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Resistors based on silicon nanowires (SiNWs) aneldped for the direct detection of
Escherichia coli bacteria. The devices are manufactured using cioveal silicon
technology. The SiNWSs are synthesized by the vagoid solid process (VLS) using gold as
the catalyst. The electrodes of the device condistighly in situ doped polycrystalline
silicon. The results show that the correspondirgjstances can be potentially used for the
detection of bacteria by electrical measuremersisiguSiINWSs as sensitive units. The bacteria
are preferentially hooked in the SINWs network, ethcauses a drastic reduction in the
electrical resistance of the component. Such msimeinufactured in a simple and low-cost
CMOS (Complementary Metal Oxide Semiconductor) medbgy acts as proof of concept.

This device offers promising potentialities takiagvantages of integration into CMOS



platform for alternative direct electrical detectiof bacteria to monitor the contamination in

environment for hygiene applications.

l. Introduction

One of the main challenges in terms of a publidthaa the rapid detection of bacteria in
food, water and air, particularly because of theemgence of multi-resistant bacteria.
Although standard microbiological cell culture fatentifying bacterial strains are well
controlled, the detection process can often takeersé days. In addition, complex
instrumentation [1] is required in most conventioneethods, and cannot be used on site.
Classical methods for the detection of pathogerspatymerase chain reaction (PCR) [2],
colony culture and enumeration methods [3], immagimlal methods [4] and more recently
detection of pathogens bacteria using mass speetrpif]. The main drawbacks of these
methods are significant analysis time, high costimgent, and complexity of detection
process.

The use of biosensors [6] is an alternative methmddetecting bacteria combining a
biological recognition mechanism with a physicahngduction technique. In this case
transduction may be micromechanical, electrocheipoazoelectric, thermometric, magnetic
or optical. In particular, the electrochemical sduaction methods such as amperometry [7],
impedance spectroscopy [8-10], potentiometry [aAté¢ much faster and more sensitive than
other techniques.

Bacteria detection systems are based on multidisary fields requiring knowledge of
physics, chemistry, biology, instrumentation, medextronics and fabrication technology. In
the objective of a lab on chip system for rapidedgon of bacteria which may revolutionize

health prevention, the challenge is the developnméniow cost and high sensitive new



sensors that enable direct bacteria detectionvatdwel. But none of the detection methods
previously reported fulfils all these criteria.

However, electrical detection of charged (bio)chehispecies or polar molecules by
measurement of the conductance change could be ltamative approach. Indeed,
conductance variation, due to the charge effedlitited by positioning species between two
interconnected electrodes, preserves high sengitivih less detection time [12]. In addition,
based on this detection method, many groups haa@tesl on field effect transistors (FET)
used as biochemical sensors. In particular, chdrardaiochemical (DNA hybridization) [13,
14], gas [15] or mechanical [16] sensors, have monstrated using silicon nanowires
(SINWSs) based FETSs. In this case nanowires aceasirsy elements. However, few works
report on SINWs use as great promising methoddbell free, ultra-sensitive and real-time
detection of bacteria [17, 18].

The recent progress in micro- and nano-technolodees fabrication of nano-objects
compatible with silicon technology offer great oppaities for the development of
innovative biosensors integrated on CMOS (CompleargnMetal Oxide Semiconductor)
platforms. These sensors could be interestinglgctly coupled with any existing circuitry or
signal conditioning systems to transmit their otitpata. Furthermore, due to their specific
properties at nanoscale (high surface/volume ratiarier confinement), SINWs are
promising candidates as sensing elements for regkitsve bacteria detection at low level.
The main advantages of the use of such nano-obprets the possibility of the mass
production, the use of the volume of materialsoat level, the micro-fluidic facilities for
transport of reagents, the reduction of analysietiand thus the reduced costs of fabrication
and analysis.

However, the development of a small sized, reliarid versatile low-cost sensor based on

nanowires has not been yet demonstrated. Indeeady pravious studies based on materials,



structures and functionalization are reported Inévature, but the proposed solutions do not
fulfill the requirements for integration into a sen. The major problem is the realization of
such high-performance sensor with a low-cost teldyyo while the technological means
used for the realization of nanowires require higist and complex technologies based on
ebeam lithography [14] or transfer techniques [I®§vertheless, alternative self-assembly
methods [20] are promising for synthesis of nanesviand do not require expensive
lithographic tools.

