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ABSTRACT: Nucleic acid detection plays a vital role in both biomedical
research and clinical medicine. The temperature circulation changes of
the widely used polymerase chain reaction technique are time-consuming
and technically challenging for system development. Recombinase
polymerase amplification (RPA) is an isothermal method for rapid
nucleic acid detection. However, current RPA amplicon detection
methods are complicated and expensive and easily generate false
positives, restricting the promotion of RPA techniques. In this work, a
hyperspectral interferometric amplicon-complex quantitation method is
presented, combined with asymmetric dipole complex strategy optical
scattering analysis. GelRed dye was utilized to form amplicon-complex
particles, and the Fourier domain spectrum computation contributed to
complex scattering quantitation. With this method, a supporting
microfluidic chip and automatic system were developed to achieve
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integrated, rapid, quantitative, and miniscule nucleic acid detection. The Plasmodium falciparum dhfr gene was utilized as an example
for targeted nucleic acid quantitation and single nucleotide polymorphism detection. The total reaction time was decreased to
merely 20 min, and the limit of detection was only 3.17 ng/uL. The minimum measurable concentration of target was 1.68 copies/
uL, 31.67 times more sensitive than turbidity detection, and the single reaction chamber was only 9.33 uL. No scattering increase
occurred for template-free control, and thus, false positives caused by primer dimers and nonspecific products could be avoided. The
experimental results prove that the provided method and system can detect single-base mutations in the dhfr gene and is a
reasonable technique for rapid, automatic, and low-cost nucleic acid detection.
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malaria detection

ucleic acid detection is of vital importance in clinical

diagnosis, disease treatment, drug discovery, during
public health emergencies, and in other biomedical applica-
tions." ™ For instance, SARS-CoV-2 virus has caused >182
million infections and 4 million deaths since 2019 (up to Jul.
2021).* Targeted nucleic acid testing contributes to disease
diagnosis, virus spread prevention, and drug treatment plan
determination as well. Thus, rapid, low-cost, and easy-to-use
nucleic acid detection methods and devices are extremely
important.”~” Most current nucleic acid detection techniques
utilize polymerase chain reaction (PCR) as the amplification
approach, which is quite stable and quantitative.® However, the
temperature circulation changes required by PCR are time-
consuming and difficult to easily address for system develop-
ment. Taking SARS-CoV-2 virus detection as an example,
testing with PCR commonly requires >90 min, and multiple
experimental processes are required with various pieces of
scientific equipment.” In contrast, isothermal amplification
methods can decrease the testing time by more than half. For
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instance, the multi-index isothermal amplification platform
presented by Xing et al. yields results in 35 min.'’ Similarly,
the time to results of the low-cost and scalable isothermal
platform by Wang et al. is only 25 min,'' and the ID now
system of Abbott only requires 5 min to obtain results for high-
concentration positive samples.'” Thus, isothermal methods
and devices have attracted tremendous interest in both
academia and industry due to the obvious advantages in
equipment convenience, personnel skill requirements, and
detection time. Common isothermal amplification methods
include loop-mediated isothermal amplification, rolling circle
amplification, recombinase polymerase amplification (RPA),
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helicase-dependent amplification, and nuclear acid sequence-
based amplification.~"” Especially, RPA owns the merits of
high sensitivity, fast reaction speed, simple primer design, and
independent of a strict experimental environment. Therefore,
nucleic acid detection based on RPA has recently become a
research hotspot.'*~>°

