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Naked eye detection of multiple tumor-related
MRNAs from patients with photonic-crystal
micropattern supported dual-modal upconversion
bioprobes+

Xiaoxia Hu,? Yinggian Wang,® Haoyang Liu,? Jie Wang,? Yaning Tan,® Fubing Wang,®

Quan Yuan*? and Weihong Tan“®

Development of a portable device for the detection of multiple mRNAs is a significant need in the early
diagnosis of cancer. We have designed a biochip-based mRNA detection device by combining
a hydrophilic—hydrophobic micropattern with upconversion luminescence (UCL) probes. The device
achieves highly sensitive detection, using the naked eye, of multiple mMRNAs among patient samples. The
high sensitivity is attributed to enrichment of the target concentration and a fluorescence enhancement
effect. In addition, since the photonic crystal (PC) dot biochip is functionalized with dual-wavelength
excitation UCL probes, two kinds of mRNAs in the heterogeneous biological samples are detected
simultaneously, and the corresponding luminescence signals are captured using an unmodified camera
phone. The biochip-based mRNA detection device reported here demonstrates that multiple mRNAs
extracted from patient samples can be simultaneously and sensitively detected in a visual way without
sophisticated instrumentation. Therefore, this device is promising for real-time detection of multiple
biomarkers in patient samples, and it is anticipated that it will provide a powerful tool for convenient
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Introduction

The identification of potential cancer biomarkers in patient
samples is a key factor in the early diagnosis of cancer.”® The
occurrence of cancer is closely associated with the abnormal
expression of genes, and tumor-related mRNA has been
commonly used as a specific biomarker to assess the cancer
development stage.*® In recent years, tremendous advances in
the field of nucleic acid testing technology offer valuable diag-
nostic and prognostic approaches for cancer management.®*>
Among them, the use of biochip-based devices for mRNA
detection is an emerging assay in clinical diagnostic fields.*>**
Compared to detection methods using solution systems,
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biochip-based diagnostics offer the most promising approach
for the detection of cancer for point-of-care (POC) applications
due to their portability, flexibility, and short sample processing
time.">"” According to statistics from the article titled “The
Worldwide Market For In Vitro Diagnostic (IVD) Tests”, world-
wide in vitro diagnostics (IVD) market investments are growing
every year, indicating that medical diagnostic tools are playing
an increasingly important role in human health assessment and
disease diagnosis.'® The ultimate goal of these endeavors is the
development of POC diagnostics with the requisite sensitivity,
accuracy, and real-time visualization for patient sample anal-
ysis."** However, most current biochip-based mRNA detection
devices cannot simultaneously fulfill these requirements, and
no multiplexed biochip has yet shown direct visual detection of
multiple mRNAs in patient samples.>***' These challenges have
limited the clinical application of biochip devices in multiple
marker analysis and further impede their implementation as
effective cancer diagnostic systems. Thus, in order to promote
the potential clinical utility of such biochip-based devices, more
versatile and robust diagnostic devices that satisfy the clinical
requirements are needed for practical patient sample assays.
Recent innovations in optical detection devices with a fluo-
rescence readout have enabled new technological break-
throughs in biomarker analysis.>*** However, because of the
low concentration of mRNA in crude patient samples,
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improving the sensitivity of detection devices is an overriding
requirement. This can be accomplished in two ways: one
method is to enrich the target substance in the highly dilute
solution to obtain a detectable concentration, and the other is
to improve the output signal of the detection device. Taking
inspiration from enrichment phenomena in nature (e.g:, beetles
collect fog using a hydrophilic-hydrophobic pattern structure
on their backs), the strategy of enriching targets from dilute
solutions is a promising means to raise the analyte concentra-
tion.»** Recently, Song and Li have demonstrated well that
a hydrophilic-hydrophobic patterned sensor possessed great
ability to enrich the target and thus improved the detection
sensitivity.””*® On the other hand, with regard to enhancing the
output signal of the optical device, fluorescence enhancement
can lead to a high signal-to-noise ratio and a lower detection
limit. Three-dimensional photonic crystals (PCs) are periodic
dielectric materials that can confine, control, and manipulate
photons.”**> They have been frequently used to enhance the
intensity of some optical species, resulting in a hundred-fold
enhancement of the sensitivity.”” Overall, through the
combined effects of target concentration enrichment and fluo-
rescence enhancement, the sensitivity for mRNA detection in
patient samples can be significantly improved.