Moreover, many chemical or biological silicon nam@s based sensors are issued from field
effect transistor technology, but the manufactupngcess includes many fabrication steps (at
least four masks for lithography), with possibknsfer techniques and sophisticated chemical
steps for functionalization. On the other hand, thlerication of sensors based on basic
electronic devices (for instance resistors, capeg)if with direct integration of the nanowires
as sensing elements, refers as simple and lowtedstology and constitutes a technological
progress.

In this way, in this study the feasibility of SINWssed resistor for bacteria detection with
SiINWSs used as sensing elements synthesized by végaid solid (VLS) mechanism [20]
(self-assembly method) is investigated. Such deaate as proof of concept and fulfills the
following requirements: i) low cost technology, ligh sensitivity, iii) real-time analysis, iv)

electrical detection of bacteria, and v) portapiind on site measurements.

Il. Material and method
Devices
The resistors used for bacteria detection apptinati(fig. 1) are fabricated in a classical

silicon technology following a two masks processnt® shape inter-digitated electrodes of



the devices are made of a highly phosphorotsstu doped amorphous silicon layer deposited
by Low Pressure Chemical Vapour Deposition (LPCWeZhnique at 550°C, and solid phase
crystallized by thermal annealing at 600°C undecuuan to get a highlyn-situ doped

polycrystalline silicon (polySi). Silicon nanowirésensitive units) are locally grown on the
teeth of the polySi inter-digitated electrodes hg tvell-known VLS mechanism at 460°C
using gold as catalyst. In this way no patterniaghtique was used for elaboration of
nanowires. The diameter and length of the SINWs H®nm and more than 20

respectively. Nanowires bridge between two adjadesth and thus ensure electrical
connection between the two highly doped polySitebeles (fig. 1. (b)). The potential use as
high sensitive gas (ammonia) sensors of such SiN&#sd resistors was previously reported

[22].

Highly in-situ
doped polysilicor nanowires

(b)

Figure 1: VLS SiNWSs based resistor: schematic \i@wSEM top view observation (b).
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Bacteria/SINWs interactions were studied with twpes of bacterial reference strains
Escherichia coli ATCC 35218 (NCTC 11954; CIP 102181) aidcherichia coli K.12
deposited on the SINWSs based resistors.

Escherichia coli ATCC 35218 bacteria deposition was carried oumfreerial dilutions in
sterile distilled water of an overnight bacterialtare in trypticase soy broth (BBL Trypticase
Soy Broth, Becton Dickinsdm) incubated at 37°C. This culture was adjusted *a08
CFU/mL by measurement of OD with spectrophotomate800 nm (Okyo = 0.6). Then, a
serie of dilutions of bacteria in sterile distillecater was performed from 8x&@ 8x16
CFU/mL. Bacterial counts were verified by platingck dilution (100uL) on trypticase agar
plates (Oxoidl), and enumerating the colonies after 24h of intiohaat 37°C.

Escherichia coli K.12 bacteria deposition was carried out from aedilutions in sterile
distilled water of an overnight bacterial culture LB broth Lennox (Difco) incubated at
37°C. This culture was adjusted to 6%1CFU/mL by measurement of OD with
spectrophotometer at 600 nm, OD = 0,1. Then, & sérdilutions of bacteria was performed
from 6x10 to 6x1¢ CFU/mL.

After bacteria solution deposition (30uL), devivesre dried at room temperature and tested
24h later to avoid any moisture effect on the elest behaviour of the resistor. Note that,
considering the size of the device, |@d2roplet could be used to limit the waste of mialer
and to drastically decrease the drying time. It Mlotonsequently significantly reduce the
response time of the sensor from 24h to less than lwur In addition, some devices
submitted to a mixture of sterile distilled watedaculture solution without any bacteria were
used as references.

