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ARTICLE INFO ABSTRACT

The rapid and sensitive detection of specific nucleic acid sequences at the point-of-care (PoC) is becoming
increasingly in demand for a variety of emergent biomedical applications ranging from infectious disease di-
agnostics to the screening of antimicrobial resistance. To meet such demand, considerable efforts have been
invested towards the development of portable and integrated analytical devices combining microfluidics with
miniaturized signal transducers.

Here, we demonstrate the combination of rolling circle amplification (RCA)-based nucleic acid amplification
with an on-chip size-selective trapping of amplicons on silica beads (~8 nL capture chamber) coupled with a
thin-film photodiode (200 x 200 um area) fluorescence readout. Parameters such as the flow rate of the am-
plicon solution and trapping time were optimized as well as the photodiode measurement settings, providing
minimum detection limits below 0.5 fM of targeted nucleic acids and requiring only 5uL of pre-amplified
sample. Finally, we evaluated the analytical performance of our approach by benchmarking it against a com-
mercial instrument for RCA product (RCP) quantification and further investigated the effect of the number of
RCA cycles and elongation times (ranging from 10 to 120 min). Moreover, we provide a demonstration of the
application for diagnostic purposes by detecting RNA from influenza and Ebola viruses, thus highlighting its
suitability for integrated PoC systems.
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1. Introduction read-outs are the most common transduction method used for bioassays

since they are characterized by high sensitivity and specificity (Yoo and

Simple diagnostic devices are currently in high demand to address
clinical needs at the Point-of-care (PoC), particularly concerning the
screening of single-stranded RNA viruses such as Influenza and Ebola,
having high mutation rates (Baseler et al., 2017; Taubenberger and
Morens, 2008) and potential to cause devastating pandemics (Sanjuan
et al., 2010; WHO, 2018a; WHO, 2018b). Fluorescence-based optical

Lee, 2016). However, fluorescence detection equipment is typically
expensive, non-portable and requires trained personnel, thus being
challenging to interface with miniaturized bioassays for field or PoC
diagnostic applications (Sin et al., 2014; Soares et al, 2018;
Wojciechowski et al., 2009). Semiconductor technology allows for true
lab-on-a-chip (LoC) applications since optical systems can be
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miniaturized and integrated along with the assay on-chip in a practical
and economical fashion (Pinto et al., 2018a). In these systems, micro-
fabricated photodiodes are ideal since they are portable, affordable,
reusable and highly multiplexable for PoC devices (Obahiagbon et al.,
2018; Soares et al., 2018). Thin-film hydrogenated amorphous silicon
(a-Si:H) photodiodes, as integrated optical signal transducers, have
demonstrated promising properties, such as low dark current, fabrica-
tion at low temperatures compatible with glass and plastic substrates,
high quantum efficiency in the visible spectrum, as well as high sensi-
tivity and a wide dynamic range (Pimentel et al., 2008; Pinto et al.,
2018b).

Nucleic acid biosensors have revolutionized the field of diagnostics
since they simplify traditional testing methods, both in terms of assay
time and complexity, offering high specificity and sensitivity. In parti-
cular, those based on polymerase chain reaction (PCR) have shown
outstanding performance for the diagnosis of genetic and infectious
diseases in health care facilities (Kozel and Burnham-Marusich, 2017).
However, PCR requires specialized instruments for power-intensive
thermocycling, thus limiting their use at the PoC (Modak et al., 2016).
In this context, isothermal amplification methods have been developed
to overcome the need of thermocycling (Craw and Balachandran,
2012). In particular, rolling circle amplification (RCA) has proven to be
a simple isothermal amplification technique that does not require ex-
tensive assay optimization and is typically robust against interferents
(Conze et al., 2009; Fakruddin et al., 2013). Upon combining RCA with
padlock probes (PLPs), a powerful molecular detection tool is created,
finding numerous applications in the diagnostic field (Asalapuram
et al., 2016; Mezger et al., 2014; Nilsson et al., 1994). RCA products
(RCPs) comprise discrete molecules of ~1 um in diameter, which by
hybridizing fluorophore labeled complementary oligonucleotides, dis-
play a high local fluorescence intensity which can be imaged using
standard low-magnification epifluorescence microscopy, thus making
linear RCA-based amplification intrinsically digital, since each mole-
cular recognition event generates one long ssDNA (~60kb at ~1kb/
min (Dahl et al., 2004)). Different read-outs and biosensing strategies
have been reported to detect RCPs, such as electrical (Guo et al., 2018;
Russell et al., 2014), colorimetric (Asalapuram et al., 2016) or opto-
magnetic (Mezger et al., 2015). However, a simple and integrated RCP
fluorescent read-out strategy has not been described and could be
highly advantageous to simplify on-chip fluorescence signal transduc-
tion using linear RCA-based methods.

