BIOMICROFLUIDICS 10, 014115 (2016) @ Spsek

A microfluidic electrochemical biosensor based on
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Herein we present a microfluidic-multiplexed platform that integrates electrochemical
sensors based on carbon nanotubes associated with ferrocene as redox marker (carbon
nanotube (CNT)/ferrocene) for direct detection of pathogenic viral DNA from
Hepatitis C and genomic DNA from Mycobacterium tuberculosis in clinical isolates.
By operating the fluidic device under high flow (150 ul/min), the formation of a very
thin depletion layer at the sensor surface (6 =230nm) enhances the capture rate up
to one DNA strand per second. By comparison, this capture rate is only 0.02 mole-
cule/s in a static regime without flow. This fluidic protocol allows thus enhancing the
limit of detection of the electrochemical biosensor from picomolar in bulk solution to
femtomolar with a large dynamic range from 0.1 fM to 1 pM. Kinetics analysis also
demonstrates an enhancement of the rate constant of electron transfer (kg) of the elec-
trochemical process from 1s~' up to 6s~ " thanks to the geometry of the miniaturized
fluidic electrochemical cell. This microfluidic device working under high flow allows
selective direct detection of a Mycobacterium tuberculosis (H37Rv) rpoB allele from
clinical isolate extracted DNA. We envision that a microfluidic approach under high
flow associated with a multiwall CNT/ferrocene sensor could find useful applications
as the point-of-care for multi-target diagnostics of biomarkers in real samples.
©2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4940887]

1. INTRODUCTION

A rapid, accurate, cost-effective, and certainty microbiological diagnostics of pathogenic
DNA biomarkers stills remains a challenge in the XXIst century. The development of extremely
sensitive, highly selective, simple, robust, and yet inexpensive biosensing platforms appears
thus essential for a wide range of applications, including not only clinical diagnostics' but also
environmental monitoring” and food safety testing.® Direct detection of a genomic DNA sam-
ple, without pre-analytical and amplification steps, may lead to reduced analysis times, system
complexity, quantification accuracy, and other ambiguities and errors issued from contamina-
tion.*” Since accurate diagnostics need specific detection of very small amounts of DNA, there
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is a need to develop simple label-free DNA hybridization platforms able to perform highly sen-
sitive and specific direct analyses.

Recent advances in electrochemical sensing techniques, in conjunction with microfluidics and
nanomaterials, have already shown tremendous potential, offering more reliable and affordable
solutions than conventional optical detection methods, which involve a complex instrumental
environment around the sampling chip.* In this regard, electrochemical detection is fully compati-
ble with cost-effective handheld microfluidics platforms™® that bring the possibility of manipulat-
ing tiny amount of samples (<ul) for fast analysis.

Most often, conventional point-of-care (PoC) devices integrate several stages including a poly-
merase chain reaction (PCR) chamber for genomic amplification located in front of the molecular
electrochemical detection cell. For example, in 2004, Liu e al.” developed a fully integrated bio-
chip device with an asymmetric PCR step, subsequently coupled with a two-step electrochemical
hybridization sensor that succeeded to achieve ~2 fM detection of bacterial Escherichia coli K12
DNA. Yeung ef al.* developed an electrochemical real-time PCR (ERT-PCR) technique on a sili-
con glass microchip for simultaneous DNA amplification and detection within a limit of detection
(LoD) of 5 fM. More recently, Ferguson er al.*® reported a limit of detection of ~0.01 fM for
genomic DNA from Salmonella Enterica Serovar Typhimurium LT2 inside a monolithic disposable
chip featuring asymmetric PCR, enzymatic single-stranded DNA digestion, and sequence-specific
electrochemical detection elements. In such PoC devices, the on-a-chip PCR amplification reaction
has to be accurately controlled during thermal cycling. The PCR protocol could be thus rather
complex since the chip has to be placed inside a thermal controller® or it has to integrate a minia-
turized controller. In this context, developing simpler cost-effective microfluidic devices without a
PCR unit able to detect DNA from clinical isolates appears to be of great importance.

