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Sensitive and quantitative analysis of proteingéastral to disease diagnosis, drug screening

DOI: 10.1039/x0xx00000x and proteomic studies. Here, a label-free, reaktisimultaneous and ultrasensitive prostate-
specific antigen (PSA) sensor was developed usingDSMompatible silicon nanowire field
effect transistors (SINW FET). Highly responsiveand p-typed SiNW arrays were fabricatecd
and integrated on a single chip with a complemgntaetal oxide semiconductor (CMOS)
compatible anisotropic self-stop etching technigukich eliminated the need for hybrid
method. The incorporated n- and p-type nanowirgsakd complementary electrical response
upon PSA binding, providing a unique means of inékrcontrol for sensing signal verification.
The highly selective, simultaneous and multiplexaetection of PSA marker at attomolar
concentrations, a level useful for clinical diagisosf prostate cancer, was demonstrated. T’ -
detection ability was corroborated to be effectibg comparing the detection results e.
different pH values. Furthermore, the real-time meament was also carried out in clinica!
relevant sample of blood serum, indicating the pcable development of rapid, robust, high-
performance, and low-cost diagnostic systems.

www.rsc.org/

Introduction nanowires in a single sensor chip enables discatiin against
false positives by correlating the response vetisus from the two
Many biomarkers have proven to have great potetttigreatly types of device element§’. Therefore, the device ability of
improve disease diagnofs and provide the basis for newmultiplexed detection is believed to be especiaffyportant in
therapeutic protocal€. For detecting small amounts of biomarkergisease diagnosis. However, the combination ofuifft types of
in the early-stage of disease, it is of great irtgouze to convert the nanowires for multiplexed detection has not, howebeen reported
biological information into an electronic sigh&l, especially for the too much. Zheng et al.have given a pioneering and creative study
diagnosis of complex disease like prostate cafiter Prostate addressing highly selective and sensitive multiptexietection of
specific antigen (PSA) has been proved to be aremely useful cancer markers using silicon nanowire field efiéevice. However,
marker for early detection of prostate cancer amdminitoring their SINW devices are fabricated based on a “pottp” approach
patients for disease progression and the effedieafment® > The and rely on the assembly of grown SiNWs, which nnegess
development of techniques that allow rapid, muitigld detection of inherently suffers from the limitations of complértegration,
many markers like PSA with high sensitivity andesgivity is very making large scale production impossitig®*’ Therefore, in order
critical in health care. However, this goal has le¢n attained with to simplify the fabrication process, lower the ¢@std thus result in
any exiting methods, including enzyme-linked immsmibent assay a more robust and portable device, the developrEninew
(ELISA)™®, surface plasmon resonance (SBR§ nanoparticleS??2  manufacturing approach is necessary.
cantilevet®, carbon nanotub&?® and so on. Silicon nanowire
(SiNW) as biosensor has received considerabletattebecause of In this paper, we have developed a “top-down” metho
its high sensitive, rapid, label-free, and realdindetection which has mass manufacturing ability and potentia:
capabilities® 269 By exploiting these attractive properties, SiNwsompatibility with silicon industry. The n- and ppie nanowire
have been designed for recognizing a wide rangargéts®>’. arrays are integrated on a single sensor chip hydioping
based on optical lithography and anisotropic wehietg with
Recent biosensing literatures have reported theofisgher n- tetramethylammonium hydroxide (TMAH). The configtioa
or p-type nanowires as successful sensors for didb analytes allows multiplexed detection, enables discriminaticof
sensing®® %! Due to the fact that SiNWs-based biosensor iddia possible electrical cross-talk and/or false-positsingles by
to the interferende %> possible electrical cross-talk and/or falsecorrelating the response versus time from the twmes of
positive singles may occifr making detection with either n-type ordevice, facilitated object analysis and thus resuin a more
p-type nanowire inadequat€ombining two types of nanowires forrobust — protocol. We demonstrated highly selective,
sensing may offer an interesting comparison andl pitevide novel simultaneous and multiplexed detection of PSA marke
sensing strategies. Notably, the incorporation @hin- and p-type attomolar concentrations using SiNW field-effectvides. In
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addition, the real-time measurement was also chrogt in APTES. After that, a self-assembled monolayer v&minal
clinical relevant sample of blood serum, indicatinge amino group was prepared by blowing the surfach witrogen,
practicable development of rapid, robust, high-peniance, followed by heating at 120°C for 5 min. A biofurmtal linker,
and low-cost diagnostic systems. glutaraldehyde, was then covalently attached ohé&o amine-
terminated surface by immersing the chip in a sotubf 10%
glutaraldehyde in buffer solution (20 mM NaCl, 10Mm
phosphate, pH 7.4) at 37°C for 1 h. Antibody attaeht on the
SiINW surface was carried out by exposing SiNWs Qagéml
antibody of PSA (anti-PSA) in buffer solution at°&7for 2 h,

