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Array lead zirconate titanate/glass piezoelectric microcantilevers for real-
time detection of Bacillus anthracis with 10 spores/ml sensitivity
and 1/1000 selectivity in bacterial mixtures
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An array of three identical piezoelectric microcantilever sensors (PEMSs) consisting of a lead
zirconate titanate layer bonded to a glass layer was fabricated and examined for simultaneous, in
situ, real-time, all-electrical detection of Bacillus anthracis (BA) spores in an aqueous suspension
using the first longitudinal extension mode of resonance. With anti-BA antibody immobilized on
the sensor surfaces all three PEMS exhibited identical BA detection resonance frequency shifts at
all tested concentrations, 10—107 spores/ml with a standard deviation of less than 10%. The
detection concentration limit of 10 spores/ml was about two orders of magnitude lower than would
be permitted by flexural peaks. In blinded-sample testing, the array PEMS detected BA in three
samples containing BA: (1) 3.3X 10? spores/ml, (2) a mixture of 3.3 10* spores/ml and 3.3
X 10° S. aureus (SA) and P. aeruginosa (PA) per ml, and (3) a mixture of 3.3 X 103 spores/ml with
3.3X 10° SA+PA/ml. There was no response to a sample containing only 3.3 X 10° SA+PA/ml.
These results illustrate the sensitivity, specificity, reusability, and reliability of array PEMS for in

situ, real-time detection of BA spores. © 2009 American Institute of Physics.

[doi:10.1063/1.3264082]

I. INTRODUCTION

While cell culture' and polymerase chain reaction?
techniques provide specific and sensitive detection of bio-
logical agents, they lack real-time assay capability. As such,
there is a need for equally reliable, but real-time bioassay
detection techniques in applications such as public airspace
biodefense monitoring, food and drinking water contamina-
tion detection, and military applications.4 In these applica-
tions, large amounts of time, money, and person power are
consumed in consequence management, when confirmation,
reaction, and remediation procedures are initiated. Thus,
while sensitivity is of utmost importance and presence of
biological agents must not be missed, false positives (i.e.,
false alarm detections) should also be kept to an absolute
minimum. To detect miniscule antigen levels while also
preventing false positive events, sensitivity and redundancy
of biosensor systems are both required. It is desirable to
have array sensor systems with high sensitivity to run all
redundant assays in parallel. Furthermore, array sensors are
also able to run control tests in parallel and in real time. The
need for array as opposed to single sensor detection has
been identified and attempts at implementation have been
made in optical immunoﬂuore:sce:nce,s’7 ﬁber-optic,8 electro-
chemical,9 nanowire,lo surface plasmon resonance'’ (SPR),
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quartz crystal microbalance'? (QCM), and cantilever' ' Sys-
tems. Though highly sensitive, optical “on-slide” systems are
generally used for protein and DNA detection and require
microscopic or optical system interpretation of results and
thus are not real time. While some optical methods can be
rapid and can test for multiple antigens at once, portability
and long-term monitoring are difficult."® Some systems de-
veloped for such applications demonstrated only modest lev-
els of sensitivity (3X10% spores/ml).'"® While portable
ﬁber—optic,17 SPR,' and QCM18 array systems are more eas-
ily monitorable, they do not have better sensitivity than tra-
ditional optical systems.

Piezoelectric microcantilever sensors (PEMS) consisting
of a highly piezoelectric layer bonded to a nonpiezoelectric
layer are a new type of biosensors whose flexural mechanical
resonance that can both be excited and detected by electrical
means was used for detection. With receptors immobilized
on the PEMS surface, binding of antigens shifts PEMS flex-
ural resonance frequency. Real-time, label-free antigen de-
tection is achieved by electrically monitoring the PEMS flex-
ural resonance frequency shift.'”?® PEMS flexural-mode
detection sensitivity is related to the thickness and the size of
the PEMS. Generally, a PEMS flexural-mode detection sen-
sitivity increases with a reduced PEMS size and thickness."”
A lead zirconate titanate (PZT)/glass PEMS about 1 mm long
consisting of a 127-um thick commercial PZT layer on a
75—150 pum glass layer with a 2 mm long glass tip generally