Unfortunately, there are still some problems to be solved
with RPA techniques. RPA amplicon detection is the most
difficult obstacle that restricts its popularization and
application. Agarose gel electrophoresis detection requires
multiple devices in combination and cannot be automated,
makin§ this method time-consuming and easily contami-
nated.”’ With re-purposing bridging flocculation, interference
products such as primer dimers may cause a high risk of false
positives.”” Immunosorbent assays also lead to cross-
contamination risks and make it difficult to avoid interference
products without additional primers, causing high material
costs.”” Solid phase electrochemical or chemiluminescence
methods require multiple incubation and cleaning pro-
cesses,””” steps which are always cumbersome and time-
consuming. Surface-enhanced Raman scattering requires
special optical instruments, and the characteristic peaks of
the labeled amplicon need to be determined by experiments in
advance.”® Detection with SYBR Green I or other fluorescent
dyes is affected by the recombinant enzyme, and thus, the
accuracy is unsatisfactory.”” Real-time fluorescent detection
with RPA is similar to the TagMan probe method of PCR,
introducing an additional fluorescent probe. When the probe
matches the amplicon sequence, a corresponding endonuclease
or exonuclease will cut the probe, freeing the fluorophore and
generating a fluorescent signal. However, the synthesis cost of
these probes is much higher than that of common primers,
greatly increasing the detection cost. Photo-bleaching also
limits the stability of the signal, and fluorescent detection
requires professional scientific instruments. This is especially
true for the detection of low-volume samples where
necessitating complex optical modulation and highly sensitive
detection devices are needed.”® The silicon-based resonator
proposed by Shin et al. is a novel real-time RPA amplicon
detection method. In this method, one of the RPA primers is
chemically modified and fixed on a silicon-based substrate.
During the reaction, amplicon products increase on the
substrate, changing the resonance frequency and affecting the
light intensity output. Such solid phase detection methods can
effectively reduce the risk of nonspecific amplification of RPA,
but the preparation of the silicon-based substrates is quite
difficult and expensive.”” In conclusion, low-cost and high-
efficiency RPA amplicon detection will be needed to promote
RPA technology, and this is an area requiring further study.

Recently, relevant work reported that double-stranded DNA
(dsDNA) forms a dipole when inserted in an asymmetric bis
intercalating dye, such as GelRed. The polarized dsDNA
generates a nanoscale amplicon-complex under the London
force, providing an opportunity for alternative RPA amplicon
detection.”® The amplicon complex in the reaction solution
weakly scatters vertical incident light, implying the refractive
index and mass content of the amplicon. Precise acquirement
and accurate analysis of the weak scattering signal caused by
the amplicon-complex mass is a potential approach to achieve
efficient and low-cost RPA amplicon detection. This method
directly measures the total content of the reaction products so
that it does not rely on the approximate relation between the
fluorescent intensity and amplicon content. Moreover,
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amplicon products do not need to be purified and recovered,
so the detection can automatically be performed in the
reaction chamber. However, the amplicon complex is nano-
scale in size and can only be detected at high concentrations
and in a large reaction volume. Thus, a state-of-the-art
scattering analysis method is necessary and meaningful to
provide an alternative way to solve these current problems.

In this work, a hyperspectral interferometric amplicon-
complex quantitation method is presented. The coherent
spectrum of the weakly scattered light is recorded and precisely
analyzed to calculate the amplicon-complex mass content,
achieving quantitative and isothermal nucleic acid detection
with RPA. Furthermore, a microfluidic centrifugal chip is
provided for small-volume and automatic target detection. In
addition, a supporting system is presented, integrating nucleic
acid amplification, amplicon detection, reaction condition
supply, and hyperspectral interferometric analysis. With the
presented method and system, the Plasmodium falciparum dhfr
gene was utilized as an example for targeted nucleic acid
detection quantitation and single nucleotide polymorphism
(SNP) detection. Given that 150 million new malaria cases and
two million deaths happen per year, P. falciparum, which is the
most dangerous Plasmodium, is a quite meaningful detection
target.’’ False positives caused by primer dimers and
nonspecific products could be avoided. The experimental
results proved that the presented method and system are
reasonable for rapid, automatic, and low-cost nucleic acid
detection.

B METHODS AND MATERIALS

Chemicals and RPA Reactions. To prove the detection principle
and performance, the P. falciparum dhfr gene was utilized as the
detection target. A partial sequence of this gene was cloned into the
pUCS7 plasmid, and corresponding RPA primers were synthesized by
Sangon Biotech (Shanghai, China). The detailed sequences of the
target and primers are listed in the Supporting Information (Table
S1). The plasmid was 10-fold serially diluted from 10° copies/uL to
10" copies/uL for later use. To demonstrate the SNP detection ability
of the proposed method, four mutated dhfr genes and corresponding
primers with single point mutations at the marked red base (aat, aat
— att, aat — act, aat — agt) were synthesized by Sangon Biotech, and
the detailed sequences are shown in the Supporting Information
(Table S2).

RPA solution was constructed using a TwistAmp basic kit
(TwistDx, England). For the off-chip experiments, 29.5 uL of
rehydration buffer, 4.8 L of primer mix (10 uM), and 8.2 uL of water
were mixed, and S uL of the template was added. Then, the mixture
was added to one dried enzyme pellet. Magnesium acetate (2.5 uL of
a 280 mM solution) was added into the reaction mix to start the
reaction. The mixture was shaken well and centrifuged before heating
to 39 °C for 20 min. For the on-chip experiments, the mixture was
proportionally reduced to 9.33 uL per detection chamber with the
same reagents, proportions, and reaction time. Qubit fluorometric
quantitation (ThermoFisher Scientific, USA) was used to determine
the amplicon concentrations. The GelRed solution was purchased
from Sigma-Aldrich, USA.