Since the concentration of nucleic acids that are attainable from samples falls typically below
20 fM,” new approaches for direct electrochemical detection without amplification have to be
explored. A first route concerns the use of nanomaterials as ideal transducers since they possess
the ability to amplify both signal transduction and molecular events. For example, in 2006, Zhang
et al*' reported the incorporation of a gold nanoparticle (NP) coupled with a nanoscale control
of the self-assembly process of DNA probes. The biosensor was able to enhance significantly the
sensitivity of direct electrochemical DNA sensing at the femtomolar range. Similarly, a conducto-
metric/chemiresistive DNA sensor based on polypyrrole nanowires and optimized in terms of
DNA probe sequence immobilization was reported by Bangar er al.** with a LoD of 0.1 fM and
a wide dynamic range of 0.1 fM-10 pM. Recent studies have shown that multiwall carbon nano-
tubes (MWCNTSs) can provide a higher surface density of immobilized biomolecules in compari-
son with traditional planar surfaces'® and improve significantly the electrochemical reactivity.''
In 2003, Fang et al. have shown for the first time that multi-walled carbon nanotubes functional-
ized with a carboxylic acid group (MWNTs—COOH) dramatically increased DNA detection sensi-
tivity.'> CNT hybrid materials combined with conducting polymers, metal NPs, or redox media-
tors have been receiving increased attention in amperometric biosensors due to various synergetic
effects observed when hybrid materials are used.'” The integrated MWCNT/ferrocene has been
shown to enhance charge transfer due to the notable properties of ferrocene as organometallic re-
dox marker promoter.'* With a reversible and intense redox signal, ferrocene is an ideal “outer-
sphere” redox system for which kinetics of electron transfer can be affected when electronic and
ionic environments are modified. After attachment to ferrocene, the probe and target biomolecules
could promote the charge transfer or disturb it. Ferrocene has thus been widely used as a model
system for understanding charge transfer by tunnelling across various molecular interfaces to elec-
trodes.'>'® Ferrocene could be employed as redox marker to gives information of macromolecular
interaction between receptor and ligands or as redox mediators in enzymatic reaction. Attachment
of ferrocene to conducting materials as redox markers to follow the biological recognition event
such as DNA hybridization or protein capture has been demonstrated previously with polypyr-
role'” and carbon nanotube.'®

Independently of the intrinsic sensibility of the electrochemical sensor, the performance of
the biosensor can be improved according to the optimization of the microfluidic protocol.
Recently, it has be proven that flows properties have the ability to favour binding kinetics and
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thus largely reduce reaction time.'®"** For most of the applications, if the fluidic system works
under “extreme fast” flow at a high Péclet number Pey, the number of captured molecules per
unit of time could be largely enhanced. In 2008, Squires, Messinger, and Manalis proposed a
theoretical approach to estimate the interplay between diffusion, convection, and reaction.?’
Their complete analysis gives some guidelines to estimate some fundamental quantities, such as
fluxes, collection rates, and equilibration times. Based on dimensionless parameters that are
straightforward to compute, their simple approach is very useful in designing systems and fixing
the volumetric flow rate Q. Working with such optimized parameters at high Pey (Pey > 1)
under high flow, the number of molecules trapped in the vicinity of the sensor surface can be
increased by several orders of magnitude.

Toward an universal answer for sequence-specific direct electrochemical detection, we pro-
pose herein a new microfluidic platform for direct label-free DNA detection without any ampli-
fication. The system is based on integrated electrochemical MWCNT/ferrocene sensor, which is
operated under a fluidic protocol where alternative steps under fast flow and static regime are
performed. This microfluidic approach is shown to improve mass transport and enhance target-
probe interaction events. This simple monolithic chip integrates three independent fluidic poly-
dimethylsiloxanes (PDMSs), each channel containing one electrochemical chamber with three
gold electrodes and each working electrode being functionalized with a MWCNT/ferrocene
transducing layer (Figure 1). The integrated MWCNT/ferrocene sensor is shown to enhance
charge transfer due to the notable properties of ferrocene as organometallic redox marker. After
attachment to ferrocene, the probe and target biomolecules could promote the charge transfer or
reduce it. By choosing the nature of the immobilized probe on each MWCNT/ferrocene work-
ing electrode, this system can be configured to detect any DNA-based pathogen in clinical iso-
lates samples. Dynamic range and LoD of this device have been first studied using model solu-
tions of synthetic single-strand oligonucleotide from Hepatitis C virus and compared with the
conventional detection in bulk solution. In a second step, we demonstrate the direct selective
detection of a wild-type Mycobacterium tuberculosis (H37Rv) rpoB allele in clinical isolate
extracted DNA to check the feasibility of direct sensing without amplification in real solutions.