In this context, the use of silica microbeads to selectively isolate and
concentrate nucleic acids is a practical, cost-effective and well-known
procedure (Elphinstone et al., 2003), previously integrated in com-
mercial DNA extraction kits (Ivanova et al., 2006) and miniaturized
devices (Price et al., 2009). The interaction of DNA with silica at neutral
pH occurs mostly by hydrophobic and ionic phosphate-silanol interac-
tions (Shi et al., 2015), largely overcoming the negative charge repul-
sion between both molecules. These interactions are also known to be
significantly promoted in the presence of high concentrations of chao-
tropic salts such as guanidinium chloride (GdnHCI) (Poeckh et al.,
2008a). Moreover, the DNA capture efficiency is known to significantly
decrease for short fragments, in the range of tens to a few hundred of
base pairs, even at high salt concentrations, as it is the case of the non-
specific free detection oligonucleotides (Liu et al., 2016). This combi-
nation of properties make silica-based extraction ideal for the selective
capture and enrichment of RCPs. In this work, we develop and optimize
the use of a silica bead-based microfluidic device integrated with a
miniaturized thin-film photodiode for the enrichment and fluorescent
detection of RCPs. For this, we characterize the microfluidic trapping of
RCPs on silica beads and evaluate the sensitivity of the integrated a-Si:H
photodiodes. We further demonstrate the diagnostic capabilities of our
biosensor using RNA extracted from infected cell culture isolates of
Influenza and Ebola viruses. Thus, this work points towards the de-
velopment of simple bioassay schemes for microfluidic devices with
integrated optical-to-electrical signal transduction to address the need
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for compact and portable biosensing platforms for biomedical appli-
cations.

2. Experimental methods

2.1. Rolling circle amplification (RCA), circle-to-circle amplification
(C2CA) and quantification of RCA products (RCPs)

Details on viral isolates and reverse transcription can be found in
the data supplement (Suppl. Note 1 and 2). Oligonucleotide sequences
are summarized in Table S1. Padlock probe (PLP) ligation, RCA and
C2CA procedures are described in detail in the data supplement (Suppl.
Note 3 and 4). Briefly, after PLP ligation, RCA was performed in ®29
DNA polymerase buffer containing 125 uM dNTPs, 0.2 pg/uL BSA and
400 mU/uL ®29 DNA polymerase (Monserate Biotechnology Group,
San Diego, USA) at 37 °C for 10-120 min followed by inactivation at
65 °C for 2 min. To perform C2CA, biotinylated cDNA with ligated PLPs
was first captured on streptavidin-coated DynabeadsTM MyOneTM T1
(Life Technologies, Oslo, Norway). The beads were resuspended in
20 pL of amplification mixture (0.2 pg/uL BSA, 125 uM dNTPs and 200
mU/uL ®29 DNA polymerase in Ampligase buffer) and incubated for
20 min at 37 °C, followed by 2 min enzyme inactivation at 65 °C. The
second amplification mixture after monomerization contained 0.2 pg/
uL BSA, 0.68 mM ATP, 14 mU/uL T4 DNA ligase, 125 uM dNTPs and
200 mU/uL ®29 DNA polymerase in 10 uL. Ampligase buffer. Amplifi-
cation was performed for 60 min at 37 °C, followed by heat inactivation
at 65 °C for 2 min. Experimental assay steps of C2CA are illustrated in
Fig. 1-A. For quantification, RCPs were labeled by adding 30 pL hy-
bridization buffer (1.4 M NacCl, 0.01% TWEEN® 20, 20 mM of Tris-HCI,
pH 8 and EDTA) containing 5nM of the respective detection oligonu-
cleotide (Table S1) for 2min at 75 °C and 20 min at 55 °C. RCPs from
RCA and C2CA were quantified by amplified single-molecule detection
(ASMD) using the dedicated instrument Aquila 400 from Q-linea (Up-
psala, Sweden). The measurement average of technical duplicates was
obtained, and the standard deviation was calculated.