Cancer is associated with the abnormal expression of
multiple tumor-related mRNAs.** A diagnostic device with the
ability to detect multiple mRNAs simultaneously is required to
avoid false positive results, thus improving the reliability of
early cancer diagnosis.*® Lanthanide-doped upconversion
nanoparticles (UCNPs) that convert near-infrared (NIR) excita-
tion light into shorter wavelength luminescence have recently
been widely used as biological probes due to their unique
optical properties, such as the absence of autofluorescence,
greater light penetration depths and a high resistance to pho-
tobleaching.***” However, while UCNPs can afford tunable
multicolored upconversion luminescence (UCL) through
control of the lanthanide ion dopants, they typically result in
color crosstalk using the same excitation wavelength,*** which
limits the sensitivity and accuracy of multi-analyte detection.
Most recently, as an exciting new class of nanophosphors that
convert 808 nm NIR light into shorter wavelength lumines-
cence, Nd** ion-doped UCNPs have attracted great attention for
biosensing and imaging.**** Simultaneous detection of
multiple mRNAs can be readily realized using a combination of
808 nm and 980 nm excited UCNPs to avoid color crosstalk
between the different labelling signals and allow visual detec-
tion to be achieved.

In this work, a biochip-based mRNA detection device with
a hydrophilic-hydrophobic micropattern is designed to achieve
highly accurate and sensitive detection of multiple mRNAs
among patient samples with the naked eye. This portable visual
technique provides a powerful tool for convenient cancer
diagnosis through the fixing of two kinds of specific UCNP-
based mRNA probes on the PC substrates. Our novel mRNA
detection device can achieve sensitive, visual detection of
multiple mRNAs. The excellent performance of our mRNA
detection device could lead to further development into a clin-
ical diagnostic device. This strategy can be extended to design
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a universal detection device, and it is anticipated that this
general method will find a wide-range applications in the areas
of health assessment and disease diagnosis.

Results and discussion

We sought to generate a sensitive mRNA detection device for
bioanalysis of mRNA that is (i) straightforward to fabricate, (ii)
sensitive when presented with heterogeneous biological
samples, and (iii) convenient for reading of the assay result
without any major instrumentation. To satisfy these require-
ments, a PC dot-based substrate was fabricated by depositing
hydrophilic PC dots on a hydrophobic surface. As illustrated in
Fig. 1a, aqueous colloidal droplets containing carboxyl-modi-
fied polystyrene spheres were dropped onto a specific plan-
ned area of the hydrophobic PDMS substrate. Then,
concentration led to the formation of macroscopic PC dots
during solvent evaporation, and finally UCNPs were added to
the PC dots. As shown in Fig. 1b, the aqueous colloidal drop-
lets were assembled into an orderly PC dot array, which
appeared green due to the Bragg scattering effect, via an
evaporation-induced procedure on the hydrophobic substrate.
Scanning electron microscopy (SEM) demonstrated that the
PC dot array was regularly assembled from the monodispersed
polystyrene (PS) spheres (Fig. 1c) with diameters of 215 nm
(Fig. S17). To fabricate efficient optical probes, the core-shell
structured B-NaYF,:Yb,Er@NaYF,:Yb@NaNdF,:Yb@NaYF,:Yb
(denoted as Er-doped UCNPs) with dual NIR excitation wave-
lengths (808 nm and 980 nm) and the core-shell structured
B-NaYF,:Yb,Tm@NaYF,:Yb (denoted as Tm-doped UCNPs)
were employed as light-emitting materials.** The transmission
electron microscopy (TEM) images (Fig. 1d and S21) and the
size distribution statistics (Fig. S31) indicate that the Er-doped
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Fig. 1 (a) Schematic illustration of fabrication of the PC dot-based