© 2009 American Institute of Physics
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FIG. 1. (Color online) (a) An optical micrograph of array PEMS and (b) resonance spectra with detection peaks indicated.

exhibited a mass detection sensitivity of the order of
10710 g/Hz,>?* while a lead magnesium niobate-lead titan-
ate, (PbMg,3Nb,303) 63— (PbTiO3), 37 (PMN-PT)/tin PEMS
600—1200-um-long consisting of an 8-um-thick PMN-PT
layer bonded with a 5-um-thick tin layer exhibited a mass
detection sensitivity of the order of 10712-10713 g/Hz %
and a PZT/SiO, 60-um-long consisting of a 1-um-thick
PZT thin film on 1-um-thick SiO, layer with a 20-mm-long
SiO, tip exhibited a mass sensitivity of 107! g/HZ.27 Due to
thickness and size differences, for micrometer-size bacteria
detection, a 127-um-thick PZT/glass PEMS exhibited a con-
centration limit of 500—1000 bacteria/ml***' while an 8-um-
thick PMN-PT PEMS exhibited a much lower 36 total spore
sensitivity.26

More recent studies showed that PEMS flexural-mode
detection resonance frequency shift was primarily due to the
elastic modulus change in the piezoelectric layer from the
stress induced by the binding of the target analyte to the
PEMS surface.”®*° As a result, the detection sensitivity of a
PMN-PT PEMS and that of a PZT PEMS was, respectively,
300 times*** and 100 times*"?' higher than could be ac-
counted for by mass loading alone. These studies also
showed that PEMS could exhibit high-frequency nonflexural
resonance modes such as width and length extension
modes®®* due to the presence of the highly piezoelectric
layer, which silicon-based microcantilevers lack. As nonflex-
ural extension mode resonance occurs at a much higher fre-
quency than flexural-mode resonance, detection using non-
flexural resonance modes can potentially increase PEMS
sensitivity without size reduction.

The goal of this study is to examine array millimeter-
long PZT/glass PEMS for Bacillus anthracis (BA) spore de-
tection using the first longitudinal extension mode. We will
show that using array millimeter-long PZT/glass PEMS with
the first longitudinal mode at around 400 kHz, we were able
to detect BA with 10 spores/ml concentration sensitivity and
1/1000 selectivity with respect to Staphylococcus aureus
(SA) and Pseudomonas aeruginosa (PA).

Il. EXPERIMENTAL
A. Sensor array

PZT/glass PEMS arrays were fabricated by bonding a
75-pum-thick glass layer to a 127-um-thick square of PZT

(Piezo Systems, Inc., Cambridge, MA) followed by bonding
the PZT/glass assembly onto a substrate of glass microscope
slide (Fisher, Fair Lawn, NJ). The glass layer protruded over
the edge of the microscope slide by about 3.5 mm and the
PZT extended about 1.7 mm over the edge of the slide, i.e.,
1.7 mm back from the front edge of the glass layer. This
layered structure was then cut with a wire-saw (WS-22,
Princeton Scientific, Princeton, NJ) at spacings of 400 um
to achieve the structure shown in Fig. 1(a). Wires were then
bonded to the PZT electrodes.

A switch box (3499A, Agilent) and an impedance ana-
lyzer (4294A, Agilent), both computer controlled, were used
for multiplexed, real-time detection of BA spores in suspen-
sion. However, due to limitations of the switch box, as well
as cycle-time constraints, only three of the sensors shown in
Fig. 1(a) were monitored during detection experiments. The
spectra of these sensors are shown in Fig. 1(b). For all three
PEMS, the peaks below 100 kHz were flexural peaks. The
peaks occurring near 410 kHz (indicated by arrows) were the
first extension peaks whose frequency could be predicted by
f=c/4L where L=1.7 mm was the length and c=(E,,/p)"?
the sound velocity of the protruding PZT layer with
p=7800 kg/m? and E,;=62 GPa being the density and the
elastic modulus perpendicular to the poling direction of the
PZT layer, respectively.3 ' The numerical factor 4 in the de-
nominator took into account that the PZT layer had a fixed
end, and thus the first extension peak occurred when the PZT
length equaled a quarter wavelength of the sound.>! The first
extension peaks at around 410 kHz were the peaks monitored
for detection.

