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ABSTRACT: Detection of specific oligonucleotide sequences is central to numerous applications, and technologies amenable to
point-of-care diagnostics or end users are needed. Here, we report a technology making use of a bioluminescent readout and
smartphone quantification. The sensor is a semisynthetic luciferase (H-Luc-PNA conjugate) that is turned on by a strand-
displacement reaction. We demonstrated sensing of three different microRNAs (miRs), as representative cancer biomarkers, and
demonstrate the possibility to integrate an AND gate to sense two sequences simultaneously.
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S equence specific DNA detection is central to biomedical to a PNA*"** sequence complementary to the analyte and an
research and at the core of applications ranging from NLuc inhibitor conjugated to a partially complementary PNA
diagnostics, forensics, environmental monitoring to food that forms a complex with the sensor (Figure 1). The sensor is
science. The demand for fast and simple readouts has inspired inhibited in the absence of analyte (off state); however, in the
the development of a number of polymerase-free technologies presence of the analyte, a specific oligonucleotide sequence,

including molecular beacons,"? DNA-templated reactions,”” the inhibitor is dissociated by a toehold displacement resulting

DNA-templated split-proteins,®” hybridization-chain reac- in a turn-on of bioluminescence.
tion,'” and DNA-based circuits."'~** Despite the tremendous

progress achieved in the area, few technologies are applicable B MATERIALS AND METHODS
outside a laboratory setting. Pioneering reports based on light-

PNA Synthesis. PNA: d by automated Mtt chemist
harvesting conducting polymers'* yielded naked-eye detection y RS S A B

on an Intavis MultiPep instrument in 500 uL fritted tubes as

of microRNA at 10—100 nM of analyte.ls The advent of lateral previously described.”” The final compounds were purified by reverse-
flow assay technologies for end-user diagnostics (e.g., phase chromatography using a Biotage Isolera ONE equipped with a
pregnancy test) stimulated development using this platform Biotage SNAP Cartridge KP-C18-HS (linear gradient from 100%
for microRNA detection, affording a detection threshold of H,0 0.01% trifluoroacetyl (TFA) to 100% MeCN 0.01% TFA with a
0.1-50 nM.'*"” Another important technology that facilitates flow rate of 5 mL/min) or using an Agilent 1100 series HPLC

equipped with DAD and with a Agilent ZORBAX Eclipse XDB-C18
(4.6 X 250 mm?* 5 pm) column (linear gradient from 100% H,O
0.1% TFA to 100% MeCN 0.1% TFA with a flow rate of 1 mL/min).
PNA sequence made use of alternating y-modified-Ser-PNA*® and

a smartphone analytical readout'® is bioluminescence-based
assay.'” Merkx and co-workers recently demonstrated the use
of bioluminescence using a BRET-based molecular beacon
(Figure 1).”%*" A challenge with BRET-based technologies is
the trade-off between BRET efhiciency and spectral resolution
between the bioluminescence and fluorophore emission, thus
limiting the turn-on ratio of a sensor and its brightness.
Inspired by the work of Ghadiri and co-workers with
interstitially regulated proteases,”” >* we report the use of a
DNA-triggered strand-displacement reaction in a semisynthetic
luciferase molecular device composed of H-Luc™ conjugated
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Figure 1. Schematic representation of the bioluminescent-DNA sensor. Top: previous work leveraged on changes in BRET. Bottom: this work
leveraged on toehold strand displacement of the inhibitor-PNA conjugate to turn-on of the bioluminescence.

standard PNA monomers (see the Supporting Information for the
detailed structure). Chloroalkane, inhibitor, and biotin were
conjugated by the standard amide bond coupling procedure
(HATU, DIPEA, 2,6-lutidine preactivation).

