite design methods. Under optimum conditions,
this “turn-off” fluorescent biosensor could detect and determine as low as 0.04 ppb (ng. mL™") or 5.5 fM of the miRNA-155

biomarker. Therefore, this biosensor provides highly promising potential for lung and breast cancer diagnosis.
KEYWORDS: MOFs, MicroRNA-1SS, biosensor, FRET, central composite design

B INTRODUCTION

Early cancer diagnosis incredibly improved the possibilities of
efficient treatment and saved the lives of cancer patients.
Consequently, a lot of effort and expenses have been dedicated
to the research, development, and exploration of new
methodologies to achieve a quick and early diagnosis of
cancer signs.' > Successful implementation of cancer identi-
fication and detection by conventional methods should entail
extensive training and experience. Hence, rapid alternative and
accurate approaches for cancer detection have emerged to
overcome the existing restrictions. These efforts have led to
emerging and developing noninvasive cancer diagnosis
methods as powerful tools for clinical usage.4_6 Accordingly,
biosensors for chemical sensing of cancer biomarkers have
recently promoted as promising and noteworthy alternatives to
existing conventional cancer detection methods.”

The cancer markers are maybe some molecules produced by
tumor cells or specific responses or behavior of the body’s
defense system to the presence of cancer. These biomarkers
can include an extensive range of biochemical substances such
as micro-ribonucleic acids (frequently abbreviated to miR-
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NAs), proteins, small metabolites, and cytogenetic and
cytokinetic parameters that exist in all tumor cells."~"* Over
the past decade, several biological abnormalities have been
observed in the blood plasma of cancer patients, such as
unexpected changes in the expression level of some miRNAs.
Short noncoding RNA strands, which are 18 to 24 nucleotides
long, are known as vital regulators in the expression of target
genes at the post-transcriptional level via translational
repression or destruction of “messenger”-type RNA molecules
(mRNAs)."" ™" These miRNAs are an essential subcategory of
RNA molecules that play notable roles in various metabolic
and biological processes such as differentiation, development,
proliferation, apoptosis, and angiogenesis. Also, they have
recently attracted plenty of attention because of their potential
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Scheme 1. Schematic Diagram of Photoluminescence Quenching-Based Detection of miRNA-155 as a Cancer Biomarker by

the FRET Process
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as a biomarker in cancer diagnosis."*™'® To detect the miRNA
strands, three laboratory methods were applied traditionally,
including microarrays,'” reverse transcription polymerase chain
reaction,'® and northern blotting.19 However, these methods
are time-consuming or expensive processes.20 So far, several
strategies and platforms have been employed to design a
biosensor for miRNA detection based on surface-enhanced
Raman spectroscopy,”’ electrochemical technique,”” >® fluo-
rescence spectroscopy,”””" surface plasmon resonance,””*° and
so on. Among these, fluorescence-based methods have been
considered as promising ways because of their natural high
sensitivity, rapidity, and simplicity.’”** Therefore, a wide range
of different materials, such as noble metallic nanoparticles,”
graphene-based nanomaterials,”**> and semiconductor quan-
tum dots,”® were used to develop this method.

In the last decade, utilization of metal—organic frameworks
(MOFs) in the field of optical sensors, especially fluorescence-
based sensors, have grown very rapidly.”’~*" The term
“MOFs” refers to a novel class of hybrid crystalline materials
that exhibit exceptional advantages and features such as high
and tunable porosity, large surface area (over 7000 m*g™'),
modifiable chemical functionality, and excellent thermal (or
mechanical) stabilities.””*” Thus, they are widely employed in
heterogeneous catalysis, gas storage and separation, semi-
conductors, proton conduction, chemical sensing, energy
storage, and drug delivery."* MOFs, as indicated by the
name, can merely self-assemble from their corresponding
inorganic part (metal ions or polynuclear clusters) and organic
bridging linkers that often contain aromatic or conjugated 7
moieties. Therefore, their optical properties, in general, and
their luminescence behavior, especially, could be originated
from both metal and organic components and could
conveniently be tuned through the interactions among these
building units.”* The fluorescent MOFs, besides their excep-
tional surface areas and because of special combination of their
inorganic and organic photonic units, could make profound
chemical sensors endowed with superior performance. The
acquired evidence reveals their unique properties and benefits
such as reusability, rapid response, high sensitivity, and high
selectivity.