Hyperspectral Interferometric Detection. After amplification,
when amplicon products are mixed with GelRed solution, dsDNA
molecules are complexed by the bis intercalating dye. Because GelRed
is asymmetric in its electrical property, the inserted dsDNA forms an
asymmetric dipole and generates nanoscale amplicon complexes with
electrostatic attraction. A large quantity of amplicon complexes can be
treated as assemblies of nanoscale particles with diameters far less
than the wavelength of visible light. According to first-order Born
approximation theory, the effects caused by these particles on the
illumination light can be ignored in solution due to the weak

https://doi.org/10.1021/acssensors.1c01491
ACS Sens. 2021, 6, 40574066


https://pubs.acs.org/doi/suppl/10.1021/acssensors.1c01491/suppl_file/se1c01491_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.1c01491/suppl_file/se1c01491_si_001.pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.1c01491?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors

pubs.acs.org/acssensors

(A) Front side of the chip Back side of the chip
=k
QU3 5
AN N
: <3
- A--==== =~ \_
Inlet ——— < V5 Siphon valve

Storage chamber
Reaction chamber
Detection chamber

)]

Adhesive tape

;i"

- ®62mmx1mm

|
Z”L Microfluidic layer
/; ® 62 mmx2 mm

Ll g Silicon wafer
- -
5x5x0.5 mm3

]

— Storage chamber |
i Capillary valve

! Mixing channel

Silicon wafer slot

(©)

L LU

L LV
am9o

que

Figure 1. Design of the microfluidic chip. (A) Front and back sides of the chip with detailed chamber and valve descriptions. (B) Three layers and
detailed size of the chip. (C) Photographs of the microfluidic chip with (right) and without (left) embedded wafers.

scattering property.”> Then, the plane wave of the illumination light is
defined as Uy(k), where k donated the wavenumber, which equals the
mean refractive index of the solution n, multiplied by the vacuum
wavelength k. For the areas lacking amplicon complex, the
illumination plane wave U,(k) is reflected twice at the wafer substrate.
The one at the top surface of the monocrystalline silicon wafer is
denoted as U,(k), and the other at the interface between the silicon
layer and silica layer is denoted as U,(k). According to the wave
propagation description, U, (k) = r;Uy(k)e*? and U, (k) = r,Uy(k)-
eik(D *2’1), where D is the wave propagation distance in the solution and
d is the thickness of the silica layer of the wafer substrate.”® In this
work, d = 900.15 nm, and this value was proved according to the
previous publications.”® r; and r, are the corresponding reflectance
indices that can be calculated according to the Fresnel coeflicient or
thin film optical theory.”> Assuming that when the plane wave Uy(k)
is scattered by a single amplicon-complex particle after propagating a
distance of z (z < D), if the refractive index of the complex equals n =
any, the scattering intensity can be calculated as
f(k) = (@* — l)kzrssin(qr) (—q:z)gws(qr)
Gans formula.®® Herein, r is the radius of the single amplicon-
complex nanoparticle, and q is the modulus of the scattering wave
vector. Thus, the scattering signal of the amplicon-complex assemblies
is U;(k) = Yf(k)Uy(k)e'. Because the radius r is far less than the
illumination wavelength, it can be approximated by
2 . 5
U(k) = Z%kﬁr%(k)e"‘z because quiino Sln(‘zr)(_q%s(m =1
where k. is the average wavenumber in the solution.
With the above descriptions, for the areas lacking amplicon, the
reflectance spectrum can be expressed as®’

according to the Rayleigh—

6’

U (k) + UK

Ry(k) = n® + r,’ + 2nr, cos(2kd)

Uy (k)PP (1)

where the amplicon complexes exist, the reflectance index can be
*(D-2) 2
(&) + UZ(:?] ]Zk)lz * U0 Considering that the scattering
0
of particles will cause attenuation of reflectance beams, the reflectance
spectrum can be expressed as

expressed as

R,(k) = B(k)Ry(k) + Y. R'(z)cos[2k(D + d — 2)] o
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here, R'(z) = @m(z)kczr% m(z)is the number of amplicon-
complex particles at the axial plane z, and f(k) is the scattering
attenuation coeflicient due to particle scattering. It should be noted
that the high-order terms of the scattering light, the interference items
between the scattering light, and U,(k) are ignored because these
items are far less than the remaining ones.