2.2. Fabrication of microfluidic devices and liquid handling

The microfluidic devices were fabricated using standard poly-
dimethylsiloxane (PDMS) mold replication techniques as previously
described in detail (Pinto et al., 2017). Briefly, the Al hard masks were
fabricated on glass substrates using direct write lithography (Heidel-
berg DWLII, Heidelberg Instruments Mikrotechnik, Germany) followed
by wet Al etching (TechniEtch Al80 Aluminum etchant, Micro-
chemicals, Germany). Two masks were used to define two different
heights in an SU-8 negative photoresist mold, namely 20 and 100 um
using SU-8 2015 and 50 formulations, respectively (Microchem, West-
borough, MA, USA). Each layer was spin coated to the final desired
height and exposed through the respective hard mask to a UV light
source (UV 400 W curing hand lamp from UV Light Technology Lim-
ited, UK). The SU-8 mold was then used to replicate several PDMS
devices using a Sylgard 184 two-component kit from DOWSIL (Ells-
worth Adhesives Iberica) at a 1:10 curing agent: pre-polymer ratio
followed by a 90 min baking step at 70 °C. After baking, the PDMS
structures were peeled off the mold, access holes were punched and the
structures were sealed against microscope cover slips with an average
thickness of 100 um. An irreversible sealing against glass was per-
formed after an oxygen plasma treatment for 60 s at a pressure of 850
mTorr and 11 W RF power (Expanded Plasma Cleaner, Harrick Plasma,
Ithaca, NY, USA). Polyethylene tubing (BTPE-90), metallic adapters (SC
20/15) and 20 ga blunt syringe tips purchased from Instech Labora-
tories were used to connect the microfluidic device with a syringe pump
(NE-4000, New Era Pump Systems Inc., Farmingdale, NY, USA).
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2.3. Packing of silica beads and capture of RCPs in the microfluidic device
and fluorescence measurements using fluorescence microscopy

A suspension of mesoporous spherical silica beads (dried flash silica
with 40-75 um diameter and ~7 nm pores, purchased from Sigma-
Aldrich) was first prepared in a solution of 20% (w/w) polyethylene
glycol 8000 in water. After first pre-filling the device with water, the
bead suspension was flowed into the 100 pum tall chamber at 10 pL/min
by exerting a negative pressure at one of the outlets. The inlet of the
100 pm tall chamber was then sealed with a 20 ga metallic plug and the
PEG solution was washed with water through the 20 um tall channel.
The RCP solution obtained in Sections 2.1 and 2.2 was then diluted 5-
fold in an aqueous solution of 6 M guanidinium hydrochloride (=99%,
Sigma-Aldrich) and flowed through the 20 pm tall channel at flow-rates
ranging from 1.25 to 50 pL/min. The trapping of RCPs was first mon-
itored with fluorescence microscopy using a Leica DMLM microscope
equipped with a DFC300FX digital camera and a 100 W mercury short-
arc lamp coupled with a I3 filter cube. The illumination was performed
discontinuously to periodically acquire images using an exposure time
of 1 s. The quantitative analysis of the fluorescence signal was per-
formed via grayscale measurements using the software ImageJ (Na-
tional Institutes of Health, Bethesda, MA, USA). All solutions were
prepared using type I water obtained from a Milli-Q system from Merck.