In 2007, Rieter and co-workers demonstrated that a
lanthanide-based MOF could be employed for the luminescent
detection of dipicolinic acid for the first time.* However, the

)

primary utilization of MOFs as a platform for fluorescent
biosensors is reported by Chen’s group, who synthesized a
two-dimensional Cu-based MOF and applied it to detect the
HIV-1 DNA sequences and thrombin.”” The majority of
luminescence-based MOF sensors for DNA or RNA strands
operate through a turn-off strategy, which in the turn-off state,
the fluorophore-labeled single-stranded DNA (ss-DNA)
probes adsorb onto the surface of the MOF and quench the
luminescence of the fluorophore through a photo-induced
electron-transfer process. The ss-DNA or RNA, known as
aptamers or bioprobes, could bind to specific targets via folding
into different secondary and tertiary structures.*® In the
presence of a target, which is the complementary strand of the
probe, the hybridization process that forms a double-stranded
DNA (ds-DNA) and releases it from the surface of MOF
occurs. This recovers the fluorescence intensity of the
fluorophore (the turn-on state).*” In this strategy, probable
recapturing of the formed ds-DNAs may lead to the fake
detection signals. To reduce the false signals, the “sandwich-
DNA” hybridization strategy was developed, in which there is a
pair of energy donor—acceptor probes that are used for
biomarker sensing according to the fluorescence resonance
energy transfer (FRET) process. To the best of our knowledge,
this study is the first research in the utilization of MOFs and
metallic nanoparticles with this method. Numerous types of
biosensing platforms based on luminescence quenching ability
of metallic nanoparticles, especially silver and gold, have been
successfully utilized for the detection and identification of
different classes of biomarkers such as nucleic acids, antigens,
and proteins as targets. Noble metal nanostructures were
considered to be the ideal fluorescent quencher for
luminescent sensors.”” It was known that the unique
luminescence quenching ability of noble metal nanoparticles
is derived from localized surface plasmon resonance. When an
incoming photon hits a spherical metallic nanoparticle surface,
the photon’s energy is absorbed by conduction electrons that
are located near the surface of the nanostructure. A schematic
of the working principle for the designed biosensor and FRET
process is presented in Scheme 1.

It was known that the number of aptamers linked to the
surface of probes directly impacts the performance of the
hybridization process and determines the detection limit of
miRNA sensing. Therefore, MOFs with a high surface area

https://dx.doi.org/10.1021/acsami.0c00891
ACS Appl. Mater. Interfaces XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsami.0c00891?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c00891?fig=sch1&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c00891?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

a

| —— La(IlI)-MOF-P1
La(Il)-MOF
Simulated PXRD pattern

A“‘“‘J\&WN\NM

Intensity (a.u)

o
““L‘ "l‘-lv\fk"‘ , \,1 [
W WA
‘ A
W
|

L e e R e e
5 15 25 35 45 55

Position [20)]

WD: 15.02 mm
Det: BSE SEMHV: 15.0kV | 20pm
Date(midly): 06722119 BI: 15.00

SEM MAG: 2.00 kx

MIRA3 TESCAN|

SEMMAG: 2.00kx  WD: 14.94 mm
Det: BSE SEM HV: 15.0 kV

MIRA3 TESCAN

Date(midly): 06/22/19 BI: 15.00

Figure 1. (a) XRD patterns of stimulated and as-prepared La(III)-MOF and La(III)-MOF-P;, (b) FESEM image of La(III)-MOF, (c) FESEM
image of La(III)-MOF-P1, and (d) phosphorus mapping of La(II)-MOF-P1.

would be good candidates for effective preconcentration of
targets which significantly improve the sensing performance.
The designed biosensor has been implemented to detect trace
amounts of MicroRNA-155 (miRNA-155) as lung cancer (also
known as bronchogenic carcinomas) and breast cancer
biomarkers in real samples. These two types of cancers are
responsible for the many human fatalities worldwide every
year. Recent studies have shown that miRNA-155 unusually
expressed and existed in biological fluid samples of breast or
lung cancer patients.50

The performance of biosensors affectedly depends on the
hybridization process and duplex strand formation between
target miRNA and probes, and there are a large number of
parameters that influence it. Therefore, traditional one-factor-
at-a-time technique is not a suitable choice to optimize the
conditions of this hybridization reaction because it completely
ignores the interactions of several factors. The design of
experiments is described as a strategy to plan the research
studies and optimize the process conditions using multivariable
statistic methods. However, it has been rarely used in
oligonucleotide detection using the fluorescence biosensor.”'
In this study, we also report the application of response surface
methodology (RSM) to predict the optimal experimental
conditions in miRNA-155 detection with the designed
biosensor to maximize the hybridization signal.