For a cantilever with a thickness 7, length L, and a sound
velocity ¢, the resonance frequency of a flexural mode is
proportional to ct/L* whereas that of a longitudinal mode is
proportional to ¢/L. The resonance frequency of a longitudi-
nal mode could be higher than that of a flexural mode by a
factor of the order of the aspect ratio, L/t. As can be seen
from Fig. 1(b), an extensional mode (longitudinal or width)
indeed exhibited a much higher resonance frequency than a
flexural mode. There are several advantages of using a
higher-frequency extension mode than a flexural mode. The
relative resonance frequency shift, Af/f, due to detection
is only related to s/E,,t where Af and f are the resonance
frequency shifts due to detection and resonance frequency,
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FIG. 2. (Color online) In-air and in-water resonance spectra of MPS-
insulated PZT/glass PEMS.

respectively of the PEMS, s, the surface stress due to antigen
binding, and ¢ and E,,., the thickness and the average elastic
modulus of the PEMS, respectively.29 Therefore, a higher
resonance frequency provided by an extension mode can
potentially increase the detection resonance frequency shift
and enhance the detection sensitivity. In addition, flexural
modes are sensitive to liquid damping. A flexural-mode
resonance frequency can be greatly reduced and its reso-
nance peak width can be greatly increased in water>> pre-
sumably due to its large flexural vibration amplitude. The
vibration amplitude of an extension mode is much smaller
and can potentially minimize the effect of damping. As an
example, we show in Fig. 2 the in-air and in-water resonance
spectra of a PZT/glass PEMS electrically insulated by a
3-mercaptopropyltrimethoxysilane (MPS) coating.23 As can
be seen from Fig. 2, the in-water resonance frequency and
resonance peak width of the longitudinal mode and those of
the width mode remained close to those of the in-air spec-
trum. Also note that the extensional modes exhibited much
higher peak intensity than the flexural modes. The lower-
frequency flexural peaks were too low to be seen on the scale
in Fig. 2 even in air. Liquid damping further diminished the
flexural peaks in water.

B. Bacteria and antibody

BA spores were prepared and inactivated as described in
Ref. 22. Likewise, anti-BA spore antiserum was prepared as
described in Ref. 22. The anti-BA antibody was immobilized
on the MPS insulation coating of PEMS by means of a
bifunctional  linker,  sulfosuccinimidyl-4-(N-maleimido-
methyl)cyclohexane-1-carboxylate (sulfo-smcc) as described
in Ref. 23.

The anti-BA-spores IgG can cross react with closely re-
lated species of BA such as B. thuringiensis (BT), B. cereus
(BC), and B. subrtilis (BS). However, we have shown that the
binding of anti-BA-spore IgG to BT, BC, and BS is much
weaker than the binding of anti-BA-spore IgG to BA.Z
Binding of close relatives such as BS, BT, BC to anti-BA
IgG coated PEMS can be effectively prevented by selecting a
flow speed larger than 3.8 mm/s.”* The anti-BA-spore IgG
should be selective for BA detection against most other
species.

SA and PA are two of the most commonly found bacteria
as part of skin flora and most man-made environments

Rev. Sci. Instrum. 80, 125104 (2009)

FIG. 3. (Color online) A photograph of the polycarbonate fluidics cartridge
with the array PEMS mounted in the center. White arrow indication array
PEMS location in the semicirculate flow chamber.

throughout the world. They are likely in the background in
most of the BA detection. To test the selectivity of BA de-
tection against nonclosely related species, we chose SA and
PA as the background for the present study.