To quantitate the content of the amplicon-complex mass, the
collected interferometric reflectance spectrum should be operated
with fast Fourier transformation (FFT) along to the wavelength k.
Then, a sequence of amplitude can be obtained, which is denoted as
R’(z). We define the total scattering increase as
S=3_,IR(2) = Ry(2)I/ X, ,IR(2)l X 100%, where Ry(z) is
the FFT amplitude result of the collected spectrum before RPA
amplification. Based on the above calculation, S is a reasonable
measurement of amplicon content. Please note that the above
mathematical model exploits a necessary hypothesis: S can be treated
as reliable estimation of amplicon-complex quantitation only if the
radius of a single dsDNA-GelRed complex particle is nanoscale and
meets the requirements of first-order Born approximation.

Microfluidic Chip. The proposed microfluidic chip is demon-
strated in Figure 1, where Figure 1A shows the front and back sides of
the chip. In general, the chip resembles a circular saucer with a central
hollow section to affix it to the supporting system. On the front side,
there are four repetitive units so that four various targets can be
simultaneously detected. Each unit contains two storage chambers
and a reaction chamber. Storage chamber I is used to store 6.2 uL of
magnesium acetate solution, while storage chamber II is used to store
8 uL of 4000X GelRed solution. Each detection chamber is only 9.33
4L in volume. The width of the mix channel is 0.6 mm, and the depth
is also 0.6 mm. The widths of the outlet channel of the reaction
chamber and storage chamber I are 0.5 mm, and the depths are 0.5
mm. The width of storage chamber II is 0.6 mm, and the depth is 0.2
mm. On the back side of the chip, 12 S mm X S mm wafers with a
thickness of 0.5 mm are adhered with an ultraviolet glue. Figure 1B
shows the three layers of the chip, which has a diameter of 62 mm. A
1 mm thick cover layer is adhered to the chip with an adhesive tape,
and the chip is machined with polymethyl methacrylate (PMMA).
The thickness of the PMMA layer is 2 mm. Figure 1C shows a
photograph of the chip with no wafers on the left for display
convenience and a wafer-containing version on the right.
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Before the experiments, the rehydration buffer, primer mix, and
enzyme pellet (total volume = 13.8 yL) are added into the reaction
chamber. When testing begins, the template solution is added to the
reaction chamber through the inlet. Then, centrifugation at 1500 rpm
with an acceleration of 2000 rpm/s is performed for S s to deposit the
solution in storage chamber I into the reaction chamber. At the same
time, the two capillary valves are run over, the liquid passes into the
two siphon valves with the same liquid level as in the reaction
chamber and storage chamber II. Next, centrifugation at 2000 rpm
and an acceleration of 2000 rpm/s are performed for S s to force the
residual liquid in storage chamber I into the reaction chamber. Next, a
total of four centrifugation steps are utilized to completely mix the
solution in the reaction chamber. First, the chip is centrifuged at 1000
rpm and 2000 rpm/s acceleration, followed by a speed of 2000 rpm
and acceleration of 2000 rpm/s. Each centrifugal step occurs for 2 s,
and thus, the entire mixing process lasts for 16 s. After mixing, the
motor is stopped with an acceleration of 800 rpm/s, and then the
liquid in the siphon valve passes through the siphon channels. At this
time, heating begins to supply the temperature condition for RPA at
39 °C. After amplification, another centrifugal operation at 1000 rpm
and 800 rpm/s acceleration is performed for 2 s to completely mix the
solution in reaction chamber with the GelRed solution. The mixing
channel is tortuous in shape to mix the liquid well and then push the
solution into the three repetitive detection chambers.

Integrated Instrument. Figure 2 shows the electromechanical
structure, optical design, and physical photograph of the system. In

(A) (B)

Microfluidic
chip clamp

Objective

Tube lens

Colliator

White light LED
and radiator

Temperature . |Motor with speed
control circuit reduction belt

(©)

(D)

Figure 2. Design and photograph of the integrated system. (A)
Electromechanical structure of the system. (B) Optical collection
model design. (C) Photograph of the inner control circuits. (D)
Photograph of the overall system with the GUI software.

