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a b s t r a c t
We have investigated real-time, label-free, in situ detection of human epidermal growth factor receptor
2 (Her2) in diluted serum using the ﬁrst longitudinal extension mode of a lead zirconate-lead titanate
(PZT)/glass piezoelectric microcantilever sensor (PEMS) with H3 single-chain variable fragment (scFv)
immobilized on the 3-mercaptopropyltrimethoxysilane (MPS) insulation layer of the PEMS surface. We
showed that with the longitudinal extension mode, the PZT/glass PEMS consisting of a 1 mm long and
127 m thick PZT layer bonded with a 75 m thick glass layer with a 1.8 mm long glass tip could
detect Her2 at a concentration of 6–60 ng/ml (or 0.06–0.6 nM) in diluted human serum, about 100
times lower than the concentration limit obtained using the lower-frequency ﬂexural mode of a similar
PZT/glass PEMS. We further showed that with the longitudinal mode, the PZT/glass PEMS determined
the equilibrium H3–Her2 dissociation constant Kd to be 3.3 ± 0.3 × 10−8 M consistent with the value,
3.2 ± 0.28 × 10−8 M deduced by the surface plasmon resonance method (BIAcore).
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
Human epidermal growth factor receptor 2 (Her2) is a cancer antigen that can be measured and evaluated as an indicator
for normal biologic processes, pathogenic processes, or pharmacologic responses to therapeutic intervention. Speciﬁcally, the Her2
proto-oncogene is ampliﬁed and/or overexpressed in approximately 20–25% of invasive breast cancers [1]. The extracellular
domain (ECD) of the Her2 protein is often cleaved and released into
the circulation with serum concentrations elevated in 20–50% of
patients with primary breast cancer and 50–62% of metastatic disease [2,3]. Normal individuals have a Her2 concentration between
2 and 15 ng/ml in the blood and breast cancer patients have blood
Her2 levels from 15 to 75 ng/ml [4]. The screening of Her2 on
tumor biopsies is often used to evaluate whether a patient may
successfully respond to therapy with trastuzumab (Herceptin), a
monoclonal anti-Her2 antibody.
Piezoelectric microcantilever sensors (PEMS) consisting of a
highly piezoelectric layer bonded to a nonpiezoelectric layer are
a new type of biosensors whose mechanical resonance can both
be excited and detected by electrical means. Most of the earlier
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PEMS detection studies involved low-frequency ﬂexural (bending)mode resonance. A schematic of the ﬁrst-mode ﬂexural vibration
is shown by Fig. 1(a). With receptors immobilized on the PEMS
surface, binding of antigens shifts the PEMS ﬂexural resonance
frequency. Real-time, label-free antigen detection is achieved by
electrically monitoring the PEMS ﬂexural resonance frequency shift
[5–12]. Detection sensitivity of PEMS ﬂexural resonance is strongly
affected by the size and the thickness of the PEMS [13–15]. The
mass sensitivity deﬁned as −f/m increased dramatically with a
reduced PEMS size and/or thickness [13] where f and m are the
PEMS detection resonance frequency shift and the corresponding
mass change due to the binding of antigens on the sensor surface.
For a lead zirconate titanate (PZT)/glass PEMS about 1 mm long consisting of a 127 m commercial PZT layer on a 75–150 m glass
layer with a 2 mm long glass tip its mass detection sensitivity was
on the order of 1010 Hz/g [5–8,10,11]. Whereas for a lead magnesium niobate-lead titanate, (PbMg1/3 Nb2/3 O3 )0.63 –(PbTiO3 )0.37
(PMN-PT)/tin PEMS 600–1200 m long consisting of an 8 m thick
PMN-PT layer bonded with a 5 m thick tin layer its mass detection sensitivity on the order of 1012 –1013 Hz/g [8–11]. A PZT/SiO2
60 m long consisting of a 1 m thick PZT thin ﬁlm on 1 m thick
SiO2 layer with a 20 m long SiO2 tip exhibited a mass sensitivity
of 1016 Hz/g [16].
As a result of the thickness and size differences earlier Her2
detection studies showed a dramatic difference in concentration
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Fig. 1. (a) A schematic of the ﬁrst bending mode vibration where the shaded bar
illustrated the initial position of the PEMS and the dash-dotted shapes illustrate the
bent positions, and (b) a schematic of the ﬁrst longitudinal mode vibration where the
shaded bar illustrated the initial position of the PEMS and the dash-dotted shapes
illustrate the extended or contracted positions.

