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ABSTRACT: (Mi)RNAs are important biomarkers for cancers { @™ e
diagnosis and pandemic diseases, which require fast, ultrasensitive, s

‘. |
and economical detection strategies to quantitatively detect exact i I E ’EmiRNAE e e :
(mi)RNAs expression levels. The novel coronavirus disease | BreastCancer | =% 59 N m |
(SARS-CoV-2) has been breaking out globally, and RNA detection ! ! e . :
is the most effective way to identify the SARS-CoV-2 virus. Here, ! y - % - , \/i
we developed an ultrasensitive poly-L-lysine (PLL)-functionalized :* / RNA | I e ]
graphene field-effect transistor (PGFET) biosensor for breast | ¢ . V., . Vos (mV) !
cancer miRNAs and viral RNA detection. PLL is functionalized on i SARS:CoVe2 " 4 = L i ]

the channel surface of GFET to immobilize DNA probes by the

electrostatic force. The results show that PGFET biosensors can achieve a (mi)RNA detection range of five orders with a detection
limit of 1 fM and an entire detection time within 20 min using 2 #L of human serum and throat swab samples, which exhibits more
than 113% enhancement in terms of sensitivity compared to that of GFET biosensors. The performance enhancement mechanisms
of PGFET biosensors were comprehensively studied based on an electrical biosensor theoretical model and experimental results. In
addition, the PGFET biosensor was applied for the breast cancer miRNA detection in actual serum samples and SARS-CoV-2 RNA
detection in throat swab samples, providing a promising approach for rapid cancer diagnosis and virus screening.

B INTRODUCTION volume consumption,”>™"” the graphene-based field-effect
transistor (GFET) biosensor has been paid attractive attention
for cancer diagnosis and virus screening.'®”>' Previously,
direction immobilization of DNA probes on a GFET channel

Cancers are the biggest threat for human health in the world,
in which breast cancer ranks the top for women. Recently,
another newly emerged coronavirus (SARS-CoV-2) that can

cause viral pneumonia has spread globally and is threatening surfacngor sensitive ;Eczlgeic acid detection was reported by our
the global public health. To effectively control its prevalence, group ™~ and others.”™ ™ The limit of detection of 10 fM for
rapid and accurate detection of RNAs or miRNAs, a class of miRNAs was achieved;”> however, it still needs to be improved
single-stranded nucleic acid molecules encoded by endogenous further to fulfil the actual requirements. To improve the
genes and involved in the regulation of post-transcriptional performance of GFET biosensors, channel surface functional-
gene expression,' ~ becomes a critical requirement. It has been ization of GFET becomes crucial. Different strategies were
demonstrated that different (mi)RNAs and their expression reported to understand the sensing mechanisms and improve
levels are associated with various diseases.*”” Real-time reverse the sensing performances,26’27 such as Au nanoparticles
transcription polymerase chain reaction is the popular (AuNPs), 1-pyrenebutyric acid succinimidyl ester (PBASE),
commercial nucleic acid test tool and the only officially proved and so on.”>** Cai et al. developed a graphene FET biosensor
specific determination method of SARS-CoV-2 RNA, but it is functionalized with AuNPs for the label-free detection of
time-consuming. Therefore, developing a sensitive, selective, miRNAs, which improved the detection limit to 1 M. Xu et
rapid, and low-cost (mi)RNA detection method is of great al. demonstrated that PBASE-decorated GFET biosensors

T .. ! . . . 811
significance for clinical diagnosis and virus detection.

Graphene, an atom-thick 2D carbon material, was used in
biosensing applications because of its excellent physical and
chemical properties, such as high intrinsic carrier mobility,
direct interaction with molecules, large surface areas, and low
intrinsic noise.'””'* Together with the FET biosensor
advantages of being label-free, fast, sensitive, selective, and
low cost and possessing on-site detection and a small sample
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Figure 1. (a) PGFET biosensor Schematic. (b) Schematic principles of GFET and PGFET for miRNA detection. Comparison of miRNA detection

results between GFET (c) and PGFET(d) biosensor.