substrate. (b) Photograph of the PC-based substrate under exposure
to sunlight. (c) SEM image of the PC dots. (d) TEM image of the Er-
doped UCNPs. Inset: the structure of the core-shell structured
UCNPs. Luminescence photographs of the Er-doped UCNPs using
980 nm (e) and 808 nm (f) illumination with an excitation power
density of .00 W cm™2. The Er-doped UCNPs are dispersed in water.
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UCNPs were constructed from epitaxial layer by layer growth
and the as-prepared core-shell UCNPs exhibited a uniform
size with diameters of approximately 65 nm. The TEM images
(Fig. S41) of the Tm-doped UCNPs showed that the nano-
particles had well-defined hexagonal shapes, and the mean
diameter was found to be approximately 60 nm (Fig. S5T). X-ray
powder diffraction (XRD) patterns of the Er-doped UCNPs
(Fig. S61) and Tm-doped UCNPs (Fig. S71) showed that the
diffraction lines could be ascribed to the hexagonal structure
of NaYF, with the positions and intensities of the peaks in
good agreement with the calculated values for hexagonal-
NaYF,. The upconversion properties were examined using
continuous wave (CW) laser excitation at 980 nm and 808 nm.
As shown in Fig. 1e and f, in both cases, the Er-doped UCNPs
produced an intense green luminescence when they were
doped with Nd** ions. Remarkably, due to efficient suppres-
sion of surface-related deactivation, a large enhancement of
the UCL was obtained after simply coating the outermost shell
(Fig. S8 and S9t), which could promote efficient upconversion
emission for imaging applications. The Tm-doped UCNPs
showed a blue emission band at 477 nm using CW laser
excitation at 980 nm (Fig. S107).

The PC dot micropattern was fabricated by assembling
hydrophilic PC dots on a polydimethylsiloxane (PDMS) hydro-
phobic substrate. A colloidal solution containing mono-
dispersed PS spheres self-assembled into a regular array on the
hydrophobic surface and showed a bright green color when
exposed to sunlight (Fig. 2a). The PDMS-coated glass displayed
highly hydrophobic behavior with a contact angle of 117.3° +
2.3° (Fig. 2b), while the contact angle of the PC dot array was

hydrophoblc

hydrophilic

Fig. 2 (a) Photograph of the PC dot micropattern with hydrophilic PC
dots on the hydrophobic PDMS surface. (b & c) Contact angle char-
acterization of the PDMS-based hydrophobic surface (b) and the PC
dot substrate (c). (d) Illustration of the gradual enrichment process of
the UCNPs, moving from a highly dilute solution to the PC dot arrays.
(e—g) Luminescence images of the PC dot micropattern with the
UCNP solution during the condensing—enriching process with 808 nm
illumination at an excitation power density of 0.50 W cm™2. Inset:
sketch of the condensed state.
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32.3° + 2.1° and the array resulted in a hydrophilic surface
(Fig. 2c). Because of the different wettability characteristics
between the PDMS-based substrate and the PC dots, a highly
dilute solution of substances could condense onto the hydro-
philic PC dots. As illustrated in Fig. 2d, a solution of UCNPs was
first dropped onto the PC dots. With evaporation of the water,
the solution dewet from the hydrophobic substrate and the
UCNPs were condensed on the PC dots. Herein, the images of
the luminescence intensities were clearly obtained using an
unmodified camera phone. At the beginning, the luminescence
image of the UCNPs deposited on the PC dots was dark due to
the highly dilute solution of UCNPs (Fig. 2e), and then the UCL
intensity increased after evaporation of part of the water
(Fig. 2f). When the water had dried, the UCNPs deposited on the
PC dots became much brighter due to complete enrichment of
the UCNPs (Fig. 2g). The corresponding luminescence spectra
of the PC dots also showed that the visible emission light of the
PC dots became brighter and brighter during the enrichment
process (Fig. S11t). Compared to the UCL intensity of the
UCNPs on a PC dot, the luminescence intensity from a droplet
containing the same number of UCNPs on a pure hydrophilic
PC film after evaporation declined by half (Fig. S12), which
further confirmed the great enrichment ability of the PC dot-
based substrate with a hydrophilic-hydrophobic pattern.