B EXPERIMENTAL SECTION

The amino-functionalized La(III)-MOF** and silver nanoparticles
(Ag NPs)** were prepared according to the literature reports. DNA

aptamer probes (P1: 3'-(CH,)-NH-AUCACGAUUAGCAUUAA-S'
and P2: 3'-ACCCCU-NH-(CH,)4-5’) and miRNA target oligonu-
cleotides were purchased from Bioneer company (South Korea). The
real sample miRNA-155 was supplied by the hematology and
oncology center of Kousar hospital (Semnan, Iran). The details of
experimental procedures are reported in the Supporting Information.

Optimization of Biosensing Conditions. To optimize the
sensing conditions for miRNA detection and enhance the perform-
ance of the designed biosensor, various parameters such as pH,
concentration of miRNA-155 (ppb), level of probe-1 (ppb), time of
hybridization (min), level of probe-2 (ppb), and temperature (°C),
which could influence the efficiency of biomarker sensing, were
screened with a Plackett—Burman design (see the Supporting
Information file). In the next step, the one factor-at-a-time method
and central composite design (CCD) were employed to optimize the
sensing conditions.

B RESULTS AND DISCUSSION

Preparation and Characterization of Probe-1 (La(lll)-
MOF-P1). The powder X-ray diffraction (XRD) patterns of
La(III)-MOF, before and after immobilization of probe-1 on
its surface, are shown in Figure la. These XRD patterns show
excellent agreement with the simulated XRD pattern from
CCDC 776748.>* It also indicates that the host framework of
La(III)-MOF does not disturb during the DNA immobilization
process. Energy-dispersive X-ray spectroscopy (EDS) was used
for identifying the elemental composition of the as-prepared
La(III)-MOF. The presence of La, C, O, and N atoms in it was
certified, as shown in Figure SI and Table S1.
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Fourier transform infrared (FT-IR) spectroscopy was also
applied to characterize the structure of the as-prepared and
modified La(III)-MOF (Figure S2). In the FT-IR spectrum of
the as-prepared La(III)-MOF, the characteristic peaks of the
ligand were changed, which evidenced the successful synthesis
of the so-called MOF. Symmetric and asymmetric stretching
vibrations of N—H at 3506 and 3393 cm™" in the ligand®* were
moved to 3460 and 3375 cm™' in the as-prepared La(IlI)-
MOF.” In the ligand spectrum, an absorption band that
appeared at 1690 cm ™" could be assigned to the N—H bending
vibration®” that moved to 1673 cm™' in the as-prepared
La(III)-MOF.”> The weak band at 2930 cm™!, which
correspond to aromatic C—H stretching vibrations of ligands,
did not change in the as-prepared La(III)-MOF spectrum.
Also, the peak of the protonated carboxylic group was not
observed between 1680 and 1715 cm™". After modification of
the La(IlI)-MOF framework with glutaraldehyde, two sharp
peaks with a particular shape assigned to the C—H stretching
vibrations of glutaraldehyde appeared at 2908—2930 cm™'. A
peak at 1688 cm™ that may attribute to the carbonyl group of
glutaraldehyde was also seen. These observations confirmed
the successful modification of the La(IIl)-MOF surface and the
preparation of La(Ill)-MOF-G for the immobilization of
aptamer P1. The amount of the adsorbed aptamer P1 was very
low which did not change the FT-IR spectrum of La(IIl)-
MOE-G.

Moreover, field emission scanning electron microscopy
(FESEM) images of the as-prepared La(III)-MOF, La(III)-
MOF-G, and La(1I)-MOEF-P1, shown in Figures 1b and Sla,c,
respectively, showed that the morphology of La(IlI)-MOF-G
and La(III) MOF-P1 is completely different from that of the
as-prepared La(III)-MOF. These changes could be attributed
to the linkage of glutaraldehyde and adsorption of aptamer P1
onto the surface of La(III)-MOF crystals.

The DNA building blocks comprise three parts. These
include thymine, adenine, guanine, and cytosine bases or
nucleotides which join together to form a strand of DNA by
the phosphate and sugar groups. Therefore, phosphorus
mapping of La(III)-MOF-P1 was used to evidence successful
immobilization of DNA onto the surface of La(Ill) MOF-G
(Figure 1d).

The fluorescence wavelength of La(III)-MOF, shown in
Figure S3b, shifted a little after modification and adsorption of
aptamer P1. This could also confirm the successful decoration
of aptamer P1 onto the surface of La(III)-MOF.