could reliably monitor the kinetics of nucleic acid binding and
unbinding by recording electrical signals in real time, and it
showed the limit of detection of 0.25 nM.>* Recently, Seo et al.
also used PBASE as a linker to construct GFET biosensors for
COVID-19 virus detection.”” Among those reports, the GFET
functionalization process was suffering from either instability
or time consumption issues. Therefore, a simple and stable
functionalization approach to construct GFET biosensors is
essential. Poly-L-lysine (PLL) is rich in cations and has a strong
electrostatic force with substances with anions. It is an
important material for biomolecular detection with fluores-
cence signals and is widely used in the field of biomedi-
30733 PLL exhibits several advantages during biosensing,
including its easy interaction with not only nucleic acids and
proteins but also with graphene, short process time of less than
20 min. However, there is no any report using PLL to combine
it with electronic devices for the biosensing applications.

In this work, we developed a new multi-functional graphene
FET with a PLL-functionalized channel (PGFET) biosensor
integrated with a microfluidic structure, in short a PGFET
biosensor, for ultrasensitive, specific, rapid detection of breast
cancer miRNAs and SARS-CoV-2 RNAs, as shown in Figure 1.
This is the first proof of concept of breast cancer miRNA and
SARS-CoV-2 RNA detection using a PGFET biosensor, which
achieves a detection limit of 1fM within 20 min using 2 uL
samples, and wide dynamic detection of five orders
magnitudes. The performance enhancement mechanism of

cine.
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PGFET biosensors was studied based on electrical sensing
model and experimental results. The detection of breast cancer
serum samples and simulated SARS-CoV-2 samples demon-
strated their practical application capabilities.

B EXPERIMENTAL SECTION

Materials. Phosphate buffered saline (PBS) was bought
from Corning. FAM-labeled DNA probes and miRNAs were
synthesized and ordered from Takara Biotechnology Co. Ltd.
The 0.01% PLL solution and ethanolamine (EA) were
purchased from Sigma-Aldrich. Monolayer graphene was
grown by CVD.*

Fabrication of PGFET Biosensors. The detailed
manufacturing process of PGFET biosensors is shown in
Figure Sla—g. A single layer of graphene on a copper foil was
protected by a polymethyl methacrylate (PMMA) thin layer.
The copper foil was etched away by 0.1 M ferric chloride
solution. The graphene/PMMA was transferred onto a 200 X
200 mm?* Si/SiO, substrate, and finally, the PMMA layer was
stripped off in acetone for 90 min. The source and drain
electrodes of 10 nm/50 nm Ti/Au were deposited by electron
beam evaporation deposition.*>*® The microfluidic channel
was fabricated’”*® and integrated with the PGFETs under
optical microscopy. The size of the PDMS chip was 9 mm X 9
mm X 1 mm with a channel of 6000 ym X 250 ym X 40 pm.
Ag/AgCl reference electrodes were used as a gate electrode in
PBS solutions. The PGFET biosensor schematic is shown in
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Table 1. NDA and RNA Sequences

annotation

sequence (S’ to 3')

DNA probes P-4732

P-191

P-125

P-21
P-SARS-CoV-2
(mi)RNA miR-4732

miR-191

miR-125

miR-21
T-SARS-CoV-2 RNA

mis-SARS-CoV-2 RNA

non-SARS-CoV-2 RNA

ACATCTCGTCCCTCGTCCTTCGA
CAGCTGCTTTTGGGATTCCGTTG
TCACAAGTTAGGGTCTCAGGGA
TCAACATCAGTCTGATAAGCTA
GTGAAATGGTCATGTGTGGCGGTTC
ACTATATGTTAAACCAGGTGGAAC
AAAAGGCGGGAGAAGCCCCA
CAACGGAAUCCCAAAAGCAGCUG
UCCCUGAGACCCUAACUUGUGA
UAGCUUAUCAGACUGAUGUUGA
GUUCCACCUGGUUUAACAUAUAGUG
AACCGCCACACAUGACCAUUUCAC
GUUCCACCUGGUUUAACAUAUAG
UAAACCGCCACACAUGACCAUUUCAC
AAGAAUACCACGAAAGCAAGAAAAAGAA
GUACGCUAUUAACUAUUAACGUACCUGU
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Figure 2. (a) SEM images of graphene on silicon substrate. (b) Raman spectra of transferred monolayer graphene without (red) and with (green)
PLL-modification. (c) EDS of graphene (upper) and PLL—graphene (lower). (d) XPS spectra of graphene (upper) and PLL—graphene (lower).