The 3-aminopropyltriethoxysilane (APTES), 1-etBy(3- followed by thoroughly washing with the same buffier order
(dimethylaminopropyl)  carbodiimide (EDC), N-hydrox10 prevent nonspecific binding of proteins in theteattion step,
ysuccinimide (NHS), bovine serum albumin (BSA), hum the unreacted aldehydic groups on SiNW surface were
serum, glutaraldehyde and ethanolamine were puechism Passivated by applying 100 mM ethanolamine soluitidpuffer
Sigma-Aldrich (U.S.A.) and used as received. Ottiemicals solution at 37°C for 1 h, followed by washing withe same
were obtained from Sinopharm Chemical Reagent Cumi, buffer.

(Shanghai, China). Solutions were prepared with [i1@Ql )

deionized water (18 Kicm, Millipore) from a Millipore system. Sensing Appar atus and Parameters

PSA were purchased from Fitzgerald (Acton, MA, USA%: ) .
Monoclonal antibody for PSA was purchased from Uig-B FOr PSA sensing, the measurements were performediby a
logical Inc (Swampscott, MA, USA). The proteins warsed Keithley 4200 semiconductor parameter analyzer ttHey
without further purification and diluted to the desl Instruments Inc., Cleveland, OH). For sensing measents,

Experimental section

Chemicals and materials

concentrations with the assay buffer.

Fabrication of SINW arrays

we used Vs =1V, Vgs= 7 V for n-type SINWs and p4 = -1V,
Ves = -11V for p-type SiNWSs, respectively. All solotis used
in hybridization studies were 0.01xPBS, in whichbpe length

Nanowire FET devices were fabricated from silican-o IS Sufficiently long to ensure effective sensingridg the

insulator (SOI) wafers as described previgtisl Briefly,
commercially available (100) oriented SIMOX silicon-
insulator (SOI) wafers with light boron adulteratiof 5 x
10%cm 2 were used in this method. The top silicon layethef

wafer was thinned to 70-80 nm with a 100 nm thelmal
oxidized SiQ layer upon it by repetitions of oxidation an(P

buffered HF etching. Optical lithography and budfér HF
etching were then applied to pattern the Si@ask. lon
implantation of boron adulterant with doping dosex 610"
cm energy 70 Kev and phosphor adulterant with dopiose

5 x 10° cm® energy 40 Kev, followed by 30 min of annealin
in nitrogen at 1100 C, was separately carried out to form a

effective contact region for p- and n-type devicéhwa

capture process. The current through the SINW devias
monitored while immersed in buffer solution proceedto
establish the baseline current, relative to whittanges in
current would be measured. Each measurement wasccaut
n a distinct device.

Serum Assays

Sera were taken from healthy donors. In serum assa

SA was spiked to 100% human serum and dilutedffiereint
oncentrations. Measurements were carried out ubiegame
Brotocol as in the buffer solution.

concentration of I¥cm 3. The NW-FET device regions Weren g its and discussion

first defined with a wet chemical etch (tetrame#imgmonium
hydroxide, TMAH), which etches Si(111) planes-at/100 the
rate of all other planes. Then a thin nitride fi{lBD nm) was
deposited by low-pressure-chemical-vapor-depositidhCVD)
to protect the (111) plane previously defined. Aftee nitride
film was patterned by ion-beam etching, the 100 n@y &ayer

beneath was totally removed by diluted HF. Then usyng

TMAH for the second time, we finally got controllabSiNW

arrays with a triangular cross section after remgyhe nitride
film. It should be noted that this etch producesnigular
devices due to the (100) orientation of the SOl emaf To
decrease the density of surface dangling bondb@®i surface
and increase the stability of the sensors, a higdiy SiO,

layer was finally thermally oxidized on the silicaranowire
surfaces.