Preparation and Characterization of Probe-2 (Ag
NPs—P2). Preparation of colloidal Ag NPs was analyzed using
UV—vis spectroscopy (Figure 2a). The prepared Ag NPs
exhibit an absorption band with a maximum at 430 nm that
relates to the surface plasmonic vibration.”' According to the
Mie theory, the extinction (or transmittance) spectrum can be
employed to measure the size of metallic nanoparticles.”
Figure 2b shows the obtained transmittance spectrum of the
prepared Ag NPs that revealed 40—50 nm particles in this
sample.”

The DNA aptamer P2 was used to bind the surface of Ag
NPs, and UV—vis spectroscopy and agarose gel electrophoresis
were performed to ensure its binding. In Figure S3a, the UV—
vis spectrum of Ag NPs—P2 is a mixture of Ag NPs and the P2
aptamer. There is also a red shift in the absorption peak at
around 435 nm which means the successful attachment of
DNA aptamer P2 onto the surface of Ag NPs. Furthermore,
the obtained results, from agarose gel electrophoresis (Figure
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Figure 2. (a) UV—vis spectrum of the prepared Ag NPs, (b)
transmission spectra of Ag NPs, and (c) agarose gel electrophoresis of
Ag NPs (lane 1) and Ag NPs—P2 (lane 2).

2c), reveal that the pure Ag NPs (lane 1) run faster than Ag
NPs—P2 (lane 2) under completely identical conditions. It
could be attributed to the larger size of the Ag NPs—P2, which
penetrates the gel slower.’® Therefore, it can be concluded that
DNA aptamer P2 favorably immobilizes onto the surface of Ag
NPs.

Figure S3 also shows the fluorescence spectra of La(Ill)-
MOF, miRNA-155, aptamer P1, and P2. Their comparison
illustrated that the fluorescence intensity of La(III)-MOF is
much higher than that of both aptamers and miRNA-15$ and
completely covers them.

Optimization of the Main Factors Affecting FRET.
Effect of the Initial Concentration of miRNA-155. Figure 3a
shows the quenching efliciency versus the miRNA-155
concentration level. This plot exhibits two different slopes
with a continuous increase of the target concentration. These
observations are due to the number of aptamers that
immobilized on the surface of Ag NPs and La(III)-MOF.
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Figure 3. Impact of various factors on the biosensor response: effect of the (a) concentration of miRNA-155 (pH: 7, time: 30 min, temperature: 25
°C, and concentration of probe-1: 0.2 ppb and probe-2: 0.5 ppb), (b) pH (miRNA concentration: 1.9 ppb, time: 30 min, temperature: 25 °C, and
concentration of probe-1: 0.2 ppb and probe-2: 0.5 ppb), (c) concentration of probe-1 (miRNA concentration: 1.9 ppb, pH: 7, time: 30 min,
temperature: 25 °C, and probe-2: 0.5 ppb), (d) concentration of probe-2 (miRNA concentration: 1.9 ppb, pH: 7, time: 30 min, temperature: 25
°C, and probe-1: 0.4 ppb), (e) time (miRNA concentration: 1.9 ppb, pH: 7, temperature: 25 °C, and concentration of probe-1: 0.4 ppb and probe-
2: 0.6 ppb), and (f) temperature (miRNA concentration: 1.9 ppb, pH: 7, time: 45 min, and concentration of probe-1: 0.4 ppb and probe-2: 0.6

ppb).

When miRNA-155 strands are introduced to the mixture of
probe-1 and probe-2, up to 2 ppb, the numbers of available
active sites are very higher than those of the target miRNA-155
strands, so the hybridization reaction and FRET process are
quickly completed and quenching efficiency is high. However,
by increasing the initial concentration of the target, their
numbers became significant in comparison to the numbers of
the available active sites and quenching efficiency decreased. In
other words, the sensitivity of the biosensor in the 0.5—-2 ppb
range is more than that of the higher miRNA concentration
level.

Effect of pH. The sequence pairing of target miRNA and
probes through hydrogen bonding is significantly depended on
pH.>* In acidic conditions, protonation of bases disrupted
hydrogen bonding and caused electrostatic repulsion between
nucleotides. It might also destroy oligonucleotides; therefore,
the hybridization process was performed at pH 6—9. Figure 3b
indicates that maximum Qg values were achieved in the pH
range of 6.5—8. Therefore, neutral pH has been chosen in the
continuation of this research.