Il. EXPERIMENTAL METHODS
A. Reagents

The multiwalled carbon nanotubes (purity 85%) with 20-25nm in diameter and ~1-5 um
in length were purchased from Strem Chemicals (France). Ethylene diamine and the lithium
perchlorate were purchased from Sigma Aldrich. The modified ferrocene group Fc(NHP), was

(2,3) (4)

FIG. 1. On chip specific genetic analysis of Mycobacterium tuberculosis and Hepatitis C. (a) The PDMS/glass point-of-
care device that integrates three channels: channel (1) for negative control, channel (2) for DNA detection, and channel (3)
for mismatch DNA detection. (b) Schematic illustration of the chemical patterning (steps 1, 2, and 3) for the preparation of
the biosensor based on modified ferrocene, as redox marker. Each step is done inside each channel of the fluidic chip before
the final hybridization (step 4).
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synthesized following a procedure described previously.>> The background electrolyte is phos-
phate buffer at 10mM and pH 7.4. It has been prepared by mixing 10 mM Na,HPO,, 2.7mM
KCl, and 137 mM NaCl in ultrapure water from Millipore Milli-Q system (Billerica, USA). All
other reagents are commercially available and were purchased with analytical reagent grade.

For Hepatitis C, the oligonucleotide probe with amino group at its 5’ phosphate end, abbre-
viated NH,-ssDNA, has the sequence as follows: NH,—(CH,)¢—5-GATACTTCTATCACC-3'.
The complementary and non-complementary target oligonucleotides have, respectively, the
sequences: 5-GGTGATAGAAGTATC-3' and 5-CATTCCCTCTTAGG-3'. The DNA probe,
specific to the Mycobacterium tuberculosis, was provided by Eurogentec Company, containing
18 bases with 5’ terminal amino group modification using a twelve carbonyl chain spacer
(C12). The DNA probe sequences were wild type (5'-CCGACTGTCGGCGCTGGG-3’) and mu-
tant (5-CCGACTGTTGGCGCTGGG-3').** A single nucleotide polymorphism (SNP) in the
codon 531 of rpoB gene (TCG/TTG) is associated with Mycobacterium tuberculosis rifampicin
resistance and used as control experiment.

B. Sample preparation from Mycobacterium tuberculosis clinical isolates

The genomic DNA of Mycobacterium tuberculosis was extracted from a clinical sample of
stump. Some pretreatments have been done off-chip, and only hybridization step has been done
on-chip similarly as in other electrochemical fluidic chips.® For the gDNA extraction, the stand-
ard CTAB (cetyltrimethylammonium bromide) method has been used.”” This approach is pre-
ferred for molecular analyses demanding high purity, whereas thermolyzates are used in other
cases due to its swiftness and ease of implementation. The prepared solutions could be stored
at 4°C for two weeks or in the freezer (—20°C) for a longer period. Finally prior to sample
injection inside the chip, the gDNA solution has been exposed to thermal shock (3min at
90°C) for denaturation purpose. 5 ul of gDNA (20ng of clinical isolate) was then diluted in
200 wl for the experiments inside the chip.

To compare the response of the sensor towards both wild-type DNA of Mycobacterium tu-
berculosis and amplified ones, PCR was also performed on several samples to amplify a 411 bp
length fragment of the rpoB gene from well-characterized DNA belonging to one clinical iso-
late of Mycobacterium tuberculosis and Mycobacterium tuberculosis control strain H37Rv.
The fragment of 411 bp of the rpoB gene includes a hot spot region of 81 bp, where the major-
ity of mutations associated with resistance of Mycobacterium tuberculosis to rifampicin
drug have been identified. To amplify a fragment of 411 bp of the rpoB gene, the primers TR1
(5-TACGGTCGGCGAGCTGATCC-3') and TR2b (5-TACGGCGTTTCGATGAACC-3') were
used. 2 ul of extracted gDNA (20ng), 1 U of Tag DNA polymerase (Go Taq flexi, Promega,
Madison, USA), and 1.5mM of MgCl,; 1 uM of each primer; 200 uM of each dNTP; and 1 X
of Taq buffer were used to perform the PCR in a total volume of 25 ul. The following PCR
cycle program was used: initial denaturation at 94 °C for 3 min and 25 cycles comprising 1 min
at 94°C, 1 min at 55°C, 1 min at 72°C, and a final extension step at 72 °C during 10 min. After
amplification, we measured the concentration of PCR products by Nanodrop 1000.