2.4. Fabrication of a-Si:H photodiodes

The thin-film p-i-n a-Si:H photodiodes were fabricated as described
in detail elsewhere (Santos et al., 2017). In this work, an extra 1.8 um
thick layer of amorphous silicon carbide (a-SiC:H) was deposited by
radio frequency plasma enhanced chemical vapor deposition (rf-
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Fig. 1. Schematics of the off-chip target de-
tection and amplification, followed by on-chip
RCA product (RCP) capture and fluorescence
signal transduction. A- Off-chip padlock probe
(PLP)-based detection followed by rolling
circle amplification (RCA) or circle-to-circle
amplification (C2CA). The labelling of the
RCPs is performed by hybridization using an
excess concentration of detection oligonucleo-
tides labeled with Alexa 430. B- On-chip RCP
capture on silica beads after dilution in a
. chaotropic salt (guanidinium chloride) solu-
. tion. The capture of the RCPs is continuously
monitored by an a-Si:H photodiode aligned
below the bead microcolumn. An a-SiC:H ab-
sorption filter is deposited on top of the pho-
todiode to selectively block the excitation light
(Aex=405 nm) emitted by a laser diode, while
being semi-transparent to the emission light
(Aem =540 nm).

'
'
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PECVD) on top of the passivated sensors, followed by patterning by lift-
off, functioning as an absorption filter to block the excitation light
(Aex= 405 nm), while being semi-transparent to the emission light of
the Alexa 430 fluorophore (A,,ox= 540 nm). The photodiode dies were
then diced and wire-bonded to custom-designed printed circuit boards
(PCBs). The performance and spectral properties of this filter have also
been described in detail elsewhere (Soares et al., 2018).

2.5. Instrumentation for photocurrent acquisition

The photodiode current at 0 V bias was measured using a Keithley
237 picoammeter connected to the PCB via coaxial and triaxial con-
nections to minimize noise. The current measurements were acquired
through GPIB and continuously processed and stored using a graphical
user interface (GUI) programmed in Python and PyQT4. To perform the
fluorescence measurements, the microfluidic device was first manually
aligned directly on top of the photodiode and the 405 nm laser ex-
citation light (photon flux (¢) = 1.04 X 107 em™2 s7Y), passing
through the appropriate neutral density (ND) filter, was then aligned
and focused on top of the bead-packed chamber to a final focal diameter
of ~1 mm.

3. Results and discussion
3.1. Design of microfluidic device for RCP capture on silica microbeads

The main goal of this work was to develop a microfluidic device to
perform the rapid quantification of RCPs resulting from the bioassay
described in the schematics in Fig. 1-A. The microfluidic device in-
tegrating RCP capture, enrichment and fluorescence signal transduction
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is schematized in Fig. 1-B. To perform the analysis, the RCP solution in
hybridization buffer was first diluted 5-fold in 6 M GndHCl and then
flowed through the silica bead-packed chamber. Upon illumination
with a 405 nm laser light, the filtered photodiode aligned ~100 um
below the chamber allows the continuous and non-contact monitoring
of Alexa 430-derived fluorescence emission, which is proportional to
the number of captured RCPs on the silica beads. Considering the low
bead volumes (few hundreds of nL) and mass of structural material (~1
g) required per PDMS device, these were designed to be disposable after
a single measurement, i.e. no regeneration protocol was required to
desorb the RCPs from the silica beads. Furthermore, considering that
bare silica beads are used to perform direct RCP capture, the PDMS
device containing packed beads can be stored for several years. Upon
introduction of GdnHCI to the RCP solution, the hydrophobic and ionic
phosphate-silanol interactions are significantly promoted (Poeckh et al.,
2008b; Shi et al., 2015). In addition, the selectivity of silica towards
long oligonucleotide molecules is ideal to minimize the background
signal from the free detection oligonucleotides (25 bp).