SA (ATCC No. 29247) and PA (ATCC No. 35032) were
grown on Luria Bertani (LB) agar (Difco-244510, Franklin
Lakes, NJ) plates overnight at 37 °C in the presence of
5% CO, in air. A colony was then transferred to 10 ml LB
broth (Difco-0446-075) in a 50 ml Erlenmeyer flask and
grown overnight at 37 °C at 250 rpm. Overnight cultures
were diluted and plated to determine concentration. Over-
night cultures were washed by centrifugation and suspen-
sions (1 10?/ml) in distilled water were inactivated by ex-
posure to ultraviolet (UV) light in a biosafety cabinet in an
open plastic Petri dish for 150 min. UV killed bacterial
preparations were tested for viability by spreading 100 ul of
inactivated suspension on LB agar plates and checking for
colonies the next day. Completely killed bacterial cultures
were then resuspended to the appropriate concentration, and
mixtures of UV-killed BA, SA, or PA were prepared.

C. Detection procedures

All experiments were performed in a semicircular flow
chamber 4.8 mm deep with the flow entering and exiting at
its diameter (15 mm). Tubing was connected to this flow
chamber and the suspensions were circulated by a Masterflex
C/L pump (Model 77120-62, Cole-Parmer, Vernon Hills, IL)
at 1 ml/min. The total volume of the fluidics system was 3
ml. The flow system was designed such that the cartridge,
together with the PEMS array were a self-contained unit and
could be modularly connected to an electrical monitoring
and fluidics pumping system in a closed circuit configura-
tion. Several advantages exist for implementing a closed car-
tridge system such as this. The issue of evaporation of aque-
ous analyte suspension and resulting requirements of precise
dipping depth21 and humidity control®’ are rendered unnec-
essary. Once the cartridge system is filled, no analyte liquid
is in contact with ambient air and subject to evaporation.
This leads to improved sensor stability as well as better tem-
perature stabilization of the PEMS array due to its complete
immersion in the aqueous analyte suspension.
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TABLE I. Contents of Samples A-D where interferants stand for equal mixtures of SA and PA.

Ratio of interferants

Sample ID BA spores/ml to BA spores Interferants/ml
A 3.3%x10° All BA 0

B 3.3%x10° 100:1 3.3%x10°
C 0 All interferants 3.3x10°

D 3.3x10° 1000:1 3.3x10°

Figure 3 is an image of this cartridge system. The white
arrow indicates the location of the PEMS array in the car-
tridge with the stainless steel pins in the lower left corner of
the image allowing for connection to the inlet, outlet and air
bleed connections of the fluidics system. During initial filling
of the system and subsequent BA detection, the cartridge is
oriented with the connection pins upward and the wire leads
to the PEMS array downward. Thus, the center connection
pin is used as the air-bleed port to ensure that all air bubbles
are purged from the system and the left and right connection
pins are used as inlet and outlet ports, respectively, for the
analyte liquid.

The fluidics system was fabricated entirely out of poly-
carbonate plastic with silicone rubber used for the gasket
layers. This use of polycarbonate and silicone was designed
to prevent interactions of the BA spores with surface of the
flow chamber, thus enhancing the efficiency of delivery of
analyte to the PEMS array biosensor surface. The surface
charge of BA spores as well as that of polycarbonate and
silicone rubbers is well characterized and all are negative at
neutral pH,Szf34 such as is the case in the de-ionized (DI)
water used for experimentation herein. Thus no “sticking” of
the BA to the flow system walls was expected and indeed, no
adverse effects from such possible sticking was observed.

For a sensitivity study of the PEMS array, two tests were
run. First, the array was coated with anti-BA-spore IgG by
means of sulfo-SMCC linking molecules (Pierce, Rockford,
IL). This sensor was then mounted in the flow chamber and
DI water was circulated for 15 min. Following this back-
ground period, 10" BA spores/ml were added to the system
and circulated for a period of 30 min. At 30 min, 90
spores/ml were added to the system, bringing the total num-
ber of spores in the system to 100 spores/ml. Again, this
concentration was circulated for 30 min. Order of magnitude
additions of spores were continued in this manner up to
107 spores/ml.