Due to their photonic band-gap properties, three-dimen-
sional PC materials can be used to modulate the emission
wavelength and intensity of optical species.* In particular,
enhanced luminescence can be obtained when UCNPs are
combined with PCs because of enhanced reflection of the
emitted light.** As illustrated in Fig. 3a, without PCs, only part
of the emitted light of the UCNPs can be reflected and most is
transmitted through the glass substrate, thus the luminescence
of the UCNPs is not enhanced. However, when the glass
substrate is coated with PC dots, almost all of the emitted light
is reflected. Since the PCs can efficiently prevent the emitted
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Fig. 3 (a) Optical pathway diagrams of the upconversion emitted light

when Er-doped UCNPs are deposited on the substrate without (left)
and with (right) PCs under NIR excitation. (b) Transmittance spectrum
of the PC film. Inset: photograph of the PC film. (c) Reflection spec-
trum of the PC film, together with a normalized luminescence spec-
trum of the Er-doped UCNPs dispersed in water under 808 nm
excitation.
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light from being transmitted through the substrate, the lumi-
nescence signal of the UCNPs is readily enhanced. As shown in
the transmittance spectrum in Fig. 3b, the stopband of the PC
film was located at 552 nm. The inset image in Fig. 3b shows the
green color present under exposure to sunlight due to the Bragg
scattering effect. Also, as shown in Fig. 3c, the reflection spec-
trum of the PC film showed a stopband centered at 552 nm. The
Er-doped UCNPs showed a green emission band at 544 nm
under NIR excitation, which overlaps well with the stopband of
the PC. This result indicates that the photonic gap of the PCs
can result in efficient reflection of the green emission band at
544 nm and prevent transmission of the emitted light, leading
to an enhancement of the UCL.

The enhancement ability of the PC dots when using UCNPs
was investigated by comparing the luminescence intensities of
the UCNPs on different substrates: a substrate without PC dots
and a substrate with PC dots. It can be noted that the lumi-
nescence image in Fig. 4a is dark, as there were no PC dots on
the substrate. However, when the UCNPs were loaded on the
substrate with PC dots, the luminescence image became bright
(Fig. 4b). The enhanced luminescence intensity of the UCNPs
was attributed to an optical enhancement effect of the PCs.
These luminescence photographs clearly suggest that the PC
dot substrate displays a powerful ability to enhance the lumi-
nescence of UCNPs. The corresponding luminescence spectra
(Fig. 4c) also show that the luminescence intensity of the UCNPs
on the PC dot substrate was much stronger than that for the
substrate without PCs. These results prove that the PC dot
substrate is an efficient tool for enhancing the luminescence
intensity of UCNPs.