Bacteria detection was checked by measuring dtaficurves of the SINWs based resistors

using an Agilent B1500A semiconductor parametetysea. Measurements were performed



at room temperature on devices based on n = 20a4d@,100 teeth of the comb shape

electrode, with each tooth spaced from W5

I1. Results and discussion

Because of the SINWs VLS process growth, for adixalue of W, the number of
interconnected nanowires (conducting paths) betvieenadjacent N-type polySi teeth can
change. In addition, the sizes of the nanowiresd@a&ibuted over an average value, which
means that the corresponding elementary resistaaloe can fluctuate. Thus, it might play a
role in the electrical resistance measurements dmetwiwo adjacent NpolySi electrodes.
However, in order to simplify and because of thghhmumber of the nanowires we assume
that electrical and geometrical characteristica@eatical for all interconnected nanowires. In
this case, these elementary resistancesane@ assumed to be identical. Thus the equivalent
electrical circuit of the whole resistor represenie the figure 2 results to 2n elementary
resistances connected in parallel. Therefore, ttal tresistance of the resistor can be

expressed as the following formula:

(1)

In these conditions, macroscopic theoretical mdoletalculation of B has been previously
reported by our group to estimate the averageralattesistivity of a single undoped SiNW
(10°%-10" Q cm) [23]. In this model Rresults from interconnections of nanowires and is

related to the average electrical resistivity @& tianowirepyw, following:

Ro = onw XK (2)



with K the geometrical factor depending of the katanducting paths. The high value
reported of the average electrical resistivity osiagle nanowire for undoped SiNWs is
related to carriers trapping effect at defectstiedat interconnections between nanowires and
induced by gold impurities at the surface of theavaires.

__ =R,

2

£33

2n
Figure 2: Equivalent circuit diagram of SINWs basesistors

Electrical characterization for three types of stsis with n = 20, 40, 100 are reported in the
figure 3. Plots show that the current level throtigh global electrical resistance increases as
the number of teeth of the interdigitated electsothereases. These results are related to the
linear variations of the conductance (G=2n/R,) with n reported in the inset of the figure 3
(for an average valueoR1.9x10 Q), and validate the equivalent electrical modekgiby

2).

Interaction of bacteria with the surface of matsria mainly controlled by the charge effects
and hydrophobic properties between bacteria aneémalt [24]. In particular, the adhesion
can occur when the van der Waals forces of attadietween the membrane of the bacteria

and the surface of the material outweigh the ebstatic repulsion forces [25, 26].
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Figure 3: I-V characteristics of the SINWs basegisters made of interdigitated comb
electrodes with 20, 40 and 100 teeth. Inset: et@ttconductance variations with the number

of teeth at 0.2V, 2V and 4V.

After bacteria immobilization on the device, batemteraction with SINWs is firstly
analysed by SEM observations (fig. 4). The bactep@écal count has not been performed in
this study. Interestingly, in our case, picturesady show that bacteria are mainly attached
into the silicon nanowires mesh rather than in otmerts of the device. This observation
shows the interest to use a 3D SiNWs tangled megnamote bacteria immobilization and
thus detection. Functionalization of active padsdetection, usually based on sophisticated
chemical steps, is a common method to allow imnmediibn and identification of chemical

of biochemical species [27]. However, in our casuifies of bacteria cannot be identified.
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Figure 4: SEM pictures of bacteria (dark areaspedrnnto SINWs network of the resistor

shown at three different scales
Detection was studied for the two bactefscherichia coli, ATCC 35218 and K12 with

different ranging concentrations (8¥1@ 8x1G CFU/mL and 6x1®to 6x1d CFU/mL

respectively). Electrical effect of bacteria immaation is then checked by electrical
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Figure 5: I-V curves of the SiINWs based resistath w = 20, 40, 100 teeth andubn
interspacing, afteescherichia coli ATCC 35218 immobilization (a), (b), (c), and
Escherichia coli K12 bacteria immobilization (d), (e), (f). Curvies devices submitted to a

mixture of distilled water and culture solution out bacteria are given as reference.