Effect of the Probe Amount. The available sites for miRNA
strands could be improved by increasing the number of probes.
Hence, the effect of different amounts of probes (0.1—0.9 ppb)
investigated to determine their impact on biosensor perform-
ance. According to Figure 3¢, the fluorescence quenching

efficiency increased immediately with increasing the amount of
probe-1 from 0.1 to 0.2 ppb. Then, it remained constant from
0.2 to 0.4 ppb before starting to decrease, up to 0.9 ppb.
Moreover, for the quencher probe-2, the fluorescence
quenching efficiency increases with increasing concentration
from 0.1 to 0.6 ppb (Figure 3d). Then, it almost remained
constant up to 0.9 ppb. These observations explain that the
excess number of probes makes a false response. When the
number of fluorophore or quencher species is more than
miRNA targets, incorrect biosensor responses were observed
because of probe particle aggregation. Also, in the low levels of
probes, the sensitivity of the biosensor significantly reduces
because of the lack of enough probes for the hybridization
process. When the amounts of probe-1 and probe-2 are 0.4 and
0.6 ppb, respectively, the maximum quenching efficiency for
the system was achieved. Therefore, these amounts of probes
were chosen as the optimum and used in subsequent
experiments.

Effect of the Hybridization Time. The hybridization time is
another main factor that affected the response in the miRNA-
155 biosensing process. As shown in Figure 3e, the
fluorescence quenching efficiency has enhanced with increas-
ing hybridization time from 15 to 45 min and then almost
remained unchanged. These results showed that at least 45 min
was required for reaching the chemical equilibrium or
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occupation of active sites on probes, so 45 min was considered
as the optimum time needed for mixing biomarker targets and
probes.

Effect of Temperature. Because the temperature can change
interactions between miRNA strands and probes, it has
significantly impacted on the responses of the biosensor.
Thus, the temperature was adjusted in the range of 20—45 °C
to investigate its effect on miRNA-155 detection. As shown in
Figure 3f, the response of the sensor increased by increasing
the temperature up to 45 °C. A probable description is that
increasing the temperature accelerates the hybridization
process by further collision. However, the fluorescence
intensity of La(III)-MOF may reduce at higher temperatures
by improving the vibrational relaxation mechanism in which
the collision between the solvent molecules and probe-1
particles resulted in the nonradiative relaxations.”” Conse-
quently, the temperature was set at 25—35 °C for obtaining the
best real response.

The fluorescence spectra of sensor platforms under different
conditions are given in Figure S4a—e, and Figure S4f illustrates
the fluorescence quenching of this biosensor system in the

optimum conditions obtained from one factor-at-a-time
optimization experiments.

Experimental Design. The CCD, as the most common
RSM, has been employed for deciding the impacts of different
parameters and their interactions in miRNA-155 detection.
The experimental factors, predicted results, runs, and their
responses are listed in Table S5. At first, the statistical
significance of these independent factors and related
interactions has been investigated using a Pareto plot, as
indicated in Figure 4a. According to this plot, the most
significant independent variables and two factorial interactions
between them were determined (A, B, C, D, A%, B%, C%, A X D,
and B X D), and then, the obtained experimental data were
analyzed using the ANOVA technique. This technique is a
robust statistical procedure that can be utilized to separate and
estimate the different causes of variation. Therefore, ANOVA
analysis can help us decide which factor has significantly
impacted the response of the biosensor based on the diverse
descriptive statistics, such as F-value, p-value, correlation
coefficient (R*), and adjusted correlation coefficient (RzAdj).
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In the first model analyzing step, the residual plots have been
used to judge the model adequacy. The histogram plot (Figure
4d) exhibits a standard Gaussian distribution, and according to
the versus order plot (Figure 4e), residuals represented no
clear pattern around the zero line, which means there is no
serial correlation between these data and residuals are
independent of each other. The normal probability plot
(Figure 4b) was also exhibited to have no deviations from a
straight line, and the versus fits plot (Figure 4c) displayed that
residuals were scattered shapeless and randomly around the
zero line. These observations revealed that residuals have
constant variance, and the obtained responses from the model
have high adequacy.

Results of the ANOVA analysis are summarized in Table 1.
The model is significant when its p-value and lack of fit, which

Table 1. Obtained Results of ANOVA of the Quadratic
Models Predicted for Each Factor in the miRNA-155
Detection Process and Their Coeflicient Values