Surface modification

The SINW array was first cleaned in a piranha sotutt
90 °C in order to clean the sample surfaces as a=llto
generate more hydrophilic surfaces hydroxyl terriirga the
silicon-oxide surface. Then it was functionalizeg dxposing
the surface to APTES solution (2%
followed by rinsing with absolute ethanol to remaugeacted

2| J. Name., 2012, 00, 1-3

The sensitivity of SINW FET capable of sensingphesence of
even a small amount of bound charged speciestisatly depend
upon its size and surface to volume ratio. In thisrk, silicon
nanowires with controllable size and reproducipilitere fabricated
with a novel CMOS compatible anisotropic wet etghapproach.
Conventional optical lithography was combined wvatfisotropic wet
etching by tetramethylammonium hydroxide (TMAH), iafh etches
Si (111) planes 100 times slower than other pldfieinstead of
using expensive electron beam lithography. Sineedltly oxidization
of silicon down nanometer level is a self-limitipgoces&” *° and
the lateral etching rate is very slow, the widthSiINWs could be
precisely controlled by controlling the etching ¢éimnd using self-
limiting oxidization. In addition, this approachlalis retention of
pattern definition and smooth edge imperfectionsatigned to the
(111) plane, an effect that overcomes the limitetiof traditional
manufacturing metho&$

ethanol) overpigh

This journal is © The Royal Society of Chemistry 2012
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Figure 1 (a) Schematic showing the layout of tHe\8idevice Figure 2 Schematic illustration of chemical procéss real-
arrays on the chip, the optical micrograph of artaraof time and label-free electrical detection of PSA.

completed SiNW array and zoomed-in scanning elactro

microscopy image of a nanowire. A total of 4 clustef 4 In this study, silicon nanowire biosensors for détn of
nanowires each are available for use, potentidiywing for PSA biomarker were realized by immobilizing spexcifi
simultaneous, multiplexed detection of assortedtgims. (b) antibodys onto SiNW surface. The details are ithtsd in
Photograph of a completed SiINW-FET device. In tihépc Figure 2. The SINW surface with oxide coating owits firstly

aluminum was used as contact metal, and go]d weed as modified with conventional silane Chemistry, APTESs
leading wires. described in experimental section, generating nayresl with

terminal amine group. The glutaraldehyde was therified

The completed SiNW sensor chip consists of 4 ctast®n SiINW surface, followed by covalently attachmehtanti-
including electrically addressable and well-orderadrays, PSA monoclonal antibody, a specific ligand for PB#tein.

. . . Finally, after the passivation process of SINW aoef with
contact lines and pads. A schematic array layodtfahbricated ethanolamine, the freshly prepared antibody-fumatized

si.Iicon nanowire:s are provided in Figure la. Assttated i'n SINW chips proceeded immediately to electricalitest

Figure 1a, the SINWs are grouped in cluster anth eacster is

composed of 4 individually addressable nanowirdse Tayout In this paper, mixing cells (or called solution oiizer) are used
including both p- and n-type nanowires is suitabdte for solutions deliver. This cell, a cone-shapedspit sample holder,

multiplexed detection as each cluster may servenassensing IS placed over the nanosensor chip and allows dhgtisn to be
unit for a particular molecule. The optical micragh of a delivered from the top aperture. In this setupfedént solutions are

. . delivered by replacement methods and the analytfusds
quarter of completed SINW array shows that nanawiaee isotropically until it reaches the sensor surfdoeaddition, injection

uniform and well-ordered for both p- and n-type ides. The 4 the soiution tangential to the NW-FET sensorniigantly

zoom-in  scanning electron microscopy image of decreased the detection response times comparhobge observed
representative SINW was observed to be well-shapigghly in NW-FETs that used microfludic channels for thetedtion of
uniform, and well-aligned with width of about 70 n@wing to similar target molecule¥

the planarization and slow Si (111) rate of etble, tanowire is . o .
The change of SiNW characteristics after differen:

with “high quz_illty. Thg dlmens.|on of the SiNWs _ca_re IOtreatments was studied and thus further elucid#tedfield-
controlled to different sizes, ranging from 20—20@, while its effect of the SINWs. Upon exposure to different fbuf
length may vary from a few to 100m with precise control. splutions, the outpuipl/Vps characteristic curves of n- and p-
The small diameter of the NWs ensures high seiitgitivhile type device were both modified (Figure 3a, 3b). Affér
the long length enables multi-copy detection. Thee sand solution of 0.01x PBS (pH 7.4) was used for PSAedbn
conductance distributions of the fabricated SiN\®spporting €XPeriments so as to minimize this counter ionesurey effect
Information Figure S1) indicate the fabricated Sibl\Were (Flgqre S3, Supportlngilnformatlon). The.changd"m.zlifferent
uniform and well-distributed in conductance. solut'lons t.hat form a dlffereljt Qlectrostatlc cr.uaagwlron.ment
of SINW is crucial in explaining the behavior ofettSiNW
. . _biomolecular sensor. Consequently, the electrasteliarges
The photography of a completed SINW device Wirgsqqciated with the biomolecular reactions playrtie of an
bonded onto a printed circuit board was illustrate@figure 1b. active gate voltage and the detection processs doot

In order to gain relative stable contact propertie® used .y qqyce significant changes in the electroniaictre of the
aluminum as contact metal, aurum as bonding winelssdicon nanowire.

rubber as protective layer for experiments in agseo

environment. Significantly, only the silicon nanoes were Significantly, the bs-Vps curves of n- and p-type SINW
exposed to air/solution while other parts were edawith yoyice change in opposite directions after the fieadion of
silicon nitride on the chip, guaranteeing the hagmsitivity of 5nti.pSA and specific PSA bonding. In the case dfpe
thenanosensat. silicon nanowire device, applying a positive gateltage
accumulates carriers and increases the current,reabe
The quality of manufactured SiINWs was verified bwgpplying a negative gate voltage leads to a depleif carriers
electrical characterization of both p- and n-typmowire FET and a reduction of current (the opposite effectuosdn p-type
devices (Figure S2, Supporting Information). Bothamd p- SiNW device). The net charge of anti-PSA with iso#lic
type devices yield typical gate modulation of figlflect point (Pi) ~8 used in the study is positive, WhRSA is
devices, demonstrating excellent transfer charistier negatively charged, which is expected from isoelegtoint (Pi)
Electrical characterization verifies that this fiahtion approach of PSA, 6.8 > and pH, 7.4, of our experiments. Thus, one
is capable of producing devices with high contfuility and would expect an increase in current on anti-PSAdibip and
high quality. the bonding of PSA to the antibody receptor ontgpe SINW

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3
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results in the depletion of carriers and a decreHs&iNW
current, whereas the opposite response was obséove p-
type SiNW device.
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Figure 3 (a) (b)The 1-V characteristics of the ifa)and (b) p-
type SINW when exposed to different solutions i firocess

of PSA detection. Thes¥/Vps curves of the SINW with back-

gate bias at various stages during the surfacei@umatization
procedure was obtained by sweeping the appliech-gr@irce
voltage from -5 V to 5 V, while the 34is 7 V for n-type device
and -11 V for p-type device. (c) (d) Plots of curregersus time
for (c) n- and (d) p-type of SINW-FETs at pH 6.0edion 1
corresponds to buffer solution, region 2 correspgotal the
addition of 10fg/ml PSA and region 3 correspondsthe
addition of 1pg/ml PSA. The arrows mark the poivtsen the

the incorporation of both n- and p-type nanowinesaisingle
sensor chip will facilitate object analysis, redtlkce number of
false positive and false negative incidents, amsdiitéen a more
robust and portable protocol in general.

80
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Figure 4 (a) Plot of current versus time for aridPmodified
n-type SiINW-FET, where region 1 stands for the @nes of
buffer solution and region 2 for the addition ofpd/ml PSA
The arrows mark the points when the solutions vedranged.
(b) Plot of current versus time of p-type SINW dmvfor real-
time detection of 10 mg/ml BSA. (c) Plots of norimat
current change versus time with PSA at a series
concentrations (1 fg/ml, 10 fg/ml, 100 fg/ml, 1 pd/ 10 pg/mi
and 100 pg/ml) for anti-PSA modified n-type SiNWvie.

