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3. RESULTS AND DISCUSSION
The potential clinical utility of miRNAs as biomarkers for
cancers can provide a direct link to cancer diagnosis and
prognosis as miRNAs are expressed in PCa cells and released
into the surrounding biological� uids during disease pro-
gression. In biological� uids (e.g., serum), endogenous
components such as proteins, cells, nucleotides, and pathogens
have a propensity to strongly bind to the sensor’s surface and
thereby in� uence the performance accuracy (false-positive and
false-negative responses) of diagnostic devices. In the present
study, we determined if our improved plasmonic-based
biosensor could detect miRNA levels with high sensitivity in
a complex human� uid such as serum collected from the whole
blood of noncancer and PCa patients. We previously identi� ed
a panel of PCa miRNA biomarkers (let-7a, let-7c, miR-141,
miR-21, miR-200b) for the development of our nanoplsmonic
TOF biosensor for PCa detection. Our previous studies
revealed successful detection of miRNAs when diluted in a
standard bu� ered solution using the functionalized AuTNPs-
TOF-immobilized ssDNA/PEG-SH for hybridization with the
synthetic target miRNA.18 To prevent biofouling of the sensor
surface, PEG4-SH was grafted on AuTNPs as a spacer molecule
to minimize nonspeci�c binding. In addition to its high water
solubility and low toxicity, the combination of steric hindrance
e� ects, chain length, grafting density, and chain conformation
of PEG makes it an ideal antifouling molecule in biological
environments. PEG grafting has been widely implemented as
an antifouling polymer.28

Using the experimental setup described inScheme 1, we
measured miR-21 in diluted human QC serum (40% in PBS),
representing a serum pool collected from 360 noncancer
individuals. The� � peak was calculated as a function of time
during target miR-21 hybridization with a ssDNA21-C3-
SH:PEG-SH-functionalized AuTNPs-TOF plasmonic biosen-
sor (Figure 1). An average� � peak red shift of 14.0± 0.8 nm

was observed after 4 h of hybridization followed by a plateau in
the � � peak signal (Figure 1). The 4 h response time for
ssDNA-miRNA hybridization enables the potential application
of the TOF plasmonic biosensor in POC diagnosis. We then
evaluated the linear response characteristics for a panel of PCa
tumor suppressor and oncogenic miRNAs (let-7a, let-7c, miR-
141, miR-21, miR-200b) using 40% human serum spiked with
a prede� ned volume of 1� M target miRNA to achieve a 1
fM� 100 nM miRNA dilution curve in human serum. Eight
hundred microliters of the miRNA-spiked serum solution was

delivered to the biosensor for miRNA detection. The shift in
transmission wavelength (� � ) of the ssDNA/PEG thiol-
fabricated AuTNPs laminated TOF plasmonic sensor upon
hybridization of target miRNA in human serum in the range of
100 nM� 1 fM was obtained. The sensor’s sensitivity and limit
of detection (LOD) along with the regression coe� cient for
each miRNA detected were calculated (Table 1).25 The LODs

obtained for miR-200b,let-7c, miR-141, andlet-7awere 179,
242, 252, and 394 aM, respectively, with a sensitivity ranging
from 0.9714 to 1.0141 nm/nM. A slightly higher LOD of 580
was obtained for miR-21. The� � peak was observed to be
correlated with miRNA concentration levels with a regression
coe� cient ranging from 0.9761 to 0.9903. These results
exhibited improved LOD and sensitivity over our previously
fabricated TOF plasmonic biosensor.25

To minimize the possibility of false-positive and false-
negative responses, the selectivity characterization was
performed using the complementary ssDNA probe to target
miR-21 in 40% human serum. The spectrum obtained for the
plasmonic sensor is shown inFigure 2(green curve) with a

� peak of 776.8 nm. Upon functionalization with the
complementary ssDNA to target miR-21, the transmission
peak red-shifted by 22.2� 799 nm (black curve). The exposure
of the ssDNA-functionalized biosensor to a solution mixture of
100 nM equimolar of miRNAslet-7a, let-7c, miR-200b, and
miR-141 resulted in no signi� cant shift in the� � peak (red
curve overlapping black curve). Subsequently, the biosensor
was incubated in 100 nM miR-21 in 40% human serum, which
resulted in a 25.3 nm red shift in the� peakto 824.5 nm (blue
curve). These results indicated high selectivity of the biosensor
toward the target miRNA. We then validated the selective

Figure 1.Change in transmission wavelength as a function of time
during target miR-21 hybridization with ssDNA21-C3-SH:PEG-SH-
functionalized AuTNPs-TOF with error bars (triplicates).