Figure la. 1 mg/mL PLL was used to functionalize the
graphene channel to immobilize DNA probes. First, PLL was
loaded into the microfluidic channel for 1 h at room
temperature, then the channel was rinsed. DNA probe solution
of 10 M was pumped into the gate channel and reacted with
the channel surface for 1 h followed by rinsing with 1X PBS to
flush away the extra unreacted DNA probes. Finally, the
PGFETE was blocked with 100 mM EA for 30 min to avoid

1628

possible nonspecific adsorption on the graphene surface
followed by rinsing with 1X PBS. The PGFET biosensor is
ready for RNA detection.

(mi)RNA Detection. The miRNA detection could be
performed via monitoring the Vg,  shift of the devices after
DNA-miRNA hybridization in the channel. DNA—(mi)RNA
reaction was performed by loading certain concentration of
target (mi)RNAs into the biosensor channel with incubation

https://doi.org/10.1021/acs.analchem.1c03786
Anal. Chem. 2022, 94, 1626—1636
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for 10 min. After that, the microfluidic channel was flushed by
1X PBS. The I3—V,, curves were measured on the probe
station using a Keithley 2636B source meter. The DNA and
(mi)RNA sequences used in this work are presented in Table
1. Schematic principles of GFET and PGFET for miRNA
detection are shown in Figure 1b. Compared to the GFET
biosensor, PGFET biosensors can give a more obvious Dirac
point shift, so the sensitivity of miRNA detection can be
improved (Figure 1c,d).

Characterizations. Scanning electron microscopy (SEM)
was characterized by ZEISS Sigma 500. Energy dispersive X-
ray spectroscopy (EDS) was measured on a 2000XMS
instrument (EDAX, Inc). Atomic force microscopy (AFM)
images were obtained using a Dimension 3100 (Veeco, CA) in
non-contact mode. The Raman spectrometer (Renishaw, UK)
was used for the Raman spectra measurement with a 1.5 mW
532 nm laser excitation and an exposure time of 10 s. X-ray
photoelectron spectroscopy (XPS) measurement was con-
ducted on a Kratos machine (AXIS Supra).

B RESULTS AND DISCUSSION

Characterization of PGFET. The optical photo of the
PGFET is shown in Figure S2a, where a single-layer graphene
crosses the source and drain electrodes forming a FET channel
(the red dashed line labeled area). Figure 2a shows the SEM
images of the graphene transferred onto a silicon substrate,
which presents a clean graphene and smooth surface. AFM
images of the graphene area with (right) and without (left)
PLL modification (Figure S2b) further confirmed the above
observation, which presents the RMS surface roughness of 1.92
and 2.87 nm for graphene and PLL—graphene, respectively. To
further evaluate the graphene and PLL—graphene, the Raman
spectra of monolayer graphene before and after PLL-
functionalization were characterized (Figure 2b). It indicated
that transferred graphene is a high-quality monolayer film
based on the 2D peak to a G peak ratio of 3.26.*° The
graphene Raman mapping on 20 X 20 um? area (the inset of
Figure 2b) proved the larger area uniformity of the transferred
graphene. After PLL modification, the characteristic peaks of
PLL (1306 and 1667 cm™") are clearly observed in Figure 2b
(green line), and the typical Raman spectrum of PLL is shown
in Figure S3. The heating map indicates that PLL was
uniformly distributed on the graphene surface. The PLL
functionalization of the graphene surface has also been
confirmed further by EDS. The molar ratio of O to C
increases from 0.0599 of graphene to 0.1141 of graphene-PLL,
and nitrogen is present (8.64 At %) in the PLL—graphene
characterized by EDS (Figure 2c). To further evaluate the
quality and interaction between graphene, PLL, and DNA
probes, we performed the TEM of the samples as shown in
Figure S4. It shows that the graphene is a single crystalline
solid(Figure S4a—c). After PLL functionalization and DNA
probe immobilization, the graphene lattice structure gradually
blurred (Figure S4d—f). The EDX images of graphene (Figure
S4g), PLL/graphene (Figure S4h), and DNA probe/PLL/
graphene (Figure S4i) confirmed the successful binding of PLL
and DNA probe because of the presence of N and O elements
for PLL (Figure S4h) and N, O, and P elements for DNA
probes (Figure S4i). In addition, XPS also confirmed the PLL
functionalization on the graphene surface. There is an
additional absorption peak at 288.2 eV, which corresponds
to the carbon in the C—N bonds, as shown in Figure 2d. These
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results fully proved that graphene has been functionalized with
PLL successfully.