H-Luc. H-Luc was produced and purified as previously described.*

Sensor Preparation (H-Luc PNA-CI Coupling). H-Luc (1 uM)
and PNA-Cl (1 uM) were incubated in N-(2-hydroxyethyl)-
piperazine-N'-ethanesulfonic acid (HEPES) buffer (50 mM HEPES,
50 mM NaCl, pH 7.2) for 1 h. The H-Luc-PNA conjugate was used
without further purification, diluted to different concentrations in
HEPES buffer with bovine serum albumin (BSA) (50 mM HEPES, 50
mM NaCl, 10 mg/mL BSA). The sensor was prepared either by the
addition of PNA-INH (1 equiv) to the preformed H-Luc-PNA
conjugate or by incubating H-Luc directly with the PNA-CI/PNA-
INH duplex according to the same conditions as above.

IC5, Determination for INH 1—4. H-Luc was diluted to 10 nM
concentration in buffer with BSA (50 mM HEPES, 50 mM NaCl, pH
7.2, 10 mg/mL BSA, 100 pL) and treated with a solution of the
inhibitor (100 uL, 40 uM to 2 nM, 2-fold serial dilution) in the same
buffer systems as for the sensor. The mixture was incubated for S min,
then furimazine (2 uL, 5 mM stock solution, final concentration is 50
M) was added and luminescence intensity was measured using a
Molecular Devices Spectra Max MS microtiter plate reader. Each
reaction was performed in triplicates and the averages were plotted
(log[inhibitor] vs bioluminescence intensity, Figure 2). Curve fitting
and ICy, determination were performed using a GraphPad Prism
(curve fitting formula: [inhibitor] vs response, Y = Bottom + (Top —
Bottom)/(1 + (X/ICsp)). R? values of all reported curves were greater
than 0.95).

Comparison of Sensors Prepared with Different PNA-INH4.
H-Luc-PNA (20 nM, 100 4L) in buffer (50 mM HEPES, 50 mM
NaCl, pH 7.2, 10 mg/mL BSA, 100 xL) was incubated with 1 equiv
PNA-INH4 (5—10merPNA, 20 nM, 100 uL, same buffer as H-Luc).
After 1 h incubation, furimazine was added (2 uL, S mM stock
solution, final concentration is SO0 M) and the bioluminescence
intensity was measured using a Molecular Devices Spectra Max MS
plate reader. The strand-displacement reactions were carried out
according to the same procedure starting from H-Luc-PNA/PNA-
INH4 and adding 1 equiv of DNA, incubating for 1 h prior to
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furimazine addition. Each reaction was performed in triplicates. The
luminescence measurements of each condition were plotted as shown
in Figure 3.

Kinetic Measurement. The kinetics of PNA-inhibitor hybrid-
izations and strand-displacement reactions were performed as follows.
The kinetics of PNA-inhibitor hybridization: 10 or 1 nM H-Luc-PNA
(50 mM HEPES, S0 mM NaCl, pH 7.2, 10 mg/mL BSA, 200 uL) was
incubated with 1 equiv PNA-INH4. At the stated time points,
furimazine was added (2 L, S mM stock solution, final concentration
is 50 uM) and the bioluminescence intensity was measured
immediately using a Molecular Devices Spectra Max MS5 plate reader.
The kinetics of strand-displacement reaction: 10 or 1 nM H-Luc-PNA
was incubated with 1 equiv PNA-INH4 for 1 h, then 1 equiv of DNA
was added. At the stated time points, furimazine was added (2 uL, $
mM stock solution, final concentration is SO uM) and the
bioluminescence intensity was measured immediately by Molecular
Devices Spectra Max MS5. All data points were measured in triplicates.
The luminescence intensities were plotted as a function of time
(Figure 4). The second-order rate constants were derived from curve
fitting using GraphPad Prism using the following equation Y = (Y, —
Plateau) X exp(—K X X) + Plateau.

Sensor Assay in Solution. All procedures were performed at
room temperature (ca. 20—23 °C). The sensor (H-Luc-PNA/PNA-
INH4, 20 or 2 nM, 100 L) in buffer (50 mM HEPES, 50 mM NaCl,
pH 7.2, 10 mg/mL BSA) was treated with DNA (0.01—4.0 equiv, 100
uL, same buffer as sensor) and the mixture was incubated for 1 h. The
reactions were treated with furimazine (2 uL, S mM stock solution,
final concentration is S0 M) and the bioluminescence intensity was
measured using a Molecular Devices Spectra Max MS5 plate reader. All
reactions were performed in triplicates. The luminescence intensities
were plotted as a function of DNA concentration (Figure S). The
limit of detection is calculated based on the three standard deviations
(30) of the data point without analyte. The reactions in serum were
performed according to the same procedure diluting the sensor and
the analyte in serum (Figure 6).