3.2. Fluorescence microscopy imaging and flow-rate optimization

The capture of RCPs on the silica bead chamber was first monitored
using fluorescence microscopy (Fig. 2-A). After flowing an RCP solution
at 2.5 pL/min for 9 min through the chamber, a significant fluorescence
signal could be measured. Interestingly, it was observed that the signal
was highly heterogeneous and arranged as entangled and elongated
filaments rather than individual dots, as previously observed in mi-
crofluidic assays where the RCPs are generated on the bead surface
(Sato et al., 2010) or enriched on membranes (Kithnemund et al.,
2017). These entangled filaments, hypothesized to be stretched RCPs,
are dragged along the channel in the direction of the liquid flow,
highlighting potential shear stress-derived effects, something similar to
what has been reported for gold nanowire formation (Guo et al., 2018;
Russell et al., 2014). Therefore, it was critical to subsequently evaluate
the effect of flow-rate on RCP capture to achieve a balance between (i)
RCP capture efficiency per flowed volume and (ii) RCP capture kinetics,
thus maximizing signal output and minimizing assay time and reagent
expenditure. On the other hand, flowing hybridization buffer con-
taining free detection oligonucleotides (5 nM) did not provide a mea-
surable increase in fluorescence above the background after 10 min.

The results obtained for the flow-rate optimization are shown in
Fig. 2-B. We observed that the fluorescence intensity and slope (m)
measured after flowing a fixed volume of solution are inversely pro-
portional to the flow-rate down to 2.5 puL/min. A decrease in flow-rate
down to 1.25 pL/min did not provide an increase in capture efficiency,
resulting in a fluorescence intensity of 32.5 AU after flowing 50 pL of
solution at t = 20 min, resulting in a two-fold increased detection time
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compared to using 2.5 pL/min. When evaluating the capture kinetics,
the flow-rates of 2.5, 5 and 10 pL/min provided approximately the
same signal intensity after the same amount of time, despite the two-
and fourfold higher reagent expenditure using 5 and 10 pL/min. This
trend implies that above 2.5 pL/min, the capture is already in reaction-
limited conditions. On the other hand, the low signals measured above
10 pL/min indicate that a combination of high shear rates and/or low-
residence times may be hindering the interaction of silica with the DNA
molecules. Overall, a flow-rate of 2.5 pL/min provided an optimum
balance between assay time and reagent consumption.

3.3. Monitoring conditions of RCP capture using a-Si:H photodiodes

To perform the continuous monitoring of RCP capture on the silica
beads it was first necessary to optimize the illumination frequency and
intensity of the excitation light, in order to minimize photobleaching
without a significant compromise in temporal resolution (Fig. 3). By
continuously illuminating the chamber with an incident photon flux (¢)
of 3.1 x 10'® em 257!, corresponding to an ND 1.5 filter (Fig. 3-A), it
was observed that while the capture of RCPs could be effectively
monitored above the laser excitation baseline (i.e. residual direct and
scattered excitation light leaking through the a-SiC:H absorption filter),
a pronounced photobleaching effect could be observed after stopping
the liquid flow, having a very significant absolute rate of ~33% relative
to the signal increase (i.e. Mygna = 2.4 X 107° A s~ and Mpteqcn =
—8.0 x 107'% A s™1). To minimize photobleaching effects, the ex-
citation was performed discontinuously by turning ON the laser every
minute for approximately 7.5 s (Fig. 3-B). This data is then normalized
against the excitation baseline (henceforth referred to as specific pho-
tocurrent) and plotted over time as shown in Fig. 3-C. Comparing
continuous and discontinuous illumination, the specific current after 10
min was observed to be 37.6% higher using the latter mode. Finally, the
intensity of incident light was increased to ¢ = 1 x 10® cm~2s~! (ND
1.0) and ¢ = 3.1 x 10'® em~2 s~ ! (ND 0.5) to optimize the emission
output of the fluorophore. The results are shown in Fig. 3-D. It is pos-
sible to conclude that while the ND 1.0 provided a > 2-fold increase in
fluorescence emission, a further increase in excitation photon flux (ND
0.5) did not provide an increased sensitivity, probably due to simulta-
neous increase in photobleaching effects, which become significant also
in the discontinuous mode of excitation. Thus, the ND 1.0 was selected
for the subsequent calibration curves at different concentrations of
target genetic material.