source DF Adj SS Adj MS F-value p-value
model 14 0.310853 0.022204 212.48 0.000”
linear 4 0.194286 0.048572 464.80 0.000”
pH 1 0.007794 0.007794 74.58 0.000”
miRNA concentration 1 0.169025 0.169025 1617.46 0.000"
hybridization time 1 0.015246 0.015246 145.89 0.000"
temperature 1 0.002221 0.002221 21.26 0.000
square 4 0.110996 0.027749 265.54 0.000”
pH X pH 1 0.037529 0.037529 359.13 0.000”
miRNA 1 0.082929 0.082929 793.57 0.000”
concentration X
miRNA
concentration
hybridization time X 1 0.005127 0.005127 49.06 0.000"
hybridization time
temperature X 1 0.005022 0.005022 48.06 0.000”
temperature
2-way interaction 6 0.005570 0.000928 8.88 0.000"
pH X miRNA 1 0.000069 0.000069 0.66 0.427"
concentration
pH X hybridization 1 0.000079 0.000079 0.75 0.398"
time
pH X temperature 1 0.002059 0.002059 19.70 0.000
miRNA 1 0.000280 0.000280 2.68 0.121°
concentration X
hybridization time
miRNA 1 0.002785 0.002785 26.65 0.000
concentration X
temperature
hybridization time X 1 0.000298 0.000298 2.86 0.110"
temperature
error 16 0.001672 0.00010S
lack-of-fit 10 0.001263 0.000126 1.85 0.233%
pure error 6 0.000409 0.000068
total 30 0.312525
model summary
S R Ry’ Rpeed®
0.0102225 99.47% 99.00% 97.49%

“Significant. hInsigniﬁcant.

were obtained by Fisher’s exact test, were significant and
insignificant, respectively. Hence, in 95% confidence intervals,
the p-value should be lower than 0.05 and the lack of fit should
be higher than 0.05. According to the obtained F-value
(258.48), p-value (p < 0.0001), and F-value lack of fit (2.08), it
could be ascertained that this model is hugely significant and it
has the best adaptation to the responses. Furthermore, the

adequacy and quality of the model can be explored with an
investigation of the coefficient (R?) values. Also, the proximity
and agreement of the adjusted correlation coefhicient (RZAdj) to
the correlation coefficient (R?) describe the unique ability of
this quadratic model for the adjustment of theoretical values
and experimental data. R?, RAdjz, and Rp,.4*> were calculated to
be 99.23, 98.85, and 97.72, respectively. According to these
results, the adequacy of the quadratic model was approved for
the detection of miRNA-155.

In addition, the mathematical relationship of the response
on variables and their linear and quadratic interactions can be
estimated with the following polynomial equation (based on
regression coeflicients and data analysis that are displayed in
Table 2). Equation 1 is an adjusted model for significant

Table 2. Regression Coeflicients for Each Main Factor That
Impacts the miRNA-155 Sensing Process

term coef. SE coef. T-value  p-value
constant 0.78123 0.00414 188.75 0.000¢
pH —0.01802 0.00224 —8.06 0.000“
miRNA concentration 0.08392 0.00224 37.54 0.000
hybridization time 0.02520 0.00224 11.28 0.000¢
temperature —0.00962 0.00224 —4.30 0.000“

—0.03623 0.00205 —17.69 0.000“
—0.05385 0.0020S —26.30 0.000“

pH X pH
miRNA concentration X
miRNA concentration

hybridization time X —0.01339  0.00205 —6.54  0.000”
hybridization time

temperature X temperature ~ —0.01325 0.00205 —6.47 0.000“

pH X temperature 0.01134 0.00274 4.14 0.001¢

miRNA concentration X —0.01319 0.00274 —4.82 0.000“
temperature

“Significant.

factors (with the p-value lower than 0.05), affecting the
response of the biosensor. Here R represents the fluorescence
quenching efficiency, A, B, C, and D indicate the terms of the
coded values of pH, miRNA-155 concentration, hybridization
time, and temperature, respectively. Also, A% B2, C% and D* are
their quadratic terms. The interactions between the miRNA-
155 concentration and temperature (B X D) described a
negative effect on response. A X D was significant, indicating
that the interaction exists between pH and temperature. The
pH and miRNA-155 concentration have the most significant
impact on the response of the biosensor as designated by the
positive terms in eq 1. Based on the collected results of the
CCD method, we can decide that the effects of the interactions
between factors were less than the influences of individual
ones.

The 3D response surface plots were utilized to explain the
role of significant variables and their mutual interactions.
These plots illustrate the relevance between dependent factors
and experimental levels of each independent factor. Data from
Figure Sa demonstrated that higher quenching efficiency was
obtained at room temperature around the neutral pH. Also,
increases in miRNA-155 concentration at about room
temperature lead to enhancement of the response of the
biosensor (Figure Sb).
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Figure 5. 3D response surfaces for biosensor response: (a) pH X
temperature and (b) miRNA-155 concentration X temperature.