Table 1. AuTNP TOF Biosensor Regression
Characteristics25

microRNA sensitivity (nm/nM) R2 LOD (aM)

let-7a 1.0141 0.9761 394
miR-141 0.9026 0.9903 252
let-7c 0.9171 0.9817 242
miR-21 0.9084 0.9819 580
miR-200b 0.9714 0.9827 179

Figure 2.Transmission spectra demonstrating the selectivity of the
fabricated TOF plasmonic biosensor. Green curve� AuTNP TOF
plasmonic biosensor (776.8 nm), black curve� after immobilization
of ssDNA21-C3-S-H: PEG4-SH (799 nm), red curve�after
incubation in a solution mixture of microRNAslet-7a, let-7c, miR-
200b, miR-141, and miR-21 (100 nM equimolar, 799.2 nm), and blue
curve� after miR-21 hybridization (824.5 nm) in human serum.
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binding of the target miRNA to the complementary ssDNA
receptor in noncancer and cancer patient serums using the
TOF plasmonic biosensor and qRT-PCR.
3.1. Detection of microRNAs in PCa Patient Samples.

The performance of the fabricated plasmonic biosensor was
evaluated using seven human serum samples obtained from
patients diagnosed with high-risk (HR), low-risk (LR) PCa
and compared to noncancer (NC) patients. Two samples were
obtained for each clinical PCa category, and three samples
were obtained for noncancer controls. We tested if the
plasmonic biosensor could be used to measure cancer-
associated miRNAs in patient serums and differentiate between
the clinical groups for PCa (Figure 3A−E). The levels of tumor
suppressors miR-141, miR-200b, let-7a, and let-7c detected by
the plasmonic biosensor were in the range of pM to fM in
noncancer control serums and at lower concentrations in high-
risk and low-risk patient samples. Figure 3A shows 110−290
fM, 18−28 fM, and 4−5 fM miR-141 in noncancer, low-risk,
and high-risk patients, respectively. Likewise, low levels of miR-
141 have been reported in the blood of PCa patients and
function to block tumor growth and metastasis by targeting a
cohort of pro-metastasis genes.29,30

Reduction of let-7 family members such as let-7a and let-7c
are commonly observed in PCa patients and in castration-
resistant PCa (CRPC) cells.31 They have been shown to
inhibit PCa cell proliferation and clonal expansion in vitro and
in vivo28 by targeting cell cycle progression genes such as E2F2
and CCND2. The biosensor results revealed that let-7a is
overall less abundant than let-7c and is expressed at the fM
level, whereas let-7c is expressed at the pM level in human
serum (Figure 3B,C). As expected, let-7 levels were reduced in
PCa cancer patients. For let-7a, noncancer serum levels were
58−90 fM, whereas low-risk and high-risk PCa serum levels
dropped to 2−5 and 5−20 fM, respectively. Similar trends
were noted for let-7c, and this miRNA was expressed at 0.8−
1.2 pM in noncancer patient serum compared to 0.2−0.5 pM
in low-risk and 0.4−0.5 pM in high-risk PCa serum.
In addition, miR-200b has also been identified as a PCa

tumor suppressor miRNA that directly targets the androgen
receptor and its expression is linked to decreased tumor-
igenicity and metastatic capacity of PCa cells.32 Figure 3D
shows miR-200b was expressed at 4−7, 0.1, and 0.1 pM in
noncancer, low-risk, and high-risk patients, respectively. One-
way ANOVA analysis showed that these tumor suppressor
miRNAs (miR-141, miR-200b, let-7a, and let-7c) shown in
Figure 3 offset panels could distinguish between the patient
groups with high detection selectivity and a p-value <0.0001
for high-risk vs low-risk PCa patients. Figure 3E indicates that
miR-21 expression was elevated in low-risk (4−5 pM) and
high-risk (7−8 pM) patients compared to noncancer patients
(0.3 pM). These findings are consistent with the oncogenic
role for miR-21 to target and inhibit tumor suppressor gene
PTEN expression and promote PCa cell proliferation and
invasion.33−36 miR-21 also showed a p-value <0.0001 for
identification of noncancer control and high-risk vs low-risk
patient groups.
Our data therefore indicated that the AuTNP-laminated

TOF-based biosensor using serum expression profiles of these
tumor suppressors and oncogenic-associated miRNAs could
differentiate disease status. Indeed, the receiver operating
characteristic (ROC) analysis shown in Figure 4 showed that
the TOF plasmonic biosensor discriminated between the
noncancer control group and the PCa groups (low-risk or

Figure 3. TOF plasmonic biosensor distinguishes the various clinical
groups of PCa associated with miRNA. (A) 141, (B) let-7a, (C) let-7c,
(D) miR-200b, and (E) miR-21 in noncancer (NC), low-risk (LR),
and high-risk (HR) patients. Offset panels represent ANOVA results
for NC vs LR vs HR samples. P (ns) = 0.1013, *P < 0.0159, and ***P
< 0.0001 for NC and HR vs LR patients.
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high-risk patients) with an area under the curve (AUC) of 1.0.
This agreed with findings by Mitchell et al., where circulating
miRNA-141 could discriminate PCa patients from noncancer
patients.37