3.4. Detection of Influenza A RNA and benchmarking against a commercial
RCP counter

Using the optimized conditions for the read-out microfluidic device,

Fig. 2. A- Bright field (top) and fluorescence (bottom)
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Fig. 3. Monitoring of RCP capture on the microfluidic device using the integrated photodiode (current values acquired at 1.25 s intervals). The 405 nm laser light
used to excite the fluorophores was passed through different neutral density filters ranging from ND 1.5 to ND 0.5 as indicated in each plot, resulting in photon fluxes
(@) of ~3.1 x 10 em™2s ' up to 3.1 x 10'® em ™2 s™1. A constant concentration of 41.5 fM target Influenza RNA, amplified using C2CA, was used for all
experiments, flowed at 2.5 pL/min. A- Raw current measured for the continuous excitation of the silica microcolumn before and after stopping the flow of solution. B-
Raw current measured for the discontinuous excitation of the bead microcolumn at 60 s intervals for an average pulse duration of 7.5 s. C- Average specific
photocurrent measured over time for the data shown in plot B, calculated by subtracting the laser excitation baseline to all data acquired with the laser turned ON.
The error bars correspond to + SD of n ranging from 3 to 5 continuous points. D- Optimization of the ND filter used to perform the discontinuous excitation of the
bead microcolumn. Error bars correspond to + SD of n ranging from 3 to 5 continuous points. The inset plot shows the average specific photocurrent ( = SD, n = 2)

measured after 10 min for two independent experiments using each ND filter.

we tested its analytical performance by adapting a C2CA assay for the
detection of Influenza A (Neumann et al., 2018). Serial dilutions of
ssRNA from viral isolates were processed by reverse-transcription and
C2CA (Fig. 1-A), and resulting RCPs were measured in parallel by our
microfluidic read-out device and a commercial RCP counter. For each
resulting RCP solutions, the specific photocurrent was monitored over
time for 10 min, requiring a total sample volume of 5 pL (i.e. 25 pL of
solution 5-fold diluted in GndHCI). The results are shown in Fig. 4-A.
The RCP capture kinetics between 0 and 10 min could be fit to a linear
regression. The data shows that the slope significantly increases above
the baseline (i.e. sample “zero”, without target genetic material) for
increasing initial target concentrations and, despite the non-specific
adsorption of free detection oligos being previously undetectable using
the fluorescence microscopy setup (Section 3.2), here the sample “zero”
also provides a measurable increase of 2.2 x 107° £ 1.9 x 107 A (¢
= 10 min) above the laser illumination background. The measured
slopes were then plotted against the initial ssSRNA concentration (Fig. 4-
B) and the limit of detection (Lp), here defined as the target con-
centration which provides a signal equal to 3.29 times the standard
deviation of the background (i.e. concentration of 0.28 fM which is not
significantly different from the zero), was calculated as 0.46 + 0.02 fM
with a dynamic range of more than 2.7 orders of magnitude.

We obtained a high correlation between our microfluidic device and
the commercial RCP counter (R? = 0.995) (Fig. 4-D), and by comparing
practical features of both systems, the portability and low sample

volumes (5 pL against 25 pL on the commercial system) intrinsic to our
read-out are advantageous. Furthermore, depending on the sensitivity
requirements, the analysis time and reagent volumes can be further
reduced considering that significant signals above the laser excitation
baseline could be measured in less than 2 min for target concentrations
in the range of tens of femtomolar.

3.5. Optimization of amplification time with Ebola RNA extracts

Since the microfluidic-based readout was demonstrated to be able to
detect RCPs in a short amount of time at initial target concentrations in
the fM-range, we investigated the number of RCA cycles and elongation
time required to generate a detectable fluorescence signal. For this, we
compared first the photodiode response when performing RCA and
C2CA on Ebola vRNA extracts. Fig. 5-A shows that both conditions
result in a detectable fluorescence signal after only a few minutes of
microfluidic trapping, thus demonstrating the suitability of both assays
with the developed read-out. However, in this particular assay setup,
RCA comes with the advantage of fewer assay steps (3 vs. 7 steps) when
compared to C2CA, which facilitates eventual integration with the re-
ported miniaturized device towards PoC applications.