R = —2.853 + 0.8191A + 0.7570B + 0.006729C
+ 0.01323D — 0.06440A> — 0.21541B>
— 0.000086C*> — 0.000530D* + 0.003025A X D
— 0.00528B X D (1)

Finally, the CCD technique can predict the optimal
conditions by a combination of main variables based on
ridge maximum and canonical analysis. The optimum values of
each significant factor (pH, miRNA-15$ concentration, contact
time, and temperature) that are predicted by the model are
given in Table 3. Then, under the proposed optimal condition,
the detection of miRNA-155 was performed and the response
(0.7839) was compared with the predicted value from the
CCD method eq 1 (0.7856). These results affirmed the
teasibility, predictive ability, and adequacy of the suggested
model.

Biosensor Performance Evaluation. The performance of
the designed biosensor, for quantitative investigation and
determination of miRNA-155, was evaluated further under
optimal conditions achieved from the CCD method. As shown
in Figure 6a, the analytical curve, which demonstrates the
correlation between miRNA-155 concentration and fluores-
cence intensity ratios (Fy/F), is linear from 0.04 to SO ppb with
different slopes in two concentration ranges. These observa-
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Figure 6. (a) Calibration curve (concentration range: 0.04—50 ppb),
(b) specificity of the designed biosensor miRNA-155 (red), one-base-
mismatched (blue) and two-bases-mismatched miRNA (green), and
(c) responses of the biosensor for the detection of miRNA-15S in real
samples [blank sample (a), healthy donors (b,c), lung cancer patients
(d,e), and breast cancer patients (f,g)].

tions can be attributed to the aggregation of miRNA strands
around active sites and occupancy of these sites. The
calibration equations for the higher (1—50 ppb) and lower
(0.04—0.1 ppb) miRNA-155 concentration ranges were
calculated and could be indicated by Qg = 0.008 C_rna-iss
+0.4077 (R? = 0.9916) and Qg = 3.3942 C,pnaiss + 0.0184
(R* = 0.9776), respectively, where Qg is the fluorescence

Table 3. Proposed Optimal Conditions and Predicated Response Derived by CCD

multiple response and condition prediction

response (F, — F)/F,

variable setting fit
pH 6.9621 0.7855
miRNA concentration” 1.4545
hybridization time” 39.3687
temperature” 25.0505

“ppb. “min. “°C.

SE fit 95% CI 95% PI
0.0052 (0.77473, 0.7964) (0.7602, 0.8108)
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Table 4. Comparison of the Detection Performance of the Designed Biosensor with Some Recently Reported Methods for

Detection of miRNA-155

method
fluorescent detection
electrochemical
electrochemical
electrochemiluminescence
fluorescent detection
fluorescent detection

fluorescent detection

>IN TN NI 2R U U R

fluorescent detection

LOD

2.20 pM
1.87 pM
0.32 tM
0.67 pM
11.00 pM
3340 tM
100.00 pM
520 fM

linear range references
1.00 pM to 10.00 nM 58
5.60 to 5.60 \ 10° pM 59
1.00 fM to 10.00 nM 60
1.00 pM to 10.00 uM 61
50.00 pM to 10.00 nM 62
100.00 fM to 1.00 nM 63
0.10 to 200.00 nM 27
2.70 fM to 0.01 pM this work

quenching and C represents the concentration of miRNA-155.
The limit of quantitation and limit of detection (LOD) can be
computed based on fluorescence intensity ratios from five
measurements of the blank sample (eqs 2 and 3). These
analytical parameters were estimated to be 0.04 ppb (or 5.21
fM) and 0.13 ppb (or 17.35 fM), for the miRNA-15S detection
method.

100

LoQ=-" )
30

LoQ=-"r 3)

where ¢ demonstrates the standard deviation of responses
(fluorescence intensity ratios measured from blank samples)
and m represents the slope of the calibration graph. The
achieved LOD was comparable and moderately better than
other reported fluorescence-based sensors for the detection of
miRNA-155 as a lung or breast cancer marker. The detection
performance of the designed biosensor was compared with
some recently published articles, as shown in Table 4. In
contrast to previous fluorescent methods, this biosensor
provided the specific, quantitative, and sensitive detection
method for miRNA-155 without the requirement for any
amplification strategies such as enzymatic amplification of the
signal or polymerase chain reaction (PCR).

To investigate and confirm the specificity and selectivity of
the proposed platform for the biosensor, the detection and
hybridization processes have been performed with miRNA-155
and single base and two base-mismatched miRNA strands for
1.50 ppb of each oligomer under identical conditions (Figure
6b). Accordingly, if mutated miRNA strands, as control
sequences, are applied instead of miRNA-155, the fluorescence
intensity ratio did not change considerably and very lower
quenching was observed. This unique selectivity of the
biosensor has been explained by the hybridization phenomen-
on and the formation of miRNA-probes heteroduplexes. As
well known, the RNA strands only anneal to complementary
DNA or RNA sequences; therefore, the sequences of the
probes have been chosen to pair exclusively with miRNA-155.