solutions were introducedThe length of SiINWs used in thisHybridization was demonstrated in 0.01x PBS. (djrhalized

study was of 16um

As an initial study of multiplexed detection, Sdit
nanowire arrays containing both n-type and p-typviaks
modified with anti-PSA were used for real-time agldctrical
PSA detection. Notably, the current versus timeadatorded
from n-type nanowire (Figure 3c) and p-type nanewlfigure
3d) after introduction of 10fg/ml and 1pg/ml PSAosled
complementary response. PSA was positively chaag@i 6.0,
accumulating carriers of n-type nanowire and thusd@asing
the current, whereas the positively charged PSAuced
current of p-type device. The n- and p-type devishewed
current increase and decrease, respectively, andntgnitude
of the current change in the two devices was coatpa: The
relative current change of both types of devicalisBost same,

~30% for 10 fM PSA and ~50% for 1 pM PSA. Theurrent measurement exhibited a

comparison indicates that the n- and p-type naresvitan
sense the target at almost the same sensitivitypath types of
nanowires are high responsive. The multiplexed tetd
detection with nanowire devices revealing completagn
signals from n- and p-type devices provides a sinyelt robust
means for detection false-positive signals frorhegitelectrical
noise or nonspecific binding of protein onto namewdlevice.
By correlating the change of current signals inhbdevices,
which occurs at points when buffer solutions arancied, the
multiplexing capability of our device can distinghi
unambiguously noise from specific protein bindinignsls,
especially for ultralow concentrations of the tdrgeherefore,

4| J. Name., 2012, 00, 1-3

current change as a function of the logarithm ofAPS
concentration. The length of all SINWs used in ¢xperiments
was 6pm

A second test of multiplexing capability using avide
array consisting of several silicon nanowires wasied out at
pH 6.0 by real time monitoring the current chanblere, a
relative change of the current is defined for thgponse of the
device to the PSAAI/l,, whereAl is the change of the current
in the assay, and tepresents the value of the initial current (t =
0). As illustrate in Figure 4a, for one nanowiretire array,
when the buffer solution (0.01x) flowed through #&i-PSA
modified SINW sensor surface, the electrical responf the
SINW-FET remained stable. Significantly, when #gwution
containing 1 pg/ml PSA was introduced, the timeedslent
rapid current as@e
Notably, the current remained nearly unchanged afteshing
with buffer solution without PSA, indicating the eetrical
current change is caused by the specific bindingntsy and
there is little nonspecific bonding. The peak iuszd by
continually pumping with pipette during surface wiag.

As a control experiment to further quantify any kground
effect due to the nonspecific binding of noncogratteins to
the SINW device surface, a SINW device in the amas
functionalized with anti-PSA capture antibodies wasted
(Figure 4b). Upon the addition of 10 mg/ml bovinerusn

This journal is © The Royal Society of Chemistry 2012
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albumin solution(BSA, pl 4.7)% in 0.01x PBS, the SiINW
device demonstrated ~4% relative current chamgech is

negligible compare with ~70%relative current chamgguced

by 1 pg/ml PSA in Figure 4a.This suggests thatniwespecific
binding and adsorption of BSA protein moleculeserewat a
10°-fold higher concentration than used in Figure #wmy

effectively be omitted from consideration.

The sensitivity of the SINW-FET sensor was inteateg
by challenging it with a series of concentrations RSA.
Solutions of PSA of various concentrations wereppred by
dissolving and serially diluting pure PSA in 0.0B® SiNWs
were functionalized with anti-PSA antibodies andedisin
experiments for detection in these analyte solstiarhe real-
time response of current upon injection of
concentrations of PSA was illustrated in Figure 3pecifically,
Known concentrations of PSA were added after destaading
with 0.01x PBS buffer was achieved. The introductiof
1fg/ml, 10fg/ml, 100fg/ml, 1pg/ml, 10pg/ml and 1@Pml
solutions of PSA resulted in current change~o7%, ~25%,