3.2. Relative Quantification of Serum miRNA Ex-
pression by qRT-PCR. We went on to examine two of the
tumor suppressive miRNAs via conventional qRT-PCR
methods for relative quantification analysis to compare
miRNA expression profiles in noncancer, low-risk, and high-
risk PCa patients from the same serum specimens used for the
AuTNP-laminated TOF-based biosensor studies. Figure 5

depicts the serum values obtained for let-7a and let-7c in the
seven patients analyzed by TaqMan-based qRT-PCR. MiRNA
expression for each individual patient serum was measured in
triplicate relative to the miRNA expression profiled in the QC
serum sample (representing pooled 360 noncancer patients),
and the averaged fold differences were obtained using the
comparative cycle threshold (ΔΔCt) method. Serum sample
expression was normalized to the endogenous miRNA
reference gene miR-425-5p.20 Table 2 provides the mean
serum values by qRT-PCR of tumor suppressors let-7a and let-

7c for noncancer (NC), low-risk (LR), and high-risk (HR)
patient groups, respectively. Our qRT-PCR analysis showed
higher serum let-7a expression in noncancer individuals versus
low-risk and high-risk PCa patients, which correlated with the
results obtained using the TOF plasmonic biosensor. let-7c
expression followed similar trends by qRT-PCR when
comparing noncancer and low-risk patient groups; however,
the large standard deviation for the high-risk group made this
data point difficult to interpret. Larger clinical cohorts of
human serum comparing miRNA expression levels using our
biosensor and qRT-PCR are needed for further validation as
well as the use of quantitative qRT-PCR rather than relative
qRT-PCR methodologies.
Our study suggests that the use of miRNAs as biomarkers

will provide tremendous opportunities for the development of
point-of-care (POC) diagnostic tools to advance human health
outcomes. To our knowledge, this study is the first to
implement a TOF plasmonic biosensor for the detection of
PCa miRNAs biomarkers. Furthermore, this work demon-
strated that the TOF ssDNA-modified biosensor offers a highly
selective receptor for the target miRNA detection for the early
diagnosis of PCa directly from the patient’s serum. Despite the
limitation of a small patient cohort for this study, future studies
building upon this work are envisioned to enable high-
throughput miRNA assays on unmodified human fluids
through the advancement of a sensor platform to a fully
integrated microfluidic chip with multichannels for ultra-
sensitive quantification of miRNAs. Therefore, fabricated TOF
plasmonic biosensors may have potential use for noninvasive
miRNA diagnostic purposes in a large range of human
disorders.

4. CONCLUSIONS
The AuTNP-laminated TOF plasmonic biosensor was
successfully demonstrated using chemically synthesized
plasmonic AuTNPs coupled with TOF to be a highly selective
and specific miRNA assay in noncancer and PCa patient
serums. A panel of miRNAs was quantified in human serum
with a LOD in the aM range and a good miRNA hybridization
response time of 4 h. As a proof-of-concept, the panel of
miRNAs was assayed directly from the unmodified serum of
seven patients with PCa. The biosensor demonstrated high
specificity (p-value of <0.0001, AUC = 1.0) toward detection
of the panel of miRNAs for early-stage diagnosis of PCa. The
high specificity of fabricated biosensors may significantly
advance the biosensing field by providing a POC tool to
perform early-stage diagnosis and prognosis of diseases using
miRNA or other biomarkers. The flexibility of this
experimental setup has the potential to enable a wide range
of POC applications for early disease diagnosis using miRNA-
based biosensors as a promising noninvasive tool to diagnose
PCa, where higher values on oncogenic and lower values of
tumor suppressor miRNAs are significantly correlating with the
presence of high-risk and metastatic disease. Although the
panel of miRNAs was assayed using the fabricated biosensor to
demonstrate proof-of-concept early-stage PCa diagnosis

Figure 4. Receiver operating characteristics (ROC) for NC vs disease
patient samples.

Figure 5. qRT-PCR of PCa-associated miRNAs. (A) let-7a and (B)
let-7c in noncancer, low-risk, and high-risk patients. Offset panels
represent ANOVA results for NC vs LR vs HR samples.

Table 2. Relative miRNA Expression Using qRT-PCR
(Mean ± SD)

miRNA NC LR HR

let-7a 5.087 ± 1.529 1.562 ± 1.819 1.720 ± 1.982
let-7c 3.964 ± 1.846 2.488 ± 3.052 5.477 ± 7.342
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toward improved health outcomes and patient survival rates, a
larger cohort of PCa patients will need to be analyzed using
this biosensor platform for biomarker validation.
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