sensitivities between the PMN-PT PEMS and the PZT/glass PEMS
[11]: A 127-m thick PZT/glass PEMS exhibited only a g/ml
concentration sensitivity while an 8-m thick PMN-PT PEMS
exhibited a much lower, clinically relevant, 5 ng/ml concentration sensitivity, both obtained in a background of 1 mg/ml
of bovine serum albumin (BSA) and with the same singlechain variable fragment (scFv) antibody, H3, immobilized on
the same 3-mercaptopropyltrimethoxysilane (MPS) insulation
surface.
More recent studies [17–19] showed that PEMS detection resonance frequency shift was primarily due to the elastic modulus
change in the piezoelectric layer from the binding-induced surface stress. As a result, the mass sensitivity of a PMN-PT PEMS
and that of a PZT PEMS were respectively 300 times [17,20] and
100 times [5–7,10,11,14] higher than could be accounted for by
mass loading alone. With a DC bias electric ﬁeld, the mass sensitivity of a PMN-PT PEMS was further enhanced to more than 1000
times higher than could be accounted for by mass loading alone
[20]. These studies also revealed that PEMS exhibit high-frequency
non-ﬂexural resonance modes such as width and length extension
modes [17,18] due to the presence of the highly piezoelectric layer
that silicon-based microcantilevers lack. At the same time, it was
also shown that as a result of the elastic modulus change mechanism, a PEMS relative resonance frequency shift, f/f, was directly
proportional to the binding-induced surface stress and inversely
proportional to the PEMS thickness [21] where f denotes a PEMS
resonance frequency. This suggests that under the same detection
conditions, f could be higher with a high-frequency resonance
mode to result in higher detection sensitivity. As non-ﬂexural
extension mode resonance occur at a much higher frequency
than ﬂexural-mode resonance, detection using non-ﬂexural resonance modes potentially can increase PEMS sensitivity without size
reduction.
The purpose of this study is to investigate label-free, in situ
detection of Her2 in diluted human serum using a PZT/glass PEMS
about 1 mm in length with a 2 mm long glass tip with its longitudinal
extension mode. A schematic of the ﬁrst longitudinal-extensionmode vibration is shown in Fig. 1(b). For ease of comparison, the
PZT PEMS will have a similar size to the previous PZT/glass PEMS,
i.e., the PEMS was about 970 m long and 580 m wide consisting a 127 m thick PZT layer bonded to a 75 m thick glass of the
same width with a glass tip about 1.8 mm long as shown in Fig. 2(a)
about the same size as the PZT/glass PEMS used in earlier stud-

ies [10,11]. The PZT/glass PEMS will be insulated with the same
MPS coating and the H3 scFv antibody will be immobilized on the
MPS insulation surface [10,11]. We will explore using a longitudinal
mode for Her2 detection and examine how using the longitudinal
mode decreased the detection concentration limit. In addition, we
will also explore using a PZT/glass PEMS as a tool to determine the
Her2–H3 antigen–antibody dissociation constant, Kd . Because the
detection concentration limit in the earlier Her2 detection studies using the ﬂexural peaks of a PZT/glass PEMS was much higher
than the preliminary BIAcore values of Kd , 3.4 × 10−8 M [11] it was
not possible to reliably determine Kd using the earlier PZT/glass
PEMS results. By using the longitudinal extension mode the detection concentration limit of a PZT/glass PEMS could be substantially
lowered, it could then be possible to use PEMS as a tool to determine
the H3–Her2 dissociation constant, Kd , from the detection results.
We will also compare the Kd determined by the PEMS measurements with that measured by a BIAcore 1000 instrument (BIAcore,
Piscataway, NJ).