The electrical characteristics (output and transfer curves) of
the PGFET were evaluated after PLL functionalization on
graphene. Under a constant Vi, Iy, and Vg, are linear (Figure
SSa). After PLL functionalization on the graphene surface, the
device resistance increases, which is due to the covalent bond
interaction between PLL and graphene. The typical ambipolar
behavior of PGFET is also observed, which is consistent with
the reported graphene FETs."” The Dirac point Vi, is shifted
to the left ~21 mV after PLL functionalization on a channel
graphene surface of the device (Figure SSb—c). The left shift of
Viirac is due to the n-doping of the graphene by the negatively
charged PLL.*" Because the PGFET biosensor sensing process
is carried out in a solution environment, the stability of
PGFET is a very important factor. Based on our previous work,
the GFET presented good stability at least for four months.**
In Figure SSb,c, it is shown that the Vp,;. only presents a slight
change within 72 h. The stability of the PGFET device is much
more stable than that of GFET devices, which are 5 and 11 mV
for PGFET and GFET, respectively. The Vg, variation of the
PGFET and GFET may be caused by ion adsorption in PBS
solution, and a slight variation in practical application is
acceptable.*’~*

To demonstrate the successful fabrication of PGFET and
GFET biosensors, the transfer curves of the biosensors were
performed in each step, including before and after PLL
functionalization, DNA probes immobilization, and DNA-
target miRNA incubation. The Vg,  of the PGFET biosensor
shifted to left about 31 mV after PLL functionalization (Figure
S6) due to negative charged PLL induced n-doping of the
graphene, which is similar to the PBASE-modified graphene
FET biosensors.” Further left shift of 39 mV was obtained
after DNA probe immobilization on the PLL, and ~46 mV left
shift after 10 pM target miRNA incubation. GFET biosensors
showed a similar trend but small Vg, . shift values. These
results confirmed the successful construction of PGFET and
GFET biosensors, and essential improvement of the biosensor
performance through PLL functionalization.

In order to prove the DNA probe immobilization and target
miRNA-DNA hybridization of the PGFET biosensor, Raman
spectroscopy was measured in each step (Figure S7). Ag
nanoparticles were used to enhance the Raman signals. First,
the FAM-labeled DNA probe was introduced on the PLL—
graphene surface. In order to eliminate the interference of Ag
nanoparticles, the Raman spectrum of PLL—graphene with Ag
nanoparticles was first tested (Figure S7a). Figure S7b shows
the strong 463, 644, 1168, 1315, 1526, and 1634 cm™' Raman
signals of FAM labeled on DNA probes, but there are no FAM
signals before the DNA probes loading, indicating that the
DNA probes were immobilized on the PLL—graphene surface
successfully. To determine the hybridization of target miRNA
with a DNA probe, we first immobilize the non-labeled DNA
probe on the PLL—graphene surface. Then, the FAM-labeled
target miRNAs were loaded and hybridized with the
immobilized DNA probes. After the full hybridization between
DNA probes and target miRNAs, the microchannel was
washed with PBS. To eliminate the interference of DNA
probes, first, the Raman spectrum of DNA without FAM
labeling was also tested, and no obvious Raman peak of DNA
probe was found (Figure S7c). The distinct specific Raman
peaks of FAM at 467, 645, 1173, 1316, 1536, and 1633 cm™!
appear (Figure S7d (red line)) after target miRNA reaction
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Figure 3. Specificity and sensitivity of the PGFET biosensor. (a) specificity of the PGFET biosensor for 100 pM non-complementary miRNA and
complementary miRNA. (b) Transfer characteristics of PGFET biosensor at different miR-4732 concentrations. (c) Transfer characteristics of
GFET biosensor at different miR-4732 concentrations. (d) miR-4732 concentrations dependence on AVy,,. shift and fitted linear equation of the
PGFET and GFET biosensors, in which the blue dashed line is the noise level of ~4 mV for the PGFET biosensor.