Nanoscale

To further verify that the current change of SiINEIF
sensors was caused by the specific binding of PB3A
solution at pH 6.0 and pH 7.4 was separately ieghainto the
SiNW sensor arrays and the SiNW current was read-ti
monitored. Due to the pl 6.8 of PZAthe net charge of PSA is
positive at pH 6.0 and negative at pH 7.4. Theesfone would
expect an increase/decrease in current at pH 8.@f7.PSA
binding to the n-type SINW-FET sensor. As illuséatin
Figure 5, the current versus time data for the adiete of PSA
shows opposite change in current at pH 6.0 and gHvwhich
provides the evidence of the reliable detectiorP8fA. As the
PSA solutions of 10fg/ml, 100fg/ml, and 1pg/ml were
sequentially introduced onto SiNW array, the cur@hSiNW
devices showed concentration dependent increases an
decreases at pH 6.0 and pH 7.4, respectively. f&igntly, the

variousagnitude of the current change at pH 6.0 is difgatger than

that at pH 7.4. This result is due to the differgntantity of
charges of PSA at different pH, as expected froenpthof PSA
6.8, and the pH values. This method also enablesSayW-
FET sensor to be applied for exploring pl values or
biomolecules and measuring pH values of solutionloin-

~41%, ~76%, ~80% and-84%, respectively. Compared withvolume®.

Figure 4a, the relative current change for 1 pdA8A is both
about ~70%, demonstrating excellent reproducibilify the
devices. The little nonspecific binding and adsorptof other
molecules was also demonstrated with a series
concentrations of BSA,The SINW response as a fanctf

PSA and BSA concentration is shown in Figure 4de Th

electrical current change increased monotonouslth vifhe
logarithm of PSA concentration, whereas the currentained
nearly unchanged with the logarithm of BSA concatidn.
The error bars in Figure 4d represent device-taesestandard
deviations for measurements obtained from threeowars
The direct, label-free detection of PSA down to /ffig or

~30aM demonstrates the ultrahigh sensitivity of mamosensor.

The detection limit will increase capacity of ctial diagnosis
because of the ultralow concentrations of spedcifarkers in
clinical samples.

100 150 200

Time(s)

Figure 5 Plot of current versus time for anti-PSAdified n-
type SINW-FET at pH 6.0 and 7.4 , where regionands for
the presence of buffer solution, region 2 for tddigon of 10
fg/ml PSA , region 3 for the addition of 100 fg/fASA and
region 4 for the addition of 1 pg/ml PSA. The arsomark the
points when the solutions were changed. The lenf§tBiNWs
used was of 40m

This journal is © The Royal Society of Chemistry 2012

— 100fg/ml PSA
of 181 —— 10pg/ml PSA
—100fg/ml BSA
1.64 ——10pg/ml BSA
=5 1.4
1.2
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Figure 6 Current versus time data recorded fod#tection of
PSA and BSA in human serum on n-type SiNW arrayh wi
length of 1um and functionalized with anti-PSA.

For medical point-of-care applications, it is ofespal
importance to accurately detect low concentratiook
biomarkers in clinically relevant samples, sucthasan blood
serum. Hence, we investigated detection of PSA umdm
blood serum environment (Figure 6). The measuremed
carried out using anti-PSA functionalized n-typ®&\&i arrays.
The raw serum was desalted using and diluted toothggnal
protein concentration with 0.01x PBS. An initialskéine for
the current of the SINW device was established rijgcting
desalted serum solution not containing PSA ontoowndne.
Upon subsequent addition of the PSA-containing reeru
solution, the current of the device immediatelyraased and
eventually stabilized. The concentration dependeutrent
change of SiINW device in serum samples clearly destnates
its capability of detection of cancer marker inlieample assay
with high sensitivity. As a control experiment, timroduction
of BSA of the same concentrations induced negkgiblrrent
change, demonstrating little nonspecific bonding SINW
sensor.

Conclusions

J. Name., 2012, 00, 1-3 | 5
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Here, we present label-free, real-time, multiplexatd 11
complementary detection of prostate specific antigeSA)
with high selectivity and attomolar sensitivity ngin- and p-
type antibody-functionalized silicon nanowire fiadffect
sensors. The n- and p-type nanowires are combogsther for
the detection of PSA, which revealed complemeng&egtrical

response upon PSA binding. The detection abilitys wé3.

characterized in both ideal and clinically relevaamples of
blood serum. Furthermore, by comparing the deteatesults 14
at different pH values the detection of PSA in soluhas been
demonstrated to be effective as low as 1fg/mlyallaseful for
clinical diagnosis of prostate cancer. Given thé&aotdinary
ability for label-free and ultrasensitive biomolé&sudetection,
mass reproducible ability, CMOS compatibility, aslhas low
cost character, the SINW device was expected toigeothe
basis for new therapeutic protocols.
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