11



measurements performed on SiNWs based resistorshéwn in the figure 5, for the two
types of bacteria I-V curves exhibit a drastic eagse of the current corresponding to a
lowering of the R value of the resistor due to pinesence of bacteria. This phenomenon is
probably due to the negative charge of their pegtgtan (PG) based membrariey,[ 28].
Indeed, two main types of bacteria are listed eeldb their membrane: Gram positive (+) and
Gram negative () bacteria. For the Gram-positigetdria, membrane contains a thick (20—
50 nm) PG layer attached to teichoic acids [29]thie case of Gram-negative bacterigEas
Cali, the membrane is made of a thin PG layer coveyedrnbextern membrane containing
lipopolysaccharides components, responsible ofadninegative charge of the bacteria [30]
To explain the decrease of the global electricsistance due to the capture of bacteria three
effects can be invoked. One first explanation cdadca transfer of charges (electrons) of the
bacteria into the nanowires which fill the trapg\pously mentioned, and thus could and
contribute to the decrease of the electrical negiigtof the nanowires [23]. Another possible
reason is that the electrically charged bacterig bednave as biological gate resulting as well-
known field effect [13-15, 17] on the SINWSs. Attasther explanation is that bacteria may
act as additional conducting paths randomly distad between teeth thanks to hooking
effect of bacteria into the SINWs network. This pbmenon would contribute to the
variations of R values,AR, strongly dependent on the number of bacterigédrbetween
two adjacent teeth (see fig. ®ased on these three considerations, further ilgag&ins for a
well understanding of the carrier transport in éhelevices in relation with bacteria and

nanowires interactions must be conducted for cemattn in the model given by (2).

12



R peth :rR /] _ﬁ R
vy
"\""l"'\

5
'u'lllu'

NAN
LAY

b
L

LA
LR
hhh
L4
\'II\"«
In

Bacteria

Figure 6: lllustration of the electrical resistaratenge with bacteria interaction

Furthermore, as shown in the figures S1 reportedarsupplementary material, no significant

change of the global electrical resistance (ofrdestor) was observed at low bias voltages

(-1V < V < +1V) with the bacteria concentrationdathus the domain of interest for bacteria

detection corresponds to the highest bias voltdgabis way, we reported in the figure 7 the

values of the global resistance measured at + 4\thi® two types of detected bacteria. No

tendency can be clearly observed in function ofrtlmaber of teeth and neither in function of

the studied bacteria concentrations. Such unexpticeesults must be related to the intricate

model of the global electrical resistance of theicewith the presence of bacteria.
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Figure 7: Histograms of the global electrical resise of the sensor made of 20, 40, 100 teeth
interdigitated electrode measured at + 4V forHsgherichia coli ATCC 35218, (b)

Escherichia coli K.12. Grey area: detection range value

Because the performances of a bacteria sensor tayegly related to its abilities for
guantitative recognition of target analytes, furtbidies in function of the size, the quantity,
and the type of targeted bacteria have to be caoig for applications of our SiNWs based
resistors as selective bacteria sensors. Nevest)edensing properties of our SINWs based
resistors have s low detection limit, working raragel time analysis to many others bacteria
detection techniques (Enzyme Linked ImmunoSorbessafk-ELISA, PCR, QCM-Quartz

Crystal Microbalance immunosensor, impedimetricparametric...) [31, 32].

V. Conclusion
In this work, investigations on a SiINWs based tesiwere carried out to study the potential
development of a sensitive real-time detectiondr&csensor, fabricated by a simple low-cost

fabrication and compatible CMOS silicon technologysing VLS SiNWs as sensitive

14



elements. Such a technology takes advantages di benefits at nanoscale and
microtechnology for miniaturization and integratiam microsystems, andf the use of
SiINWSs network to favour bacteria hanging to incesti® sensitivity for detection of bacteria.
The detection is based on the electrical measureniére resistor showed its ability for
bacteria detectiorEscherichia coli ATCC 35218 and K12) at concentration as low as08x1
CFU/mL. Since the change into electrical resistan@dues of the device were not correlated
with bacteria concentrations, it could be used datyyes/no diagnosis. Further studies are
needed to use the SiNWs based resistor as quavatitdetection system and at lower
detection limit. However, because such device $y ¢@a use, reagent-less, and portable, it has

the potential to be used as further detectionfrrdbiosafety.
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