Ag/AgCl Gate

I Vo

: _]_ Double layer |

| (Cal) I
Graphene (C,)

—

PLL-Gr

- -
1000}
70
__ 800} 60
:' _—
< 600} g 50
2 g 40
@ 400 | 5
S < 30
- <
E 200} 20
0 _ ARS : 10
300 600 900 1200 1500 1800 0

Raman shift/(cm)-

(wu) yibus) akqaq

Figure 4. (a) Schematic diagram of PGFET biosensor sensing model. (b) Changes of hydrophilic angle of graphene before and after PLL
functionalization of graphene. (c) Raman mapping of miRNA with FAM fluorescent group immobilized on PLL-functionalized Gr (red) and Gr
(green). (d) Comparison of the Dirac point offset between PGFET and GFET biosensors at different PBS concentrations, and the theoretical

Debye length in different PBS concentrations.

with the DNA probes, while there are no FAM Raman signals
shown up by hybridizing FAM-labeled mismatched miRNAs
with DNA probes on the PLL—graphene surface [Figure S7d
(blue line)], indicating that the DNA probes only hybridize
with the target miRNAs.

Detection Process Optimization and PGFET Biosen-
sor Performance. To achieve optimized incubation time
between DNA probe in the channel of the PGFET biosensor, a
10 uM probe is loaded into the channel and incubated with
different times. The Vj,,. of the biosensors increases with
immobilization time and reaches the maximum value at 5 min,
as shown in Figure S8a, which is used as an optimized DNA
probe immobilization time. The incubation time of the DNA—
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miRNA complex in the channel of the biosensors is optimized
as shown in Figure S8b. The Vg,  of the biosensors DNA—
miRNA reaches maximum and a stable status after 10 min.
Therefore, DNA—miRNA incubation time is set as 10 min. At
the same time, we also optimized the DNA probe
immobilization time and SARS-CoV-2 RNA incubation time
for SARS-CoV-2 RNA detection, as shown in Figure S8¢,d. It
also needs 10 min to reach Vj,,. maximum and a stable status.
To verify the specificity of the biosensors, first, the probes
related to each of four different breast cancer miRNA
biomarkers were immobilized on the channel surface
separately; then, 100 pM of miR-4732, miR-191, miR-125,
and miR-21 were selected as the targets. Under optimized
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conditions, the Vg, changes of four different breast cancer
miRNA biomarkers (miR-21, miR-125, miR-191, and miR-
4732) are summarized in Figure 3a. The V. shifts of the
PGFET biosensors are all less than 10 mV for the non-
complementary miRNAs detection, and larger than 50 mV for
the complementary miRNAs detection, which gives at least 5-
fold differences. The results indicated that the PGFET
biosensor delivers excellent specificity between non-target
and target miRNA:s.

To identify the sensitivity of the PGFET biosensor, different
concentrations of complementary miRNAs from 1 fM to 100
pM were tested. From Figure 3b, we can see that the V. of
the biosensor shifted gradually to the left with the
complementary miRNA concentration increasing from 1 fM
to 100 pM, which exhibits a 10.16 mV/decade sensitivity with
the correlation coefficient R* = 0.99687 [Figure 3d (red line)].
We have also conducted two repeatability experiments to
confirm the detection reproducibility. The average sensitivity is
10.10 mV/decade (Figure S9). The left shift of Vg, indicates
that the complementary target miRNA interacts with PGFET
biosensors resulting in the n-doping effect of the gra-
phene.””**™%° As a comparison, we also tested the sensitivity
of GFET biosensors without PLL modification. The sensitivity
of the GFET biosensor degraded to 4.76 mV/decade [Figure
3c,d (blue line)], and PLL functionalization realized 113%
sensitivity enhancement. At the same time, we also used
PGFET biosensors to detect three other breast cancer miRNA
biomarkers related to breast cancer, including miR-21, miR-
191, and miR-125. As shown in Figure S10, the sensitivities of
10.56, 9.61, and 10.05 mV/decade were achieved, respectively.
The slight difference of the sensitivity is probably due to the
quality of graphene and processes variation in different devices,
which could be solved with success and mature of the single
layer graphene growth and device process. The stability of
different PGFET biosensors is also tested and shown in Figure
S11. The average sensitivity value of PGFET biosensors is
10.05 mV/decade with the standard deviation of 3.97%,
proving the relatively stable detection performance of different
PGFET biosensors. In addition, we summarized the research
progress of GFET biosensors in recent years (Table S1) and
found that the developed PGFET biosensor has great
advantages in sensitivity, sample consumption volume, and
detection time.