According to previous studies, mRNAs are proposed to be
important markers for tumor growth and they are usually
chosen for assessing the stage of cancer development.*®
However, it has been reported that a specific kind of tumor may
correlate with multiple mRNA markers, and that some tumor-
related mRNAs are also expressed in normal tissues. Thus, if
more than one kind of tumor-related mRNA exists, the diverse
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Fig. 4 Luminescence images of the Er-doped UCNPs deposited on
the substrate without (a) and with (b) PC dots using an excitation
power density of 0.50 W cm™2 and 808 nm light. Inset: illustration of
the UCNPs deposited on the substrate. (c) UCL spectra of the Er-
doped UCNPs on the substrate with and without PCs. /544 is the UCL
intensity of the emission band at 544 nm.
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expression levels of these mRNAs should all be detected to
improve the reliability of the diagnosis. Fig. 5a illustrates the
construction of a flexible device for the simultaneous detection
of multiple tumor biomarkers. Specifically, different kinds of
UCNP-based probes (two probes, named probe 1 and probe 2,
were used as an example) are constructed by labelling the
recognition sequences of different target mRNAs (target 1 and
target 2 were used as examples) with Er-doped UCNPS (Aexe =
808 nm, Ae;, = 544 nm) and Tm-doped UCNPS (Aexe = 980 nm,
Aem = 477 nm), respectively. The detection device is composed
of the PC dot substrate, UCNP-based probes and graphene oxide
(GO). The UCNP-based probes are immobilized on the PC dot
substrate and then they bind to GO via -7 stacking between
the nucleobases of the recognition sequences and the sp>
bonded carbon atoms of GO. The detection of two kinds of
mRNA using the above device is illustrated in Fig. 5b and S14a.t
When neither target is present, the luminescence is very weak
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Fig. 5 (a) Schematic illustration of the construction of a flexible
detection device. (b) Working principle for the simultaneous detection
of multiple mRNAs. (c & d) Luminescence images of the biochip-based
detection device without mRNA using 980 nm (c) and 808 nm (d)
excitation. Insets: diagrams of the UCL bands at 477 and 544 nm. (e)
UCL spectrum of the detection device without mRNA. (f & g) Lumi-
nescence images of the detection device with the addition of TK1 and
C-myc mRNA using 980 nm (f) and 808 nm (g) excitation. Insets:
diagrams of the UCL bands at 477 and 544 nm. (h) UCL spectrum of the
detection device with the addition of TK1 and C-myc mRNA. (i & j)
Luminescence images of the detection device when only the C-myc
mMRNA was present using 980 nm (i) and 808 nm (j) excitation. Insets:
diagrams of the UCL bands at 477 and 544 nm. (k) UCL spectrum of
the detection device with the addition of only C-myc mRNA. The
excitation power density of the 980 nm and 808 nm CW laser was
0.50 Wcm™2.
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due to quenching of the UCL by GO. In the presence of the two
targets, the two kinds of probes hybridize with their corre-
sponding targets, leading to recovery of the luminescence signal
due to detachment of the GO from the two kinds of probes. In
the presence of one of the targets, only the corresponding probe
hybridizes with the target and its luminescence signal is
recovered. Previous studies have reported that TK1 mRNA and
C-myc mRNA are highly correlated with the development of
breast cancer,* thus these two kinds of mRNA were chosen to
test the biosensing capabilities of the device. In the presence of
an increasing amount of GO, the UCL at 477 nm and 544 nm of
the probes decreased gradually when using 980 nm excitation,
indicating that the UCL can be effectively quenched by GO
(Fig. S131). The luminescence images of the detection device
without the mRNA added were dark, using both 980 nm (Fig. 5c)
and 808 nm (Fig. 5d) excitation, due to the weak visual emission
bands at 477 nm and 544 nm (Fig. 5e). With the simultaneous
addition of TK1 mRNA and C-myc mRNA, the device exhibited
a blue-green luminescence consisting of green and blue bands,
using 980 nm laser illumination (Fig. 5g). The UCL spectrum
with excitation at 980 nm showed that the luminescence
intensities at both 477 nm and 544 nm were enhanced when the
two kinds of mRNA were present simultaneously (Fig. 5h).
When only one kind of mRNA target (e.g., C-myc mRNA) was
present, the device emitted blue luminescence, using excitation
at 980 nm (Fig. 5i). The test zone became dark when the wave-
length of the CW laser was changed to 808 nm, since the UCL of
the Tm-doped UCNPs cannot be obtained using excitation at
808 nm (Fig. 5j). The corresponding luminescence spectrum
also demonstrates that only the blue luminescence triggered by
C-myc mRNA was observed (Fig. 5k). Similarly, in the presence
of only TK1 mRNA, the detection device exhibited green lumi-
nescence under both 980 nm (Fig. S14bt) and 808 nm
(Fig. S14ct) excitation because the Er-doped UCNPs can be
excited at both 980 nm and 808 nm. As a result, this mRNA
detection device exhibited good selectivity during the simulta-
neous detection of two kinds of mRNA. In addition, the UCL
intensity of the PC dots gradually weakened when the concen-
trations of TK1 mRNA and C-myc mRNA were decreased from
0.1 nM to 0.01 nM and the detection limit was determined to be
0.01 nM (Fig. S15 and S161), demonstrating that the detection
device also exhibits high sensitivity for the detection of mRNA.
The luminescence from the mRNA detection device was visible
to the naked eye and could be captured using an unmodified
camera phone. The above results therefore indicate that the
mRNA detection device is capable of simultaneous and sensitive
detection of multiple mRNAs using the naked eye.