Sensor Assay with Smartphone Readout. All procedures were
performed at room temperature (ca. 20—23 °C). A 1 uM solution of
the sensor, prepared as stated above, was diluted into the analyte
solution (50 mM HEPES, S0 mM NaCl, pH 7.2, 10 mg/mL BSA) to

https://dx.doi.org/10.1021/acssensors.9b02454
ACS Sens. 2020, 5, 807—-813


http://pubs.acs.org/doi/suppl/10.1021/acssensors.9b02454/suppl_file/se9b02454_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b02454?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b02454?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b02454?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b02454?fig=fig1&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://dx.doi.org/10.1021/acssensors.9b02454?ref=pdf

ACS Sensors

pubs.acs.org/acssensors

a final concentration of 1 nM (200 L) in an Eppendorf tube. After 1
h, streptavidin beads (2 uL, Dynabeads MyOne Streptavidin Cl,
Thermo Fisher) were added and the mixture was further incubated
for 1 h. Furimazine was added (2 uL, S mM stock solution, final
concentration is SO uM), the beads were pelleted down (Vortex
micro-spin), and the luminescence was measured by smartphone
photography (iPhone 11, Slow Shutter Cam, exposure time 30 s) and
the RAW image was quantified using Image]. Images and
quantification are shown in Figure 7. The sequence of miR-21:
UAG CUU AUC AGA CUG AUG UUG A; DNA sequence
corresponding to miR-21: TAG CTT ATC AGA CTG ATG TTG A;
sequence of MM miR-21: TAG CTT ATT ACA CTG ATG TTG A;
sequence of miR-31: GGCAAGAUGCUGGCAUAGC; sequence of
miR-141: UAACACUGUCUGGUAAAGAUGG.

AND Gate for the Detection of Two Sequences. The sensor
(8 nM) and DNA duplex (8 nM) in buffer (100 yL, SO mM HEPES,
50 mM NaCl, pH 7.2, 10 mg/mL BSA) were treated with a solution
(100 pL, same buffer as the sensor) containing the following analyte:
no DNA; input 1; input 2; input 1 + 2. After 1 h, the reactions were
treated with furimazine (2 uL, S mM stock solution, final
concentration is 50 M) and the bioluminescence intensity was
measured using a Molecular Devices Spectra Max MS plate reader. All
reactions were performed in triplicates. Sensor: miR-21; DNA duplex:
S'-TAGCTTATCAGACTGATGTTG

AGTCCTAGA + S'-TCAGTCTGATAAGCCCTAGAT + §'-
ATCG

AACTCTAGGACTCAACA; Input 1: 5-ATCTAGGGCTTAT-
CAGA

CTGA, Input 2: 5" TGTTGAGTCCTAGAGTTCGAT.