Following this experiment, the sensor array was then
cleaned with dilute (1:40 v:v in water) piranha solution [1:1
v:v 98% sulfuric acid (Fisher, Fair Lawn, NJ):30% hydrogen
peroxide (FisherBiotech, Fair Lawn, NJ)], and coated with
bovine serum albumin (BSA) on the MPS coating surface
using sulfo-smcc as linker in the same fashion as the anti-
BA-spore previously. This coating was chosen as a control
coating for the PEMS array since BSA is negatively
charged,3 3 as is the Bacillus spore coat.”® Thus, nonspecific
interaction between the PEMS array and the BA spores was
not expected. To verify this hypothesis, the BSA-coated ar-
ray was subjected to the same BA spore suspensions as was
the anti-BA-spore-coated array.

For a study of the selectivity of the PEMS array, a blind
study was arranged and administered by one of the co-
authors (M.M.). Samples labeled A-D were prepared by the
Rest laboratory and provided to the Shih laboratory for ex-
perimentation. Experiments were then carried out on the four
samples in a similar fashion as in the sensitivity experiments.
Namely, the PEMS array was cleaned and immobilized with
anti-BA-spore IgG. The array was then mounted in the flow
chamber and exposed to DI water for 15 min. Then one of
the blind samples was added to the system and circulated for
20 min.

Following the testing of each sample, the PEMS array
was cleaned with dilute piranha solution (as above) and re-
coated with anti-BA-spore IgG in preparation for the next
sample. Unknown until after experimentation, these blinded
samples contained mixtures of BA, SA, and PA in DI water
at varying concentrations and ratios. Table I details the con-
tents of samples A-D.

lll. RESULTS AND DISCUSSIONS
A. Sensitivity

Figure 4(a) shows the resonance frequency shifts versus
time of the array PEMS with anti-BA-spore IgG immobi-
lized on the surface when exposed to BA spore suspensions.
Squares, circles, and triangles represent the resonance fre-
quency shift of PEMS 1, PEMS 2, and PEMS 3, respectively.
Also shown are the resonance frequency shift versus time of
the same array PEMS in the same BA suspensions when
immobilized with BSA on the surface, rather than anti-BA-
spore IgG. The BA spore concentrations during the various
30 min time intervals are indicated by arrows at the point of
injection. As can be seen, all three PEMS exhibited no dis-
cernable resonance frequency shift when the BSA-coated ar-
ray PEMS was presented with the full gamut of BA spores.

When the anti-BA-coated array was exposed to 10 BA
spores/ml, a frequency shift of approximately 300 Hz was
observed on all three PEMS at t=30 mins. Then, when the
concentration was increased to 100 spores/ml, the frequency
shift of the three PEMS decreased another 500 Hz to a total
shift of 800 Hz. After each tenfold increase in concentration,
the resonant frequencies shifted approximately 500 Hz in
the ensuing 30 min up to the concentration increase to
10% spores/ml. It can then be seen that saturation of the
sensors seemed to occur at approximately 165 min, during
the middle of the exposure to 10° spores/ml. Finally, no
additional frequency decrease was observed upon addition of
107 spores/ml, probably due to the saturation of BA bind-
ing. For all detections at all concentrations, all three PEMS
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FIG. 4. (Color online) (a) Resonance frequency shift vs time of anti-BA- and BSA-coated PEMS array in BA suspensions of various concentrations, and (b)
resonance frequency shift vs time of anti-BA coated PEMS array in BA suspensions in the presence of excess SA and PA cells. Arrows in (a) indicate the times

of suspension injection into the flow chamber.

exhibited similar resonance frequency shifts with a standard
deviation of about 10% among the three PEMS [Fig. 4(a)].
This clearly illustrates the repeatability and reliability of
the PEMS as a sensor for in sifu, real-time, in-liquid biode-
tection.