C. Microchip fabrication

Each 300 um-thick borosilicate slide was first cleaned by organic solvents and piranha solu-
tion (30 s in 70 vol. sulphuric acid/30 vol. peroxide water), and abundantly rinsed with deionized
water before process. The slides were patterned by standard UV photolithography with image re-
versal AZ-5214 photosensitive resist to generate the electrode patterns. Snm of titanium and
200nm of gold were then evaporated before resist removal in acetone. This conventional lift-off
process allowed producing all three electrodes of each electrochemical cell, namely, the counter
(CE), the reference (RE), and the working (WE) electrodes. Each slide displays three arrays of
three gold electrodes (Swg=1.2 X 10%cm?, Sge=2.7 x 10 cm?, and Scp=2.7 x 10 ?cm?)
with the design presented in the supplementary material (see Fig. SL.1).*’

First step of biosensors built-in involved oxidized carbon nanotubes coating from a
diluted solution onto gold working electrode. Carbon nanotubes were oxidized in concentrated
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H,SO4/HNOj; (3:1) solution to produce a high concentration of carboxyl (—COOH) and
C =0 functions, which are of priority for dispersion purpose. The solution was prepared by
dissolving 1 mg of CNTs-COOH in 1 ml of dimethylformamide (DMF) in ultrasonic bath. 1 ul
of this solution was deposited onto the working electrode and the solvent was evaporated at
90°C for 30 min.

A conventional SU-8 2050 mould containing the 60 um-thick patterns of fluidic channels
and chambers was prepared by standard UV-lithography. The PDMS and its curing agent were
mixed at a 10:1 ratio and poured over the SU-8 mould that has to be degassed under vacuum
and cured at 70 °C for 2 h. The PDMS replica can be then separated from the mould after ambi-
ent cooling. Inlets and outlets were formed by gently punching small needles through the PDMS
layer. Then, watertight sealing of the glass-PDMS chip is achieved after exposing surfaces to UV
ozone plasma for 1 min (triggering power of plasma is 400 mTorr). The microfluidic PDMS net-
work was aligned on top of the glass with patterned electrodes and was finally annealed at 70 °C
for 2 h to improve adhesion and to prevent leakages. The chamber volume of each electrochemi-
cal fluidic cell is 300nl (see SL1 in the supplementary material for more details).*?

D. Fluidic protocol

Before use, each microfluidic device was systematically filled and rinsed gently during 1h
with phosphate-buffered saline (PBS) solution. For the construction of the biolayer on each WE
electrode (steps 1-3 in Figure 1(b)), each fluidic channel was filled with the desired solution at
150 pl/min during 1 min, namely, ethylenediamine (EDA) for step 1, redox ferrocene (Fc(NHP),)
for step 2, and ssDNA solution for step 3 (in channels 2 and 3—Figure 1(a)). Between step 2 and
3, acetonitrile was used to flush the channel bearing the microelectrodes in order to remove any
adsorbed ferrocene. For the step 3 of covalent immobilization of the oligonucleotides probes, the
incubation time was fixed to 30 min.

For the last step (step 4 in Figure 1(b)) of DNA hybridization in channels 2 and 3, a two-
sequence specific fluidic protocol was used: (1) a first dynamic step to inject the DNA target
solution at 150 ul/min during t; = 1 min followed by (2) a conventional static diffusion regime
during t; =9 min. This sequence was repeated four times for a total hybridization time of 40
min. The high volumetric flow rate Q (Q = 150 ul/min) and the geometry of the fluidic channel
(H=60 pum) allowed the system working at high Péclet numbers and producing a very thin
depletion zone dg (55 =230nm) at the transducer surface (see supplementary material SI.2 and
Table SI.2-Pey; and Peg >> 1).** Since our fluidic system operates in a mass-transport-limited
regime, capture of target molecules within the first dynamic step was favoured (t; = 1 min).