B RESULTS AND DISCUSSION

As a choice of luciferase, we opted for H-Luc, a chimera
between NanoLuc (NLuc)®' and Halo—Tag.32 This choice is
motivated by the brightness of NanoLuc, the fact that it does
not require ATP for bioluminescence, and the simplicity and
fast kinetics of Halo-Tag self-labeling. This chimera protein
was optimized for high BRET efficiency,”® suggesting that the
catalytic site processing the furimazine substrate is close in
space to the self-labeling site. This is critical since the same
proximity is required for efficient inhibition of the luciferase
following hybridization of the inhibitor-PNA conjugate to the
semisynthetic H-Luc-PNA adduct. While DNA has been used
in conjugation to halo-fusion proteins,”’* the reported
reactions were considerably slower than small molecule
substrates, which generally proceed with an apparent second-
order rate constant (ky,,) of 10°~10° M~" s™'. Halo-Tag has
been rationally modified to enhance reactions with oligonu-
cleotides;*® however, adopting this strategy with H-Luc would
require further protein engineering. Our own attempts to
conjugate a chloroalkane-modified DNA to H-Luc afforded
less than 10% conjugation after 12 h using a stoichiometric
reaction at 1 M. Gratifyingly, the conjugation of PNA proved
much more efficient under stoichiometric coupling conditions.
Labeling with chloroalkane-modified PNA (PNA-CI, 17-mer,
complementary to miR-21; see Figure S1 for detailed
structures) with H-Luc at 1 uM proceeded to completion
within § min (kzapp =3.6 X 10* M~ 57! Figure S2; S min > 10
half-labeling times), consistent with the fast rate for
chloroalkane-functionalized fluorophores.”””’ PNAs are
known to hybridize with excellent sequence discrimina-
tion,”** which make them well suited for sensing applications.
The reaction proved sufficiently efficient that conjugation with
1 equiv of PNA-CI was sufficient and the sensor could be used
without further purification. Control experiments with 2 equiv
of PNA-Cl followed by purification of the H-Luc-PNA
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conjugate by size exclusion column did not improve the
performance of the sensor (Figures S4 and SS).

The turn-on ratio of the sensor will be dictated by the
difference in inhibition between the hybridized PNA-inhibitor
(i.e., intramolecular) and displaced inhibitor (bimolecular) and
requires a potency of inhibition calibrated between the
effective concentration of the inhibitor in the hybridized
complex and the dissociated concentration. The reported
structure—activity relationship (SAR) for a series of NLuc
inhibitors®” suggested that derivatization off the thienopyrrole
amide (see structure in Figure 2) points toward the solvent-
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Figure 2. IC5, measurements of PNAs conjugated to different
inhibitors. Conditions: H-Luc (5 nM) with varying concentration of
PNA-inhibitor (1 nM to 20 uM), SO uM furimazine. Error bars
represent the deviation from three independent experiments.

exposed side of the NLuc-inhibitor complex and should
tolerate conjugation with a PNA. We evaluated several
permutations of inhibitor-PNA conjugates (PNA-INH 1—4,
Figure 2) to identify the optimal potency. The inhibitors were
tested at a high furimazine concentration (50 uM), which
provides a long and bright luciferase glow. Under these
conditions, ICs, ranging from 3.92 to 0.39 uM was obtained
for PNA-INH 1—4. Importantly, the most potent inhibitor
(PNA-INH4) showed no inhibition at 10 nM suggesting that
once displaced from the sensor, the full brightness of the
sensor should be recovered.

We next tested the ability of the inhibitor to switch off the
bioluminescence as a supramolecular complex at a low sensor
concentration (10 nM, Figure 3). The PNA sequence of the
inhibitor must be sufficiently long to ensure that the complex is
formed at this concentration but not too long to offset the
displacement reaction with DNA. Cooperativity between the
inhibitor binding to H-Luc and PNA—PNA hybridization
might provide additional stability."’8 As shown in Figure 3, the
H-Luc-PNA adduct was treated with 1 equiv of inhibitor
(INH4) conjugated to PNAs of different length (S—10-mer).
Analysis from this first step indicates that there is no benefit of
a 10-mer PNA over the 8-mer, both yielding 97% inhibition
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Figure 3. Efficiency of inhibition and turn-on of the sensor as a
function of the length of PNA-inhibitor conjugate. Conditions: H-
Luc-PNA (10 nM) in HEPES buffer with 1 equiv of PNA-INH4 (10
nM) followed by 1 equiv of DNA (miR-21 sequence, 10 nM).
Bioluminescence is measured by taking an aliquot of the solution and
treating it with furimazine (SO uM final concentration). Error bars
represent the deviation from three independent experiments.