During the 15 min leading up to both experiments, the
noise levels of the sensor in DI water were 42, 48, and 26 Hz
for PEMS 1, PEMS 2, and PEMS 3, respectively. During
exposure of the BSA-coated array to the BA spore concen-
trations, noise levels of 80, 140, and 85 were observed. The
anti-BA-spore-coated sensors exhibited noise levels of 60,
75, and 53 Hz during detection of BA spores. Thus, all noise
levels were at or below 140 Hz. Even with the worst-case
noise level of 140 Hz, the —300 Hz resonance frequency
shift for the detection of 10' BA spores/ml gives a signal to
noise ratio (SNR) of greater than 2. Detections of all other
concentrations give an SNR far larger than this, indicating
that all observed resonance frequency shifts are true positive
responses.

Note that Fig. 4(a) is not a typical dose response plot
where the antigen concentration is kept constant. In Fig. 4(a)
the concentration of BA was increased by tenfold every 15
min. This is why it looks like the resonance frequency shift
kept increasing with time. In response to the concentration
increase every 15 min, the resonance frequency shift contin-
ued to increase. This does not mean that the final detection
needs to take this long. From our earlier studies, a typical
saturation time ranges from a few minutes at higher concen-
trations, e.g., 10> spores/ml to 15-30 min at lower concen-
trations, e.g., 10" spores/ ml.2%%2% The present detection
scheme allowed us to detect BA over a wide range of con-
centrations, 10'—107 spores/ml over a short time. While
these experiments did not yield a linear dose response of the
PEMS to these concentrations of BA, which would require
preparing the sensor surface after detection at each concen-
tration, they nonetheless amply demonstrated the “repeatabil-
ity” of the detection from sensor to sensor, which is one of
the main goals of this study.

B. Selectivity

The sensitivity experiments showed that there was neg-
ligible, if any, nonspecific binding of BA spores to the sensor

surface when it was coated with BSA, i.e., there were no
“false positive” responses on a BSA-coated array. Selectivity
experiments were aimed to further probe this possibility, but
also test for a false negative response when other bacterial
species (i.e., interferants) were added to the BA spore sus-
pensions.

Figure 4(b) depicts the resonance frequency shift versus
time obtained in these blind selectivity experiments. For clar-
ity, the resonance frequency shifts of the three PEMS during
exposure to each sample are plotted as average shifts with
standard deviations. Sample C produced no resonance fre-
quency shift, sample A produced a resonance frequency shift
of 1.3 kHz at 20 min and samples B and D produced reso-
nance frequency shifts of 1.9 and 2.0 kHz at 20 min, respec-
tively. After completion of all testing, these results were
compared to the blind sample compositions, shown in
Table 1. We see that 3.3 10° interferants/ml produced no
frequency shift in any of the PEMS. The sample containing
just 3.3X 103 BA spores/ml resulted in an average fre-
quency shift of 1.3 kHz for each of PEMs. This shift
was consistent with a similar concentration in the sensitivity
studies. Finally, samples B and D, both of which contained
3.3X10° BA spores but also contained 3.3X10° and
3.3 X 10°, respectively, SA and PA cells/ml, produced nearly
identical resonant frequency shifts of 2.0 kHz at 20 min.
Again, all three PEMS exhibited identical responses in
all detections with a standard deviation of about 10%
[Fig. 4(b)]. The higher standard deviation of sample B was
due to the formation of a bubble toward the later part of the
detection.

From these comparisons, it is clear that the array PEMS
correctly detected the presence or absence of BA in all four
blinded samples. The all-interferant mixture, sample C, pro-
duced no false positive response. Furthermore, as evident in
the response to samples B and D, the presence of high con-
centrations of interferants in a suspension of BA did not
cause a false negative response, i.e., the interferants did not
prevent the positive detection of BA spores.