E. On-a-chip electrochemical measurements

Electrochemical measurements were performed using Autolab 30 (Metrohm) equipped with
software Nova by connecting one gold electrode as pseudo reference and the larger gold elec-
trode as counter electrode. The potential of gold reference was then measured with free ferro-
cene in order to report all potential values versus potential of ferrocene redox couple. The elec-
trochemical impedance spectroscopy (EIS) measurements were performed with the same
potentiostat using FRA32M module and Nova as software. This was obtained in 10mM KCl
solution in the presence of redox marker 5 mM [Fe(CN)g]* /[Fe(CN)¢]*~ at steady state poten-
tial and DC potential of 10mV in the frequency range from 10 kHz to 0.5 Hz.

lll. RESULTS AND DISCUSSION
A. Preparation of the biolayer on the working electrode

The covalent immobilization of EDA at 7.4mM on CNTs/Au was performed by electro-
chemical patterning of functional groups bearing amine functions (step 1) on each WE cov-
ered with the physically adsorbed CNT layer (supplementary Figure SI.1(b)).*> This reaction
was monitored by cyclic voltammetry (CV) by scanning the potential from —0.2V to 0.75V
(vs. Au) at a scan rate 200mV's ™' during 8 cycles in 7.4 mM EDA solution containing 0.5 M
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LiClO4/H,0. This electrochemical oxidation reaction produced cationic radicals allowing
covalent binding between ethylene diamine and carbon nanotubes.

Functionalization of Au-MWCNTs and their conjugation with EDA were investigated by
Fourier Transform Infra-Red spectroscopy (FT-IR). The FT-IR spectrum (Figure 2(b)) of the
MWCNT-COOH layer revealed the presence of three peaks corresponding to the vibration
modes of C=C, —OH, and C=0 at 1500cm ', 3400cm ', and 1710cm ", respectively, which
confirms the modification of MWCNTs with carboxylic bonds. The spectrum measured after
the amine functionalization (Figure 2(a), red curve) shows the appearance of a new peak, which
corresponds to the vibration mode of the —NH, bond at 3375cm™". FT-IR spectroscopy experi-
ments validated this first step of electrochemical grafting of the amine. High resolution X-Ray
Photoelectron (XPS) spectroscopy confirmed this functionalization since the intensity of the
Nl1s characteristic peak after electrochemical deposition of the EDA enhanced (Fig. 2(b)).
Deconvolution of the corresponding nitrogen peak has been performed using the Shirley-type
baseline and Lorentzian-Doniac-Sunsic curves, with Gaussian profile. The fit revealed the
appearance of two nitrogen peaks at 399.90eV and 402.11eV which could be, respectively,
attributed to C-N link and free amine NH,. This chemical modification of CNTs by electro-
chemical patterning allowed adding amine as functional group in the desired surface layer of
CNTs, which will be employed for further chemical functionalization.

Subsequently, the redox marker ferrocene was covalently attached through the aminated
surface of MWCNT-EDA electrode (step 2 in Figure 1(b)). Here, the ferrocenyl group has been
modified by two phthalimido ester groups in order to promote covalent attachment with
MWCNT-EDA groups without addition of any reagent.”> All the channels and chambers were
rinsed with water and acetonitrile before injection at 150 ul/min during 1 min of the Fc(NHP),
(1 mM). The redox ferrocene (Fc(NHP),) served also for the covalent attachment of DNA probe
bearing amine group in 5’ terminal position. This last chemical step (step 3 in Figure 1(b)) con-
sisted in preparing the sensing layer based on the attachment of single-strand DNA (ssDNA)
modified by amine group in end position to activate ester of immobilized ferrocenyl group fol-
lowing amide link. After a flush of acetonitrile to remove the adsorbed ferrocene, ssDNA
probes (1 uM) were injected similarly under high flow (150 pl/min) during 1 min and incubated
for immobilization during 30 min inside the microfluidic channel. After a final rinse of the
channel with PBS, the chip was ready for the hybridization reaction (step 4).

B. Biosensor electrochemical characterization

At the molecular scale, the presence of both contributions at 720.8eV and 708 eV in the
high resolution XPS spectrum can be attributed to Fe*" (Fe 2p 1/2) and Fe3"™ (Fe 2p 3/2),
respectively, which proved the covalent attachment of ferrocene on the CNT surface. The graft-
ing of ssDNA was also confirmed by the appearance of a peak at 133.6eV, which can be attrib-
uted to phosphate ions (see supplementary material SI.3).*> The electrical properties of each
patterned layer were first examined by CV in free PBS solution. High current values of several
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FIG. 2. Spectroscopy measurements performed before and after the covalent immobilization of ethylenediamine (EDA)
(step 1 in Figure 1(b)) with (a) FT-IR and (b) XPS at the N1s peak.
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1A and reversible redox signal of ferrocene were observed either in bulk solution (Fig. 3(a)) or
in the fluidic cell (Fig. 3(b)), which demonstrated the potential of this redox marker to follow
the biological immobilization and interaction in the microfluidic system. The reversibility was
observed in the microfluidic device with AE)=E-E,; =0.004V ~0V vs. Fc/Fc™, as the sig-
nature of a high electron transfer compared to the macroelectrode for which AEq~0.1V vs.
Fc/Fc* where redox signal displayed quasi-reversible behavior. The reaction of the covalent
immobilization of the ssDNA probe to the ferrocenyl was followed similarly through the redox
signal of ferrocene (blue curves in Figure 3). In the macrocell, the redox potential remained the
same and decrease in the current density was observed. However, after immobilization of single
strand DNA on the surface of electrode in microfluidic cell, the redox potential of ferrocene
shifted to lower value. This could be related to the large electronic effect due to the negative
charge of DNA, which affected directly the redox process of the thin layer redox ferrocene.