Mechanism of the PGFET Biosensor. To study the
performance enhancement mechanism of the PGFET bio-
sensors, the electric double layer (EDL) model is established.
As shown in Figure 4a, an EDL will be formed at the
electrode/electrolyte/graphene interface when a gate voltage
Vys is applied. When the molecules (target (mi)RNA) are
absorbed on the graphene channel surface, the total gate
capacitance (C) of the PGFET biosensor is composed of four
parallezlglg{ate capacitors (Cgy, Cgy Cgs and Cq) connected in
series.” "

-1

1 1 1 1
e
Cai Ca Ca  Cq

C=
)

where Cg,, Cg,, and Cg; represent the capacitance of graphene
solution, the (mi)RNA solution, and the reference electrode
solution, respectively. C, represents the quantum capacitance
of graphene associated with the finite density of states due to
Pauli’s principle.”>>* The hybridization of DNA-(mi)RNA on
the graphene surface of the PGFET biosensor changed the
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charges (Aq) at the solution—channel surface interface,
resulting in the electrostatic potential change in the PGFET
biosensor channel; thus, it causes the Dirac point to shift,
which follows the relationship
Aq

A‘/du‘ac (2)
The surface charges change (Aq) could be expressed as
k,k.q,S, where k, is the enhancement coefficient of (mi)RNA
on graphene surface, ky, is the hybridization efficiency of target
(mi)RNA and DNA probe, g, is the charge contributed by the
unit surface density of (mi)RNA adsorbed on the channel
surface of the PGFET biosensor, and S is the effective channel
area. The eq 2 can be written as

Ag  kkgS

c (3)
Therefore, suppose Vg, shift of the PGFET biosensor is
AVya kﬂlkblq“sl, and Vg, shift of the GFET biosensor is

kazkbz‘l2 S,
C

A‘/dira\c =

AVy.o = . Under the same test conditions, the

2
capacitance of the two transistors is basically equal, while the

hybridization efficiency of DNA-(mi)RNA is basically
unchanged at the same temperature, the same target
(mi)RNA concentration and pressure, and the effective
channel area of the both biosensors is approximately equal. So

kalkblqasl
AVdiracl _ C ~ &
N T
AV:iiracl L‘Lz kaZ
G (4)

k, represents the enhancement coefficient of miRNA on
graphene surface. It means that the performance enhancement
of PGFET biosensors could be attributed to the hybridized
miRNA enhancement. Here, the Raman spectroscopy was used
to verify k,. First, we studied the changes in the hydrophilic
angle of graphene before and after PLL functionalization
(Figure 4b). PLL-functionalized graphene reduces the hydro-
philic angle to 36.4 from 86.8° of graphene. The decrease in
the hydrophilic angle means that the molecules in the solution
has a better contact with the graphene, which is conducive to
the binding of charged molecules to the surface. To perform
the Raman measurement, the DNA probes were fixed on both
the PLL-functionalized graphene surface and the bare
graphene surface. Then, the target miRNA labeled with FAM
was hybridized with the DNA probes for 10 min followed by
PBS and DI rinsing to remove unbounded miRNAs. Then, the
Raman mappings were measured on the samples. AgNPs were
added to enhance the Raman signal. Figure 4c shows a strong
FAM Raman signal enhancement on the PLL-functionalized
graphene surface (red curve) compared to that on the
graphene surface, and better uniformity (inset the mapping).
The results indicated that the more miRNAs were hybridized
with immobilized DNA probes on the PLL-functionalized
graphene surface. To further evaluate enhancement efliciency,
we compared the FAM Raman mapping signal intensity
quantitatively. In order to avoid the influence of PLL Raman
signals, we selected the characteristic peak 1315 cm™" of FAM
to represent the distribution of target miRNA. The Raman
mapping of FAM-labeled DNA probes is shown in the inset of
Figure 4c, in which each point represents one Raman signal
intensity of 1315 cm™l As analyzed above, it should be
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k h . .
k—“ IS h—l, where h; and h, are FAM average Raman intensity of
a2 2