Interestingly, the interferants seemed to augment the
resonance frequency shift in the detection of the BA spores,
in that the resonant frequency shifts in the mixtures of BA,
SA, and PA (samples B and D) were greater than that in the
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FIG. 5. SEM micrograph of PEMS sensor surface after exposure
to (a) sample A -3.3X10°BA spores/ml, and (b) sample D -3.3
X 10 BA spores/ml with a 3.3 X 10° cells/ml of SA and PA mixture. The
solid arrows in (b) indicate BA spores which are cigar-shaped as shown in
(a) while the dashed arrows indicate SA cells which are spherical.

presence of BA alone (sample A). A first reaction to this
observation would be to assume that the interferants were
nonspecifically sticking to the sensor surface, thus artificially
increasing the array response. However, this was clearly not
the case as sample C showed that no PEMS array response
occurred when a mixture of only interferants was presented.
The next conclusion to be drawn is that one or both of the
interferants was agglomerating or clumping with the BA
spores in suspension. Then, when the BA spore of an ag-
glomerate contacted the anti-BA-spore-coated sensor sur-
face, the whole agglomerate bound to the surface, and thus
induced a greater resonant frequency shift than would just a
lone spore. This explanation becomes plausible when it is
noted that SA possesses a more neutral®’ surface charge than
that of Bacillus spores,3 6 allowing for such agglomeration.

To further examine the cause of the exaggerated reso-
nance frequency shift in the presence of SA and PA, scanning
electron microscopy (SEM) (FEI, XL.30) was used to exam-
ine the PEMS surfaces after exposure to these samples. As
an example, for sample A (3.3 X 10° BA spores/ml) there is
a single BA spore bound to the PEMS surface in the area
of the electron micrograph [Fig. 5(a)]. This degree of sur-
face coverage is typical of the entire sensor surface. SEM
examination showed that no cells adhered to a PEMS sensor
surface after exposure to sample C (3.3X10%SA
+PA cells/ml) (not shown), which is consistent with the neg-
ligible resonance frequency shift exhibited by the PEMS in
sample C. After exposure to sample D (3.3X10°BA
spores/ml with 3.3 X 10 SA+PA cells/ml), agglomerates of
spores and cells are seen to be bound to the sensor surface
[Fig. 5(b)]. In this image, we see several biological entities
on the sensor surface in close proximity. The geometries of
the three possible cells/spores enable visual differentiation
and identification. SA cells are exclusively spherical; PA
cells are decidedly elongated with typical aspect ratios (the
ratio of length to width) greater than 2. BA spores are
slightly elongated with aspect ratios between 1.2 and 1.5.
Thus, we can see in Fig. 5(b), no PA is observed on the
sensor surface while SA (as indicated by dashed arrows) is
observed to be agglomerated with BA (as indicated by solid
arrows) on the surface.

With the augmentation of resonance frequency shift of
the PEMS array due to BA in the presence of SA, the ability
to quantify the exact amount of BA in the analyte solution is
affected to a certain degree. However, the main focus of this

Rev. Sci. Instrum. 80, 125104 (2009)

study is to demonstrate the ability of the array PEMS to
selectively detect BA in the presence of interferants without
instance of false positives or false negatives. The issue of
reducing or accounting for a possible clumping or agglom-
eration effect on quantifying the presence of BA will be ad-
dressed in a future study.

IV. CONCLUSIONS

This work demonstrated the fabrication, implementation,
and initial study of an array system of three identical PZT/
glass PEMS for use in biodetection applications. Identical
detection of BA spores at a concentration as low as 10
spores/ml was demonstrated using the first longitudinal ex-
tension peak and positive detection of BA spores in 1:1000
suspensions of interferant cells was shown by all three
PEMS with a standard deviation of less than 10% and with-
out instance of false positive or false negative results. Thus,
effective, reliable, all-electrical, real-time, in situ array bio-
detection has been achieved without the need for laser moni-
toring, advanced optical systems, or laboratory interpretation
of results.
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