To analyse kinetics of electron transfer in the microfluidic system compared to macro-cell,
the heterogeneous electron transfer rate kg has been determined following Laviron’s model.? kg
values were extracted from cyclic voltammograms obtained at various scan rates after DNA
hybridization at saturation (see Fig. SL5 in the supplementary material).*> For the macro-cell,
ks ranges between 1 and 2s™', which is in agreement with previous reported values for ferro-
cene modified carbon nanofibers?’ or CNTs.”® For the fluidic device, an enhanced kg value of
5.8s ' was obtained, which suggests that the miniaturization of the electrochemical chamber
and the immobilization of redox molecules by reducing the diffusion layer lead to high distribu-
tion of redox ferrocene on the surface. The electron hoping between adjacent ferrocene centers
is thus favored and kinetics of electron transfer increases.

To confirm this increase of kg and this hypothesis, electrochemical impedance spectroscopy
was also used to compare the two electrochemical systems, i.e., the macrocell and the micro-
fluidic chamber. The corresponding EIS Nyquist plots show that the semi-circle of impedance

(a) (b) Inside the chip:
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044 159 MWCNTs
—— MWCNTSs-EDA-Fc
0.2 0.10 4 —— MWCNTs-EDA:E¢
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FIG. 3. Cyclic voltammograms recorded in a PBS phosphate buffer solution (10 mM and pH =7.4) with a scan rate of
50mV/s during steps 1 and 2 (a) for a macroelectrode and (b) inside the chip; Nyquist plots obtained in the frequency range
from 10 kHz to 0.5Hz by applying 10mV (AC mode) in 10 mM [Fe(CN)s]>"*~: (c) for the macroelectrode at the fixed
potential 0.25V vs. Ag/AgCl and (d) for the electrode integrated in the fluidic channel at 0.25 V vs. Fc/Fc™. The symbols
are the experimental data and the solid lines are the fitted curves using the equivalent circuit showed in inset. EIS data have
been satisfactorily fitted by the equivalent circuits that are reported in supplementary material SI.3.4*
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decreases after ferrocene immobilization (Figs. 3(c) and 3(d)). This variation was related to
decrease of charge transfer resistance which demonstrated the efficiency of electron transfer of
the MWCNT/Fc layer formed in the microfluidic cell. The decrease of diffusion layer of the
microfluidic system should favor the chemical attachment of the ferrocene leading to the high
distribution of redox center on the MWCNT surface as demonstrated by cyclic voltammetry.
This demonstrates that the dynamic flow used for the formation of biosensor improved also the
reactivity of the surface by increasing the distribution and the accessibility of the redox marker.

C. Hepatitis C 15 base pair DNA detection in the microfluidic device

Model solutions of PBS containing different concentrations from 0.1 fM to 1 pM of com-
plementary Hepatitis C oligonucleotide were prepared and used. The hybridization reaction was
realized inside the fluidic biochip, based on the specific two-step protocol at 38 °C. The CVs
obtained after DNA hybridization in a buffer free solution are presented in Figure 4(a). The
hybridization reaction with the DNA target induced the formation of double strand dsDNA in a
more rigid conformation leading to a decrease of electron transfer due to blocking effect.”®
This was confirmed by the decrease in the redox signal and EIS experiments. Comparing the
calibration curve deduced from our experimental results in the microfluidic PoC cell to those
measured in a conventional macro-cell (see Figure 4(b)), a large enhancement of sensitivity
associated to a decrease of LoD was obtained. LoD was calculated in both systems as being 3
times the standard deviation of the smallest concentration divided by the slope of the linear
part of the calibration curve. LoD values are 7 fM in the microfluidic system and 2 pM with
the same biosensor measured in a standard macro-cell (Figure 4(b)). Such three orders magni-
tude improvement is mainly related to the enhanced kinetics through the proposed pulsed flow
microfluidic approach. Analogue behaviours were previously reported in the case of enzymatic
biosensors integrated in microfluidic devices for glucose sensing.*