1315 cm™! on the PLL-functionalized graphene and graphene

surfaces, respectively. Thus, % [0 % = 2.9, which basically
a2 2

equals the sensitivity enhancement factor of 2.11 for PGFET
biosensors. Therefore, we can conclude that the functionaliza-
tion of PLL on the graphene leads to the enhanced adsorption
of DNA probes, resulting in target miRNA molecules’
hybridization efficiency enhancement, and eventually, triggered
a larger Dirac point shift and improved detection sensitivity.
The Debye length is also particularly important for the FET
biosensors. So, we studied whether the Debye length is
increased after the PLL is functionalized on the graphene
surface. After 100 pM target miRNAs were fully hybridized in
the channel of the biosensors, the biosensors were tested in
different concentrations of PBS solution (concentrations are
0.1X, 0.5%, 1X, 5X, 10X, and the corresponding theoretical
Debye length in the PBS solution is shown in Figure 4d (blue
line). As the concentration of PBS increases, whether it was a
PGFET or GFET biosensor, at low PBS concentration (0.1X
to 1x), the Dirac point shift is basically independent on the
PBS concentrations, and at high PBS concentrations (5% to
10x), the Dirac point shift decreases with the increase of PBS
concentration. Meanwhile, the response signal of the PGFET
biosensor is better than that of the GFET biosensor at the
same PBS concentration, which exhibits ~3X enhancement at
low PBS concentrations from 0.1X to 1XPBS. The
phenomenon is incidentally same as the poly (ethylene glycol)
(PEG)-functionalized transistor-based biosensor, which also
delivered about 3x detectable sensing signal enhancement.’***
Gao et al.>® reasoned that the addition of PEG or other
polymer can tune the dielectric properties in the solutions and
change the Debye radius of the solution. In our work, we
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detected the nucleic acid (~0.34 nm/bp in length). As we can
see in Figure 4d that 1X PBS solution has a Debye length of
~0.8 nm (blue line), and the DNA—RNA double strand has a
width of ~0.68 nm (black dash line), which is in the range of
1X PBS theoretical Debye length. For lower PBS concentration
than 1X in PGFET biosensor, the ions in solution have a
negligible effect on the target molecule detection. For higher
PBS concentration than 1X, the ions in solution would give
rise to the negative effect during target molecule detection,
resulting in the reduced detection signal. For PGFET
biosensors, a PLL-functionalization layer would compensate a
little Debye length; therefore, it shows the detectable signal
saturation at a little bit lower PBS solution concentration.
Eventually, we concluded that the PLL functionalization of the
biosensor only enhanced the sensing performance via probe
immobilization density enhancement, and would not increase
the Debye screening length.

miRNA Detection of Breast Cancer Samples in Serum.
Twelve serum samples of breast cancer patients and 12 healthy
serum samples were collected as the experimental and the
control groups, respectively. They were divided into four
groups to test the breast cancer markers miR-4732, miR-191,
miR-21, and miR-125 using the PGFET biosensor. The basic
detection diagram is shown in Figure Sa. Compared to breast
cancer patient serum samples, there is less miRNA expression
in normal human serum samples (Figure Sb—e). MiR-12S is a
type of down-regulation miRNA, which means that the serum
miR-125 level of patients is lower than that of normal people.
PGFET biosensors can also distinguish down-regulation
miRNA-125, as shown in Figure Se. The statistical analysis
of the real samples test results is shown in Figure 5f—i, which
shows a significant difference with p < 0.0001 in Student ¢-test
between healthy people and breast cancer patients. Therefore,
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corresponding PGFET biosensor.

the results indicated that the developed PGFET biosensor can
distinguish the miRNA levels of cancer patients and healthy
people, no matter up-regulation or down-regulation miRNA,
proving the potential of PGFET biosensors as a distinguishable
sensing tool for cancer diagnosis.