The favourable performance of the mRNA detection device
indicated promising prospects for assay of the mRNAs present
in heterogeneous biological samples. MCF-7 is a human breast
adenocarcinoma cell line, where TK1 and C-myc mRNA are
overexpressed. mRNAs isolated from the MCF-7 cells were
detected to preliminarily determine whether the device is
robust enough for analysis of biological samples (Fig. 6a). In the
presence of mRNAs extracted from 10° MCF-7 cells, the device
exhibited a blue-green luminescence consisting of green and
blue bands using 980 nm laser illumination (Fig. 6b). In
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Fig. 6 (a) Schematic illustration of the mRNA extraction from MCF-7
cells. Luminescence images of the mRNA detection device with the
addition of targets extracted from the MCF-7 cells, with 980 nm (b) and
808 nm (c) illumination at an excitation power density of 0.50 W cm™2.

addition, the device exhibited green luminescence under
808 nm excitation (Fig. 6¢). The luminescence spectra showed
that in comparison to the UCL intensity of the device without
mRNA extracts, stronger visual emission bands at 477 nm and
544 nm were obtained under 980 nm excitation when there
existed mRNAs extracted from MCF-7 cells (Fig. S17f). The
mRNA detection device is therefore highly sensitive in the
detection of crude biological samples.

To investigate the applicability of this device for clinical
diagnosis, mRNAs extracted from breast cancer patient samples
were assayed. Since the expression levels of certain mRNAs are
accurate predictors of the patient's overall prognosis, mRNAs
from breast cancer tissues were extracted to investigate the
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Fig. 7 (a) Schematic illustration of the mRNA extraction from patient
samples. (b) Luminescence images of the mRNA detection device
using 980 nm illumination at an excitation power density of 0.50 W
cm™2. Blank: without RNA extracts. Normal: with RNA extracts from
normal tissue. Cancer: with RNA extracts from cancer tissue. (c) The
luminescence intensities of the mMRNA detection device with the
addition of patient samples containing normal tissue and cancer tissue.
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expression levels of the corresponding mRNAs, as shown in
Fig. 7a. Also, mRNAs from a corresponding non-cancerous
normal tissue sample from the same patient were extracted. As
show in Fig. 7b, three breast cancer patient samples containing
cancerous tissue and the corresponding non-cancerous normal
tissues were detected. The detection device without RNA
extracts was employed as a blank, and it showed dark images
using 980 nm laser illumination. With the mRNAs extracted
from the normal tissues, the luminescence images of the
detection device were slightly brighter than for the blank group,
indicating that normal tissue expresses low levels of TK1 and C-
myc mRNA. Furthermore, in the presence of the mRNAs
extracted from the breast cancer tissues, the detection areas of
the devices all exhibited a bright blue-green luminescence
consisting of green and blue luminescence bands, using 980 nm
laser illumination. Clearly, with the addition of mRNAs extrac-
ted from breast cancer tissue, the detection devices exhibited
a significantly much stronger luminescence than for the group
with mRNAs extracted from normal tissue, and these effects
were detected with the naked eye. It can be noted that similar
results were obtained when the three patient samples were
assayed simultaneously, demonstrating that TK1 mRNAs and C-
myc mRNAs are all overexpressed in breast tumor tissue, but
expressed at relatively low levels in normal tissue. Corre-
sponding luminescence spectra of the detection devices were
obtained, as shown in Fig. 7c, and the UCL intensities from the
breast cancer tissues were much higher than those of the
normal tissue samples and the blank group. These results
demonstrate that our device holds great promise for cancer
diagnostics.

Conclusions

In conclusion, the new mRNA detection device described herein
was able to detect tumor-related mRNAs directly in clinically
relevant samples, using the luminescence signals of UCNPs for
the first time. The biochip-based mRNA detection device with
a hydrophilic-hydrophobic pattern showed both a target
enrichment ability and luminescence enhancement simulta-
neously, thus leading to sensitive detection of mRNAs extracted
from patient samples using the naked eye. More importantly,
since distinct excitation-emission peaks were obtained through
irradiation with two CW lasers at wavelengths of 980 nm and
808 nm, the detection device exhibited good accuracy for the
simultaneous detection of two kinds of mRNA, and false posi-
tive results were successfully avoided. The results from the
luminescence images captured using an unmodified camera
phone proved that such a detection device was capable of
assaying patient samples without sophisticated instrumenta-
tion. This multifunctional device shows great potential for the
early diagnosis of cancer and is anticipated to find extensive
applications in clinical diagnosis and life science.
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