The microfluidic biosensor exhibits a dynamic range of detection from 0.1 fM to 1 pM
(Figure 4(b), red curve), whereas the dynamic range measured for conventional macro-cell is
1 pM-100nM (Figure 4(b), blue curve). A good reproducibility is observed with standard
deviation of 1.5% for microfluidic and 2% for macrocell. As negative control, to check the
specificity of the biosensing layer, similar experiments with non-complementary DNA strands
have been performed. A decrease of around 7% in signal intensity compared to decrease in
current related to complementary target was observed, which can be attributed to non-specific
adsorption of DNA strands on the surface of the microelectrode. This could be improved by
the covalent attachment on the surface layers of polyethylene glycol (PEG) to prevent this
phenomenon. '
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FIG. 4. (a) Electrochemical response of the biosensor measured in free PBS solution of biosensors after the hybridization
reaction (step 4 in Figure 1) with different solutions of complementary DNA with concentrations ranging from 0.1 fM to 1
pM. (b) Calibration curves of the relative changes of the current peak Al = (I, — I) at a fixed potential versus concentration
of complementary DNA, where I and I are, respectively, the peak current prior to DNA hybridization and after incubation
of complementary DNA, which were measured either in microfluidic cell (red) or in conventional macro-cell (blue).
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To explain such enhancement of sensitivity of the biosensors in the microfluidic device com-
pared to macrocell system, the mass-transport from the two dynamic and static regimes applied
during hybridization reaction has been analysed. The first dynamic step of the fluidic protocol at
high flow (t; = 1 min with Q=150 ul/min)*® leads to very large values of both Péclet numbers
(Pey and Peg > 1), producing a very thin depletion zone dg (ds=230nm) at the transducer sur-
face. The collection rate of target molecules in this depletion zone can be easily estimated from the
theoretical approach of Squires er al.?**' Details of calculations made to extract values of all the
pertinent parameters are reported in supplementary material SL2.** Since this microfluidic system
operates in a mass-transport-limited regime, a significant high number of target molecules can thus
be captured within the first dynamic step under high flow enhancing the kinetics of hybridization
reaction. In other words, a high number of DNA targets can be trapped in the thin depletion layer
where they can reach rapidly the sensor surface to fast hybridize on the probe (supplementary Fig.
S1.2).** The calculation following this model was performed in the case of lowest DNA target con-
centration detected, i.e., 7 fM for DNA target of Hepatitis C. We show here that the first step of
our protocol allows capture in the diffusion zone of around 1 molecule/s, whereas the rate of DNA
capture is only 0.02 molecule/s for the static regime (supplementary material SI.2).**

For the static mode, the volume where DNA has time to diffuse during 9 min was esti-
mated to be around & =2.3 pum from diffusion equation.’® Note that the relative fraction of
DNA molecules (around 270 molecules) collected during the whole experiment of 40 min cor-
responds to 0.01% of the DNA molecules in the 7 fM sample. The strong confinement of the
reactive species, first in the depletion layer dg and second in the diffusion layer 8", explains the
improvement in sensitivity of our direct DNA sensing measurements.

Table I compares the performances of our microfluidic system that works without PCR
amplification stage, with other reported LoD values for electrochemical DNA detection in
microfluidic cells. The DNA biosensor based on MWCNT/Fc as transducer presented here dem-
onstrates high sensitivity compared to the performances of other electrochemical affinity bio-
sensing systems in microfluidic cells. This could be related to both the transducer formed with
MWCNT/Fc and the dynamic flow mode applied to introduce the reagents which both improves
the chemical reactivity with the surface and then the response of the biosensor. Here, we show
that the majority of DNA strands are captured under high flow during 4 min (4 steps of 1 min
under dynamic flow). This improvement in time of capture has to be compared with the very
recent work of Taller er al.*' that is based on a membrane sensor able to detect the target at a
concentration of 13 pM in a SAW-lysed sample with a total analysis time of ~1.5h. Our device
offers a real reduction of time analysis.