Although high harmonics of ﬂexural modes has been explored
for better sensitivities in silicon-based microcantilevers [22] and
in piezoelectric microcantilevers [8,10,11], the advantages of a
longitudinal extension mode of a highly piezoelectric microcantilever over a higher ﬂexural mode at the same frequency range
are many. First, it has been shown that the height of a longitudinal extension resonance peak (in the phase angle of the electrical
impedance versus frequency spectrum) of a PZT/glass PEMS similar to the PZT/glass PEMS used in this study was much greater
than that of higher ﬂexural resonance peaks at the same frequencies. This was a result of the large piezoelectric effect of the high
piezoelectric layer. Because of strong resonance, traditionally, a
longitudinal or width extension mode is used for piezoelectric
coefﬁcient determination [17,18]. This increase in peak height is
important because it results in a higher quality factor. Alternative
modes of vibration have been used in MEMS to increase the quality
factor [23–26] because a higher quality factors allows for detection of smaller shifts in resonant frequency, which will increase
the sensitivity of the sensor [27]. However, there has been no
report on longitudinal modes of a silicon-based microcantilever
presumably due to the difﬁculty in exciting and detecting such
a mode. Furthermore comparison of the in-air and in-liquid resonance spectra of a PZT/glass PEMS showed the ﬂexural peaks,
especially the higher-frequency peaks diminished in liquid. In contrast, the ﬁrst longitudinal peak exhibited little decrease in both the
peak height and the peak frequency. That the longitudinal extension mode of a PZT/glass PEMS exhibited less damping effect than
ﬂexural modes was that the longitudinal extension vibration amplitude was much smaller than that of a ﬂexural mode. For the above
reasons, a longitudinal mode is more advantageous than a ﬂexural mode for detection using a PEMS. It is of interest to note
that the higher frequency peak of a PZT microcantilever used by
Campbell and Mutharasan [28] was likely a longitudinal extension mode as well because their PZT microcantilever was made
of the same PZT layer and the higher-frequency peak they used
also exhibited a much higher peak height than other peaks as
similar to that of the present work and that of McGovern et al.
[7].
Finally the advantage of using a higher-frequency longitudinal
mode of a PZT/glass PEMS instead of a ﬂexural mode of a thinner
PMN-PT PEMS [11] is that a PZT/glass PEMS is constructed from
commercial PZT and cover glass, which is much easier than the
PMN-PT PEMS where the PMN-PT freestanding ﬁlms were fabricated in house from powder synthesis, to tape casting to sintering.
The ability to use the longitudinal extension mode of a PZT/glass
PEMS to achieve a higher sensitivity is of great interest because
of the ease of fabrication as compared to PMN-PT PEMS or other
micro-machined PZT PEMS [14,16].
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Fig. 2. (a) An optical micrograph and (b) in-air and in dilute serum resonance spectra of a 970 m long and 580 m wide PZT/glass PEMS with a 1800-m long glass tip.

2. Experimental procedure
There were more than one PZT/glass PEMS used in this study.
They were consisted of a commercial PZT layer (T105-H4E-602,
Piezo System, Cambridge, MA) 127 m thick, about 1000 m long
and 600 m wide bonded to a 75 m thick glass layer (Fisher Scientiﬁc, Pittsburgh, PA) with a glass tip about 1.8 mm long protruding
from the free end. The PEMS was fabricated by ﬁrst bonding the
PZT layer to the glass layer using a nonconductive epoxy (Loctite, Rocky Hill, CT) and embedding the PZT/glass bilayer in wax.
The PZT/glass assembly was then cut to strips with a wire saw
(Princeton Scientiﬁc Precision, Princeton, NJ). After attaching the
wires to the top and bottom electrodes using conductive glue (XCE
3104XL, Emerson and Cuming Company, Billerica, MA), a PZT/glass
strip was glued to a glass substrate to form the microcantilever
shape. Fig. 2(a) is an optical micrograph of the PZT/glass PEMS. The
resonance peak used for this detection was the ﬁrst longitudinal
extension mode [29] at around 504 kHz in air with a Q value of 45
and around 429 kHz in diluted serum with a Q value of 15 as shown
in the resonance spectra in Fig. 2(b). The decrease in the Q value was
due to the viscous damping of the liquid while the decrease in the
resonance frequency was the result of the mass of the surrounding
liquid that moved in phase with the PEMS [30].
For the initial MPS deposition, the PEMS were ﬁrst cleaned in a
diluted (1:100 in water) piranha solution (two parts of 98% sulfuric
acid (Fisher, Fair Lawn, NJ) with one part of 30% hydrogen peroxide
(FisherBiotech, Fair Lawn, NJ)) at 20 ◦ C for 1 min followed by soaking in a 40 mM MPS solution in ethanol covered with parafﬁn ﬁlm
for 4 h and rinsing by de-ionized (DI) water. They were then soaked
in a 0.01 M NaOH solution overnight for cross-linking, followed
by soaking in DI water for 1 h and overnight vacuum-oven drying
(Model 1400E, VWR International) at 762 mm Hg to conclude the
ﬁrst MPS coating. For each of the subsequent MPS depositions, they
were soaked overnight in a freshly prepared 40 mM MPS solution
in ethanol titrated to pH 4.5 with acetic acid. This procedure was
repeated two times to give a total of 3 MPS depositions to result in
a MPS thickness of about 150 nm [10].