Spiked SARS-CoV-2 RNA Detection in Throat Swab
Solution. We tried to apply PGFET biosensors to detect
SARS-CoV-2 RNA. The schematic diagram of detection
process is shown in Figure 6a. The specificity of PGFET
biosensors is crucial in the SARS-CoV-2 RNA detection
because the SARS-CoV-2 RNA (49 bp) used in the
experiments is much longer than that of miRNA. We selected
non-complementary SARS-CoV-2 RNA, single base mis-
matched RNA, and target SARS-CoV-2 RNA to verify the
detection specificity of PGFET biosensors. The RNAs were
spiked into throat swab solution in order to simulate the SARS-
CoV-2 RNA test. Figure 6b shows the transfer characteristic
curves of the PGFET after DNA probes immobilization and
SARS-CoV-2 RNA hybridization. As shown in Figure 6¢, after
adding 100 pM non-complementary RNA, the V. did not
shift obviously; with 100 pM one-base mismatched SARS-
CoV-2 RNA, the Vy;,,. shifted ~20 mV to the left; While, V..
shifted up to ~60 mV to the left with 100 pM SARS-CoV-2
RNA, indicating the good selectivity of the PGFET biosensor
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for SARS-CoV-2 RNA detection. The sensitivity of SARS-
CoV-2 RNA detection is also a key factor for PGFET
biosensors. Here, we studied the response of PGFET
biosensors to different concentrations of SARS-CoV-2 RNA.
Figure 6d shows that as the concentration of SARS-CoV-2
RNA increases from 1 fM to 100 pM, the V.. of the PGFET
biosensor shifted to the left gradually with the SARS-CoV-2
RNA concentration increase. According to the linear fitting of
the test results (Figure 6e), the sensitivity of the PGFET
biosensor for SARS-CoV-2 RNA detection is 9.11 mV/decade
with the correlation coefficient R* = 0.98168, which is
consistent with miRNA detection results. In practice, there
are sensitivity fluctuations in different batch PGFET
biosensors, the highest and lowest sensitivity are 9.55 and
8.35 mV/decade with average sensitivity of 9.00 mV/decade,
respectively (Figure S12). To further confirm the SARS-CoV-2
RNA detection accuracy of the PGFET biosensor in practical
samples, we tested SARS-CoV-2 psuedovirus samples in throat
swab solution and compared the detection results with
standard qPCR. The SARS-CoV-2 pseudovirus is recombinant
pseudotyped lentiviral particles containing a spike protein and
gene but without infectivity, which was used for RNA
extraction and quality control of detection. As shown in
Figures 7 and S13, these two methods correlate well with a
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slope of ~0.99 (R* = 0.9975), which indicated that the
detection accuracy of the PGFET biosensor is comparable to
that of the qPCR in practical sample analysis. The detection
results of spiked SARS-CoV-2 RNA in throat swab solution by
PGFET biosensor confirmed the potential application in virus
screening, which could be provide a rapid, on-site diagnosis
approach of epidemic detection.

B CONCLUSIONS

An ultrasensitive biosensor was developed based on the PLL
modified graphene FET for rapid, selective, and multi-
functional detection of breast cancer miRNA and SARS-
CoV-2 RNA. The PGFET biosensor is capable of miRNA and
SARS-CoV-2 RNA selective detection with five orders dynamic
range and a LOD of as low as 1 fM within 20 min using 2 uL
of serum sample, which is more than 113% sensitivity
enhancement compared with that of GFET biosensors. The
performance enhancement mechanisms of the PGFET
biosensor were proposed based on the theoretical model and
experimental results, which is attributed to the DNA probe
density enhancement promoted by the strong electrostatic
force of PLL in the channel of PGFET biosensor. The
detection of breast cancer miRNA in human serum and spiked
SARS-CoV-2 RNA samples in a human throat swab buffer was
performed using PGFET biosensors, proving the potential
applications of the PGFET biosensor in disease diagnostics
and virus detection.
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