D. Direct genetic detection of Mycobacterium tuberculosis

To validate our direct electrochemical detection for more relevant samples for diagnosis, a
similar study has been done with this microfluidic device for the detection of rpob gene from
gDNA of M. tuberculosis. The control was therefore realized with the DNA probe SNP T
(TCG/TTG) in the codon position 531 of rpoB gene conferring resistance to rifampicin drug.

TABLE I. Comparison of affinity biosensors in microfluidic cells.

Electrodes Biosensor Method LoD (mol. 171 Reference
Au DNA EIS 3.8x107° 32
Au DNA DPV 4x1077 33
Al-Au Immunoassay Cv 27x10°" 34
MWCNT_NiO Immunoassay CV,CA 3x107° 35
Au (PCR on chip) DNA ACV <107 '® 11
Au (PCR on chip) DNA CA 2x 1071 18
CNTs DNA EIS 1x 1077 36 and 37

Au-MWCNT—Fc DNA (&% 7% 10716 This work
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FIG. 5. Electrochemical response of the biosensor of M. tuberculosis H37Rv genomic matrix DNA from clinical isolate
before (black curve) and after the hybridization reaction (blue and red curve): (a) and (b) with the DNA probe correspond-
ing to the M. tuberculosis H37Rv, (c) and (d) with the DNA probe specific to mutated (rifampicin RIF resistant) with only
one mismatch. In figure (a) and (c), the hybridization reaction occurs in clinical isolates without PCR amplification (blue
curves), whereas in (b) and (d) the analysis was done with the same sample after 35 cycles of PCR (red lines curves)—the
sample was diluted to have the same concentration of DNA target for all experiments.

The wild-type codon is TCG and the targeted mutant codon by the probe is TTG. Cyclic
voltammograms recorded after hybridization with DNA H37Rv flowing under similar quasi-
dynamic protocol in the fluidic device are shown, respectively, in Figures 5(a) and 5(b).

If the PCR35 sample produced the maximum response (Al/ly=46%), the high flow proto-
col allowed detection of the non-amplified sample (Fig. 5(a)) with a significant response (Al/
1y=16%). To check the reliability of our biosensor, we also tested in the same conditions the
detection of DNA H37Rv on a probe that differs from only one mismatch, namely, the mutated
rifampicin resistant probe. Figures 5(c) and 5(d) present the corresponding CV curves with a
small but reproducible response (Al/lo=6% for the native target and 20% for the PCR35 tar-
get). All these results confirm that the dynamic regime under high flow leads to high sensitivity
of our microfluidic platform for DNA sensing from clinical isolates without any amplification
step. Improvement of the sensitivity and selectivity could be reached by modification of CNT
with nanomaterials such dendrimer polyamidoamine (PAMAM) as we demonstrated recently.*®

IV. CONCLUSION

We have shown that a DNA grafted MWCNT biosensor integrated in a microfluidic device
in conjunction with enhanced flow protocol for target mass transport improvement features very
promising sensitivity and selective perspectives. Indeed, for Hepatitis C amplicon model solu-
tions, we demonstrated enhanced dynamic range compared to macroscale systems associated to
LoD of 0.7 fM. Although many POC systems have demonstrated tremendously impressive
advances since the inception of microfluidics, little work focused on exclusive optimization of
mass transport issues has been attempted. Therefore, through this work, we aimed to establish
how such a strategy could bring higher performance to microfluidic systems. Indeed, the
extremely high flow protocol generates such high values of Péclet numbers that the height of
the depletion layer at the sensor surface can be reduced to hundreds of nanometers. Therefore,
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those extreme microfluidic conditions enhanced target-probes interaction events. Beyond this
purely microfluidic enhancement, pursing the same thought, we believe dedicated efforts geared
toward reagent selection, channel geometries, and thermal tuning optimization among other
approaches could significantly contribute to further kinetics and mass transport optimization in
confined environments.

In addition, our patterned receptor modified with the ferrocene redox marker with ami-
nated linker on carbon nanotubes demonstrates strong electrochemical transduction upon
DNA hybridization through charge transfer variation of the redox marker. The electrochemi-
cal microfluidic biosensor developed in this study demonstrates high potential for the detec-
tion of DNA samples from clinical isolates such as the rpob gene of M. tuberculosis without
PCR amplification. The perspective of direct genomic pathogenic identification without an
amplification step very positively promotes two major concerns. First, it implicitly induces
lower microfluidic system complexity, thus indirectly causing performance and robustness
improvements; and second, it offers a tremendously important simplified and accurate patho-
genic load quantification perspective.
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