Figure 2A, the chip clamp is used to fix the microfluidic chip, and the
stepper motor (Z6000, Haydon, USA) with a speed reduction belt is
used to provide a centrifugal rotation for the chip and position the
detection chambers one by one at the optical focus for interference
spectra acquisitions. The system is equipped with a motor control and
temperature control module. An industrial personal computer (IPC,
DX-1100, Dechengzhixing, China) is utilized for data storage,
processing, and the graphical user interface (GUI). Figure 2B shows
the design of the optical acquisition module. The beams of a whole-
spectrum white LED (Bree Optronics, Jiangsu, China) with a
homemade radiator pass through the collimator (#63-712, Edmund
Optics, USA) and then a beam splitter (EBS1, Thorlabs, USA). The
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objective lens (10X Obj, CapitalBio, China) focuses 50% of the light
onto the surface of the silicon wafer. The reflected light converges
onto the optical fiber (M45L01, Thorlabs, USA) by the tube lens
(#49-940, Edmund Optics, USA), and then a spectrometer
(Maya2000, Ocean Optics, USA) connected to the IPC helps to
collect the reflectance spectrum. Figure 2C shows the internal circuits
of the system, and Figure 2d shows an overall image of the system
including the control software.

B RESULTS

Detection Principle Validation. Figure 3 shows micro-
scopic images of dsDNA-GelRed complexes with different
matter concentrations and the corresponding statistical results.
The 4X and 10X micrographs were both recorded with the size
of 1360 X 1024 pixels. Then, all of the images were binarized
with a threshold of 183 using Image] software. The 4X
microscopic images of 90 ng/uL dsDNA mixed with GelRed
solution at different concentrations are listed in Figure 3A. The
GelRed concentrations ranged from 500X to 8000X with two-
fold steps. Moreover, Figure 3A shows the binarized image of
the 2000X GelRed solution, as well as an example. The
remaining pixel numbers were used as rough quantitation
estimations of dsDNA-GelRed complexes. The statistical
results of five independent experiments are shown in Figure
3B. For 4X microscopic images, from 500X to 8000X GelRed,
the corresponding remaining pixel numbers were 5502 + 110,
30964 + 734, 42100 + 2438, 64 358 + 3567, and 63 775 +
3376. For the 10X microscopic images, from 5S000X to 8000X
GelRed, the corresponding remaining pixel numbers were
6978 + 223, 28247 + 566, 51 964 + 3467, 82 068 + 3689,
and 80292 + 4782. We concluded that regardless of the
magnification, the most reasonable GelRed concentration was
4000X. With this concentration, dsDNA molecules were
completely transferred into dsSDNA-GelRed complexes.

Similarly, 4X microscopic images of 4000X GelRed mixed
with different dsSDNA concentrations are shown in Figure 3C.
The dsDNA concentration ranged from 0 to 100 ng/uL, with
20 ng/uL increases. The statistical results of five independent
experiments are shown in Figure 3D. For the 4X microscopic
images, from 0 to 100 ng/uL dsDNA, the corresponding
remaining pixel numbers were 0 + 0, 0 + 0, 11 857 + 391, 38
764 + 1453, 846 321 + 1763, and 78 634 + 2354. For the 10X
microscopic images, from 0 to 100 ng/uL dsDNA, the
corresponding remaining pixel numbers were 0 0, 0 + 0, 16
999 + 668, 33451 + 1521, 51842 + 1599, and 88261 +
6387. When the dsDNA concentrations were <40 ng/uL,
microscopic images could not be used to detect the complex
because no pixels remained after the binarization operation.
Therefore, with this method, the minimum measurable
concentration (MMC) of dsDNA occurred at 40 ng/uL.
According to these results, dSSDNA molecules could generate
complexes when mixed with GelRed solutions, and when the
concentration of the complexes was high enough, the complex
assemblies could be detected by optical microscopy. However,
when the concentration of the complexes was low, such as at
dsDNA concentration <40 ng/uL, complexes would not form
assembly masses and could not be measured due to the optical
diffraction limit.