The relative standard deviation (RSD) of response for
different days can be used to demonstrate the reproducibility
of the prepared biosensor,”* which is an essential property for
the practical applications. The calculated RSD of the biosensor
in response to 1.50 ppb miRNA-155 was 4.46% for six tests,
showing the excellent reproducibility of the biosensor.

Feasibility of the FRET Strategy. Based on the
interaction between probe-1 and probe-2, fluorescence
quenching may occur because of the FRET or inner filter
effect (IFE) mechanism.”> When the absorption spectrum of

quencher species overlapped with both excitation and emission
fluorophore spectra, the IFE mechanism may be responsible
for the fluorescence quenching. It has been usually observed
because of the shielding of the excitation beam, which highly
depends on the concentration of quencher or fluorophore
species in solution. However, when only the emission spectrum
of the fluorophore overlapped with the absorption spectrum of
quencher species, the emission of the fluorophore was
absorbed by quencher species in the ground state. However,
a prerequisite of this happening is that these species came
together as close as 10—100 A. At this condition, the
fluorescence intensity was quenched by the FRET mecha-
nism.’>®” Figure S5a shows the UV—vis spectra of Ag NPs—P2
(probe-2, quencher species) and fluorescence excitation and
emission of La(II1)-MOF-P1 (probe-1, fluorophore species). It
was seen that the absorption spectrum of probe-2 and the
emission spectrum of probe-1 are completely overlapped, but
the overlap between their absorption spectra is quite evident.
Additionally, the Plackett—Burman design, as a beneficial
technique for screening and searching the most eflicient
variables, shows that the concentration of Ag NPs—P2 is an
insignificant parameter in the sensing process. Consequently, it
would ensure that the suitable excited energy transfer from
Ln(II1)-MOF-P1 to Ag NPs—P2 by FRET is rather probable
than that by the IFE mechanisms. Therefore, in the absence of
miRNA-155, the fluorophore (probe-1) and quencher (probe-
2) are far apart, resulting in insignificant FRET and high-
intensity fluorescence detected (Figure SSb). However, by
introducing miRNA-15S, hybridization reaction brings the
probes close together, which resulted in the significant FRET
with an efficient quenching fluorescence signal (Figure SSc).
Real Sample Analyses. The applicability of the designed
biosensor has been appraised by the detection of miRNA-155
expression levels in actual clinical samples with complex
matrices that were collected from the hematology and
oncology center of Kousar hospital (Semnan, Iran). For this
purpose, human serum samples have been taken from patients
with lung or breast cancer and also healthy persons (as a
control). In the next step, miRNA-155 was isolated from blood
plasma samples utilizing miRNeasy RNA isolation kits
according to the Qiagen protocol. This process was precisely
performed based on the standard procedure, which was
explained in previous reports.”® Figure 6¢ shows that serum
samples of two healthy donors did not quench fluorescence
intensity similar to the blank sample without the miRNA
target. However, the fluorescence intensity completely
quenched with serum samples of lung or breast cancer
patients. Therefore, the designed FRET strategy can be
successfully, effectively, and quantitatively employed to detect
the upregulated expression of this cancer marker in real
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serums. These results indicate perfect agreement with previous
reports that use the PCR technique for the detection of
miRNA-155 in breast cancer patients.(’g’(’9

B CONCLUSIONS

In summary, this research provides the most promising strategy
for the detection of the miRNA-155 strand in clinical
application. Accordingly, a robust biosensor was fabricated
based on the FRET technique and “sandwich” hybridization
process of the oligonucleotides. In this work, a simple, fast, and
effective nanosensor was fabricated based on a fluorophore-
quencher pair. A La(III)-MOF (as a fluorophore) and Ag NPs
(as a quencher) were selected and then modified by specific
aptamer strands for the designed strategy. The optimal
conditions for sensing the miRNA-155 (target) achieved
from the CCD method were pH, 6.9621; concentration of
miRNA-155, 1.4545 ppb; contact times, 39.3687 min; and
temperature, 25.0505 °C. Because of the result of ANOVA
analysis (p-value < 0.0001 and lack of fit > 0.05), the high
obtained values of R* (99.23), RAdj2 (98.85), and Ryp,.4*
(97.72), and good agreement between them, the proposed
model could significantly describe the sensing process with the
best adaptation to the responses. High sensitivity (LOD 0.0386
ppb), high selectivity, and good applicability of this biosensor

in real clinical serum are the advantages of this protocol.
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