while a S-mer gave inferior inhibition (83%), indicating that
the hybridization complex with the sensor remains dynamic. It
is to be noted that all inhibitor conjugates have the same linker
and hybridization position, thus the observed difference can be
attributed directly to the length of the PNA. While the 5-mer
PNA-inhibitor does not give complete inhibition, the level of
inhibition is consistent with cooperativity between ligand
binding and PNA hybridization, since the PNA itself has a Ky >
100 nM (i.e.,, 10-fold higher than the tested concentration).”
Upon addition of 1 equiv of DNA (miR-21 sequence), a
toehold displacement should take place and restore the activity
of the sensor. Displacement of the S-mer PNA and 8-mer
restored 95 and 90% bioluminescence, respectively, while the
10-mer PNA is clearly too long leading to only a 30% recovery.
It should be noted that the position of hybridization on the
template is also critical and requires an overhang on both sides
to ensure displacement of the PNA with the DNA. The system
yielding the strongest turn-on ratio was the 8-mer PNA with a
3-mer and 6-mer overhang on each side of the template,
yielding a 32-fold increase in signal. While the 10-mer PNA
maintains an overhang sequence on both sides, the weaker
stability of a PNA—DNA duplex (17-mer) is not sufficient to
completely offset the PNA—PNA duplex (10-mer). The
kinetics of the sensor response is fast; the rate of hybridization
is Kyppp > 10° M™! 57! (estimated from the curve fitting of
second-order kinetics, Figure 4A), while the toehold dlsplace-
ment proceeds with a rate constant of k,,,, = 4.76 X 10° M™!

~! (estimated from the curve fitting of second-order kinetics,
Flgure 4B), which is in line with the previous report of
displacements for a 6-mer toehold,'”*’ despite the greater
duplex stability of PNA—PNA vs PNA—DNA. It should be
noted that that the sensor—inhibitor complex is stable down to
1 nM and can be switched oft and on with 1 equiv of inhibitor
and 1 equiv of DNA analyte even at this low concentration
(Figures 4 and S3).

The linearity of response was tested at both 10 and 1 nM
sensor concentrations. As shown in Figure S, the bio-
luminescence was measured following treatment of the sensor
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Figure 4. Kinetics of the receptor response. (A) Hybridization of the
inhibitor (1 equiv) at 10 and 1 nM; (B) toehold displacement of the
inhibitor with 1 equiv of analyte at 10 and 1 nM. Error bars represent
the deviation from three independent experiments.
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Figure 5. Dynamic range of the sensor (miR-21 sequence, 0.01—4.0
equiv; sensor at 1 or 10 nM). Error bars represent the deviation from
three independent experiments. Limit of detection is set at 3¢. Stars
represent paired sample t-test probability (*p = 0.094; **p = 0.0038).

with 0.01—4.0 equiv of DNA analyte and then plotted against
the analyte concentration. Analysis showed a linear response
up to 1 molar equiv of the analyte followed by a marginal
increase going up to 4 equiv of DNA. This marginal increase is
consistent with the fact that 1 equiv of analyte results in 90%
luminescence recovery (Figure 3), while a shorter PNA-
inhibitor complex indicates that a 95% recovery is possible if
the displacement is driven further. Analysis of the response
shows a 32-fold gain in luminescence from 0 to 1 equiv of the
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analyte. Analysis of low analyte concentration (1—4%) shows a
statistically significant difference between 20 pM and no DNA
(0.02 equiv of the analyte relative to the sensor, limit of
detection > 30). The response of the sensor is comparable to
that in serum (Figure 6), albeit, the brightness of the sensor is

50% Serum in HEPES buffer Serum
5x10¢ 6x10°
4,10 g b {i
¥ 4.10°
O 3x10¢ o
Z ' g )
4
2:10 . 2,10 }
1104 o i
0+ + f—
0.0 0.5 1.02.0 4.0 0.00.204 06081020 4.0
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Figure 6. Response of the sensor (1 nM) to miR-21 sequence (0.01—
4.0 nM) in serum (full or 50% serum in HEPES buffer). Error bars
represent the deviation from three independent experiments.

diminished in full serum (50000 RLU in serum vs 350 000
RLU in HEPES). However, full recovery of brightness can be
achieved in 50% serum.