Microbeads Phantom and dsDNA-GelRed Complex
Quantitation. To assess the quantitation performance of
hyperspectral interferometric analysis for the weak scattering
particles, 25 g/L polystyrene (PS) pellet solutions were diluted
4-, 8-, 16-, 32-, and 64-fold. All of these experiments were
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Figure 3. Validation of amplicon-complex generation and microscopic image statistics. (A) Microscopic images of 90 ng/uL dsDNA mixed with
GelRed solutions at different concentrations. (B) Microscopic images of 4000X GelRed mixed with dsDNA at different concentrations. (C)
Statistical results of panel A. (D) Statistical results of panel D. (MMC: minimum measurable concentration).

repeated five times. The corresponding scattering increases
were 7.36 + 0.21, 3.50 + 0.18, 1.89 + 0.14, 0.78 + 0.00, and
0.71 + 0.00%. The scattering increase of double-distilled H,O
was also measured, and the result was 0 + 0.02%. Thus, taking
the PS pellet concentration as x and the scattering increase as
y, it could be acquired that y = 1.161x + 0.0319 (R* = 0.9971)
using linear fitting. The interferometric spectra and statistical
results are shown in Figure 4A,B. Similarly, synthetic dSsSDNA
solutions were measured with concentrations of 0, 7.6, 15.9,
31, 62.2, and 126.5 ng/uL. All of the dsDNA samples were
mixed well with 4000X GelRed solution. The corresponding
scattering increases were 0 + 0.06, 0.57 + 0.02, 0.98 + 0.07,
2.67 + 0.01, 529 + 0.06, and 11.22 + 0.10%. Taking the
dsDNA concentration as x and the scattering increase as y, it
could be acquired that y = 0.0895x — 0.1736 (R* = 0.9986)
using linear fitting,
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According to these results, hyperspectral interferometry
could quantitate PS and pure dsDNA samples with R* > 0.99,
proving that the presented method meets the prerequisites for
amplicon-complex quantitation. For dsDNA samples, the
maximum standard deviation was 0.10%. The interferometric
spectra and statistical results are shown in Figure 4C,D. To
determine the limit of detection (LOD), three times the
standard deviation divided by the fitting slope was calculated.*®
Therefore, the LOD for pure dsDNA samples was 3 X 0.10/
0.0895 = 3.35 ng/uL.

Microfluidic Liquid Manipulation Process. Figure 5
shows the workflow of the microfluidic chip with three main
steps. In Figure SA, the reagents were added into storage
chamber I, storage chamber II, and the reaction chamber.
Figure 5B shows the designed condition for the amplification
process. After the centrifugal operations, reagents in storage
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Figure S. Step-by-step sketch of the microfluidic chip and corresponding experimental results. (A—C) Sketch of the three main steps. (D—F)
Detailed corresponding results of the three steps. (G—I) Photographs of the entire chip during the three steps.

chamber I were totally transferred into the reaction chamber
and mixed well. The liquid passed through the capillary valves
and siphon valves and then flowed into the inlet of the mixing
channel. The ratio of the depth of the left siphon valve to the
right one was S5:2. With this ratio, the liquid in the two
chambers would arrive at the inlet at the same time. At this
moment, the supporting system began to heat the chip, and the
RPA process started. Figure SC shows the detection stage,
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where solution with amplicon was mixed with 4000X GelRed
using the tortuous mixing channel and then transferred into
the three repetitive detection chambers. Then, the motor
rotated the chip to position the detection chambers, one by
one, to the optical focus, and hyperspectral signals could be
acquired.

Figure SD—F shows photographs of a single unit during the
three steps. For ease of visualization, the wafers were not
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placed in these sub-figures, and a blue ink was added to the
amplification buffer. In Figure SE, liquid in the reaction
chamber and storage chamber II both passed through the
valves and arrived at the inlet of the mixing channel. In Figure
SF, the mixing channel succeeded in efficient blending, yielding
a uniform color distribution in the detection chambers without
stratification. Figure SG—I shows photographs of the whole
chip with four units, demonstrating its repeatability.

RPA with Hyperspectral Interferometric Quantita-
tion. To test the amplicon quantitative performance, off-chip
RPA experiments were performed with template concen-
trations of 0, 10', 10%, 10%, 10*, and 10° copies/uL. All of these
experiments were repeated five times and the results are shown
in Figure 6. Qubit was used to measure the average dsDNA
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Figure 6. Hyperspectral interferometric quantitation of amplicons
(A), templates (B), and real clinical samples (C) at different
concentrations.