Moreover, in order to optimize the total assay time, we further in-
vestigated the sensor response for increasing times of RCA. As shown in
Fig. 5-B, a linear correlation (R? = 0.99) was obtained between elon-
gation time and the measured slope. From the obtained linear

72



R.R.G. Soares et al.

A

T ) T T 13 T L3 T
Input viral RNA (fM)
83.03 fM
27.68 fM
8.3fM
277 M
0.83 fM
0.28 fM

2.0x10™

1.5x10"

Co oA H>eon

1.0x10™

5.0x10™° 4

Specific photocurrent (A)

0.0 1

Time (min)

y=0.52In(x) + 5.4

81 R2=0.89

RCP Count (Log(RCP))

Q-linea Aquila 400 T

0 1 10
Input viral RNA (fM)

T
100

Biosensors and Bioelectronics 128 (2019) 68-75

vy

T 7 T T T
20x10- ¥ =2.70x10"* A.min-'.In(x) + 4.86x10"* A.min"! i
R?=0.98 °
"c 1.5x10™ 1
€
<
2 1.0x10™+ .
o
(D]
(9]
& 5.0x10™ 4 ¢ 1
9
< [ ] §
0.0 a-Si:H photodiode
T / T T T
0 1 10 100
Input viral RNA (fM)
b .
y=2.19x10" min.A'x + 4.34
84 R2=0.995 ]
o
)
o
—
= 61 1
=
=
o
o
& o T
i
4 . .
Correlation plot
0.0 50x10™  1.0x10™  1.5x10™  2.0x10™

Average Slope (A.min™")

Fig. 4. Calibration curve for increasing target RNA concentrations and correlation with a commercial RCP counter (Q-linea Aquila 400). A- Specific photocurrent
measured over time for increasing concentrations of Influenza RNA. The zero corresponds to a sample without target RNA, establishing the baseline for non-specific
amplification and residual capture of free detection oligonucleotides. Error bars correspond to + SD of n ranging from 3 to 5 continuous points. B- Average current
slope measured between 0 and 10 min at increasing target RNA concentrations. Error bars correspond to + SD of two independent measurements for each point. C-
RCP counts for each viral RNA concentration measured using the Q-linea Aquila 400 instrument. D- Correlation between the RCP counts and the average current

slope measured using the miniaturized device.

regression, the minimum amplification time necessary to provide a
significant signal (3.290) above the background was calculated as 41.5
min. The linearity of generated signal was maintained throughout all
elongation times proving the suitability of our trapping method for a
wide-range of RCP sizes, estimated to range between 10,000 and
120,000 bp (Dahl et al., 2004), without a simultaneous loss of capture
efficiency.

4. Conclusions

In conclusion, we have presented a novel and integrated read-out
strategy for RCA-based assays in a microfluidic format by combining
size-selective trapping on silica beads with miniaturized p-i-n a-Si:H
photodiodes. Our device provided an effective, portable and affordable
alternative over commercially available instruments for RCP detection
with a wide dynamic range, resorting to sample volumes below 5 pL
and achieving total assay sensitivities in the low femtomolar range
(Lp < 0.5 fM). These figures of merit demonstrate comparable or su-
perior sensitivities to recently reported paper-based diagnostic devices
using reverse transcription loop-mediated isothermal amplification
(RT-LAMP) for viral detection, combined with a dramatic decrease in
sample requirements (5-10-fold) and automated signal transduction
(Kaarj et al., 2018; Rodriguez et al., 2015). On the other hand, while
superior sensitivities (~10-fold) were previously reported using fully
integrated lab-on-disk devices coupled with RT-PCR amplification
(Stumpf et al., 2016), significantly higher sample volumes (200 pL)
were required.
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Immediate future perspectives include the full integration of the
RCA assay with the reported read-out, thereby bringing our approach
closer to the PoC by avoiding the lengthy and laborious off-chip am-
plification procedures. Furthermore, since the use of PLPs offers high
multiplex capability, the assay can be extended for the detection of
several pathogens (Kithnemund et al., 2017) and implemented in a
multiplexed format for a broader selection of targets, including anti-
microbial resistance markers.
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