The brightness of H-Luc renders it detectable to the naked
eye and smartphone camera down to 20 nM. We reasoned that
the detection at the lower sensor concentration (1 nM) might
still be possible if concentrated by immobilization. To this end,
biotin was included in the PNA linked to H-Luc (Figure 7).
Following the sensing reaction, the solution is incubated with
streptavidin beads and the sensor is concentrated on the beads

(100 uL of the solution concentrated on 2 uL of beads), then
the beads were imaged by smartphone photography (iPhone
11, 30 s exposure time) and the intensity of the signal was
quantified using Image]. As shown in Figure 7, this system
enables detection in a semiquantitative manner of miR-21 with
a detection threshold of 400 pM. The sensor clearly
discriminated between microRNA-21 and a mismatch
sequence (2 nucleotide mismatch) or another microRNA
(miR-31). The same design, 17-mer PNA-Cl complementary
to an miR and 8-mer PNA-INH complementary to PNA-CI
with an overhang (3- and 6-bases, respectively, on each side),
was used to prepare a sensor for miR-31 (sensor 2) and miR-
141 (sensor 3). As shown in Figure 7, both sensors yielded a
signal increase in response to the miR and were detectable by a
smartphone.

The sensor response can be integrated into different strand-
displacement reactions to design a variety of logic-gated
operations. To illustrate this point, we designed an AND gate
that responds to the presence of two 21-nt oligonucleotide
inputs (the length of an miR) but not to a single input. As
shown in Figure 8, this was achieved by using a DNA strand
(red strand, 30 nt) complementary to the sensor (PNA-CI,
green strand), which is hybridized to two masking DNAs (blue
strands, 21 nt) with 6-nt overhangs. The input strands
(orange) make use of toehold displacements to capture the
blue strands and liberate the red strand. Optimization of the
sensor had shown that overhangs were necessary on both sides
of the PNA-inhibitor/PNA-CI duplex to achieve a response.

Toehold displacement
ssDNA/ssRNA
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Figure 7. Nucleic acid detection by smartphone imaging. Conditions: Sensor (1 nM); streptavidin beads (2 yL); furimazine (50 #M); a—j: miR-21
sensor; k—i: miR-31 sensor; m, n: miR-141 sensor. Smartphone images were obtained with an iPhone 11 using Slow Shutter Cam (30 s exposure).
The plot of intensities was prepared by quantifying signal intensity in image].
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Figure 8. Sensor for two analytes (AND gate). Input 1 and input 2
(orange strand) are both necessary to release the red strand, which
turns the sensor on; a single input is not sufficient to turn on the
sensor. All components of the reaction (sensor, duplex, inputs) are
used at 4 nM. Error bars represent the deviation from three
independent experiments.

Indeed, the addition of only one input is not sufficient to
achieve a response and yields a signal that is comparable to no
input (Figure 8). However, in the presence of both inputs, the
sensor is turned on.

B CONCLUSIONS

We have demonstrated a simple mixing assay enabling sensitive
detection of a microRNA sequence (miR-21, -31, -141) using
smartphone imaging. Circulating miRs""  are prominent
biomarkers in serum and miR-21 in serum has been shown
to correlate to tumor size,”> while miR-31** and -141** are
effective biomarkers for cancer detection. The fact that the
detection of three different microRNAs (miRs) was achieved
using a common design suggests that the sensor design is
modular and broadly applicable to other miRs or RNAs. The
technology leverages a strand displacement to control the
activity of a bright luciferase (Halo-Tag—NLuc chimera: H-
Luc). The sensor makes use of PNA for selective
oligonucleotide recognition (DNA or RNA). This charge-
neutral oligonucleotide analog also proved to be much more
efficient in conjugation to Halo-Tag (H-Luc) than DNA. This
work also highlights the fact that PNA duplex can be strand
displaced by DNA or RNA, given there is an overhang on both
sides of the displaced strand. This fact facilitates its integration
in a network of strand-displacement reactions to achieve logic-
gated operations (such as an AND operation).
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