concentrations, and the results were 0.24, 18.40, 26.00, 36.80,
58.00, and 70.60 ng/uL, respectively. Next, the solutions were
added into the reaction chamber of the chip, and hyperspectral
interferometric quantitation of the amplicons was conducted.
The corresponding acquired scattering increases were 0 =+
0.10, 1.97 + 0.04, 3.29 + 0.07, 427 + 0.04, 6.14 + 0.11, and
7.42% + 0.06%. Taking the amplicon concentration as x and
scattering increase as y, it could be acquired that y = 0.1042x +
0.1994 (R* = 0.9918) using linear fitting. Because the samples
were amplicon solutions with enzyme, ions, and other
interference factors, compared with the results of pure DNA
solutions, the fitting parameters changed and slightly
decreased. Subsequently, the template samples with the
introduced concentrations were utilized for absolute on-chip
experiments. Similarly, these experiments were repeated five
times. The corresponding acquired scattering increases were 0
+0.11,2.01 + 0.05, 3.52 + 0.05, 4.21 + 0.02, 6.33 + 0.10, and
7.51 + 0.07%. Taking the logarithm of template concentration
as x and scattering increase as y, it could be acquired that y =
1.4634x + 0.2734, using linear fitting. Because the
amplification reaction was not strictly linear, R? decreased to
0.9867, and the maximum standard deviation increased to
0.11%.

For amplicon solutions with inferring factors, the maximum
standard deviation was 0.11% and the slope was 0.1042,
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yielding a LOD for amplicon samples of 3 X 0.11/0.1042 =
3.17 ng/uL. The values are nearly the same as that in pure
DNA solutions, but the fitting parameters are slightly different.
For the dhfr plasmid templates, the maximum standard
deviation was 0.11% and the slope was 1.4634. Thus, the
LOD was 10¥01171463% = 1 68 copies/uL.

Moreover, to prove the performance of this work in practical
applications, experiments with real sample experiments were
conducted as well. In-vitro cultured P. falciparum samples,
which had been collected from clinical malaria patients, were
utilized as positive experimental targets with five different
concentrations. Whole genome samples of human blood were
used as the control group. All the in-vitro culture and lysis
processes were conducted according to the previous
publications.”” The P. falciparum samples were lysed and
diluted with the total DNA concentrations of 8.0, 8.0 X 107},
8.0 X 107% 8.0 X 107> and 8.0 X 10™* ng/uL. All these
experiments were repeated five times. As Figure 6C shows, the
corresponding scattering increases were 7.81 + 0.23, 7.02 +
0.18, 5.49 + 0.10, 3.34 =+ 0.12 and 1.99 + 0.12%. For the
negative control, the scattering increase was 0.26 = 0.17%. All
experiment results of positive groups were 7.65 times larger
than the control group so real P. falciparum detection could be
achieved with the proposed biosensor and system.

SNP Detection. To prove the practical SNP detection
ability of the presented biosensor, the P. falciparum dhfr gene
was used as the target. SNPs in P. falciparum dhfr are related to
drug resistance against chloroquine, aminopyrimidine, and other
common malaria treatment drugs.*” In the following experi-
ments, all of the template samples were synthetic plasmids at a
concentration of 10° copies/uL, and all experiments were
repeated five times. Aside from the wild type dhfr gene
sequence dhfr-a (aat), three mutant plasmids were also
synthetized as dhfr-t (aat — att), dhfr-a (aat — act), and
dhfr-a (aat — agt). Four forward primers (p-A, p-T, p-C, and
p-G) were used with the same backward primer to amplify the
four corresponding templates, and then scattering increases
were detected with the proposed method and system. The
detection results are shown in Figure 7. The electrophoresis
results are displayed in Figure S1 in the Supporting
Information.

For the dhfr-a template samples, using the four primer
combinations in the order of atcg, the corresponding scattering
increases were 9.07 + 0.08, 6.18 + 0.10, 6.49 + 0.11, and 6.04
+ 0.10%. For dhfr-t template samples, using the four primer
combinations in the same order, the corresponding scattering
increases were 6.75 + 0.02, 9.00 + 0.13, 7.22 + 0.10, and 6.61
+ 0.09%. For dhfr-c template samples with the same
combinations in the same order, the corresponding scattering
increases were 5.85 + 0.02, 6.18 + 0.10, 9.06 + 0.15, and 6.00
+ 0.10%. For the dhfr-g template samples and the same primer
combination order, the corresponding scattering increases
were 5.22 + 0.02, 542 + 0.09, 4.99 + 0.08, and 9.15 + 0.15%.
The maximum scattering increases happened at perfectly
matched primers in every group. The maximum scattering
increases were all >9.00% while the scattering increases were
all <7.30% for the other experiments. The maximum standard
deviation was only 0.15%. The SNP detection results proved
that the presented biosensor could specifically recognize single-
base gene mutations in dhfr for practical use.
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Figure 7. SNP detection results for the dhfr gene with four different
genotypes. (A) Scattering increase of the dhfr-a gene with four
amplification primers. (B) Scattering increase of the dhfr-t gene with
four amplification primers. (C) Scattering increase of the dhfr-c gene
with four amplification primers. (D) Scattering increase of the dhfr-g
gene with four amplification primers. p-A, p-T, p-C, and p-G
represented are the forward primers specifically designed to target
each mutant.

B DISCUSSION

In this paper, we presented three concepts as hyperspectral
interferometric analysis, microfluidic chip, and the instrument.
The key novelty is the hyperspectral interferometric method to
analyze the optical amplicon-complex scattering and quantitate
RPA products. The microfluidic chip and the instrument are
both reasonable engineering choices to make the hyperspectral
interferometric method achievable. The microfluidic chip was
used to mix the amplicon and GelRed dyes, transfer liquid, and
conduct RPA with microscale independent chambers. The
instrument contributed to temperature control, chip move-
ment, spectrum collection and analysis. With these two
components, hyperspectral interferometric analysis can be
carried out automatically and compactly, so the systematicness
and integrity of this work can be presented. The instrument
was modified with our previous work.*' We re-designed the
temperature control, spectrum collection, and control system
including the GUL

To compare the LOD with the traditional turbidity method,
standard turbidity detection tests were performed with the
samples in Figure 6B.>* The results are displayed in Figure S2
in the Supporting Information. The maximum standard
deviation was 0.32, and the slope was 0.5562. Therefore, the
LOD for dhfr with turbidity detection was 1030322220562 —
5321 copies/uL, which is 31.67 worse than the presented
biosensor. Compared with fluorescent RPA, the proposed
method does not need additional exo-probe, which is
approximately 150 times more expensive than ordinary probes.
Furthermore, complicated fluorescence excitation and optical
detection setup are no longer necessary. Fluorescent PCR and
LAMP experiments were as well carried out for comparison.
The detailed results and calculations were shown in Figure S3
in the Supporting Information. Briefly, with PCR, the LOD
was 3.56 copies/uL, R* = 0.9916 and the detection time was 50
min (50 circles). With LAMP, the LOD was 2.92 X 10°
copies/uL, R? = 0.9254 and the detection time was also SO
min. LOD of LAMP showed terrible performance due to the
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large Cr standard deviations for low template concentrations.
With the presented method, the LOD was 1.68 copies/uL, R?
= 0.9867 and the detection time was merely 20 min. It is
obvious that the proposed method owns nearly equal LOD and
fitting linearity as PCR but is much more rapid. Compared
with LAMP, this work performed better in LOD, fitting
linearity and time consuming.

The LOD performance of the biosensor is far better than
microscopic image analysis and the traditional turbidity
method. The first reason is that reflectance signals and
scattering signals are segregated using Fourier transform.
Because the scatter caused by amplicon complexes is quite
weak, usually less than one-10th of the reflectance beam of the
wafer, the Fourier transform helps to extract the scattering
beams and increases the sensitivity. The second reason, which
is more important, is that using microscopic image analysis and
the traditional turbidity method, only the amplitude of the
scattering beams can be recorded. The amplitude is U,(k)* and
proportional to the sixth order of the radius of a single
scattering particle. Nevertheless, the coherent phenomenon of
the reflectance beam and the scattering beam generates
another multiplied item as 2U,;(k)U;(k). This item is
proportional to the third order of the radius of a single
scattering particle. Given that the dsDNA and GelRed
molecules are both much smaller than the wavelengths of
visible light, the radius can be treated as close to zero. Without
the three order attenuation, coherent items greatly enlarge the
scattering signal. Meanwhile, because the amplitude of U, (k) is
ten times larger than that of Us(k), the coefficient of the
coherent item enlarges the scattering signal further. With the
two strategies, the LOD value of our biosensor increased by
32.90-fold compared to traditional methods.

B CONCLUSIONS

In this work, a microfluidic biosensor is presented for rapid
nucleic acid detection based on hyperspectral interferometric
amplicon-complex quantitation. Combined with quantitative
interferometric scattering analysis and an amplicon-complex
strategy, targeted nucleic acid could be detected in 20 min
using the presented microfluidic chip and integrated instru-
ment. RPA products could be quantitated with a LOD of 3.17
ng/uL using a reaction volume of 9.33 yL, and the sensitivity
of the target sequence reached 1.68 copies/uL. On-chip
malaria detection proved the feasibility and SNP assay ability
of the device. The proposed biosensor with the supporting
automatic instruments provides a rapid and quantitative
nucleic acid detection method, which is a practical tool for
relevant applications.
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