The target Her2 extracellular domain (ECD) was expressed
from stably transfected HEK-293 cells and puriﬁed using immobilized metal afﬁnity chromatography (IMAC) as previously
described [31]. The anti-Her2 scFv, H3, was isolated from a naïve
human scFv phage display library using techniques essentially as

previously described [32]. Her2 ECD obtained as described above
was coated onto a Maxisorp-Immunotube (NUNC, Denmark) at
a concentration of 20 g/ml in coating buffer (Bup-H carbonate
bicarbonate buffer; Pierce) at 4 ◦ C, overnight. scFv-Phage library
stock (100 l; 1.3 × 1013 pfu/ml) was added to the immunotubes
to pan (isolate) anti-Her2 scFv-phage clones. The H3 clone was
isolated following four rounds of selection, was sequenced and
subcloned into the pCyn expression vector. Soluble scFv were
expressed in Escherichia coli TG1, isolated from the periplasmic
space and puriﬁed by Ni-NTA agarose afﬁnity chromatography
and HPLC on a Superdex75 column (Pharmacia) as previously
described [33]. Final yields were 1–2 mg of pure H3 scFv per liter
of expression culture. Speciﬁcity for Her2 ECD was conﬁrmed by
surface plasmon resonance on a BIAcore 1000 instrument and
by ﬂow cytometry against Her2 overexpressing human tumor
cell lines.Sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane1-carboxylate (sulfo-SMCC) (Pierce) was used as the bi-functional
linker for scFv immobilization on MPS. First, the scFv was linked
to sulfo-SMCC using a 1 ml solution 900 nM scFv and 80 M sulfoSMCC for 2 h at 4 ◦ C. The NHS-ester in the sulfo-SMCC will react
with a primary amine of the scFv. Unreacted sulfo-SMCC molecules
were then removed by repeating microcentrifugation at 6000 RPM
with a 10 kD ﬁlter (Millipore) three times. The MPS-coated PEMS
was then soaked in the sulfo-SMCC-linked scFv solution with 5 mM
ethylenediaminetetraacetic acid (EDTA) (Pierce) for 2 h to immobilize the scFv on the MPS coating surface via the reaction of the
maleimide of the sulfo-SMCC with the sulfhydryl of the MPS. In
a previous study we have veriﬁed this immobilization on multiple
PEMS platforms [10]. The adsorption density,  , of the SMCC-linked
scFv on the MPS was estimated to be  = 7 ng/mm2 from a separate
measurement using a quartz crystal microbalance [10].
It is important to minimize nonspeciﬁc binding so that even
weak signals at low Her2 concentrations can be clearly distinguished. It is therefore essential, following coating of the PEMS
with scFv, to saturate the remaining surface that is not covered
with scFv with molecules that are abundant in serum such as serum
albumin, human IgG, or substances similar to serum such as fetal
calf serum (FCS), bovine serum albumin (BSA), and normal human,
goat or horse sera at concentrations ranging between 1% and 10%
[34]. After such saturation procedure, Tween 20, a surfactant, is
often added to the washing buffer because it has also been shown
to reduce nonspeciﬁc binding. As human serum typically contains
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Fig. 3. (a) Resonance frequency shift versus time of the PEMS: in PBS in period I at t = 0–15 min, scFv immobilization in period II at 15–44 min, PBS rinsing in period III at
43–59 min, 30 mg/ml BSA blocking in period IV at 59–185 min, 10 mg/ml BSA rinsing and Tween20 rinsing in period V, detection in 6 nM Her2 in 1 in 40 diluted serum in
period VI at t = 185–278 min and rinsing in diluted serum in period VII at t = 278–300 min, (b) a schematic showing the immobilized scFv on the MPS surface, BSA covering
the MPS surface not occupied by the scFv, and Her2 binding to the scFv on the MPS surface, and (c) phase angle versus frequency resonance spectra at t = 5 min (in PBS),
50 min (after scFv immobilization), 180 min (after BSA blocking), and 275 min (after Her2 detection). Note that throughout the detection period, the shape of the resonance
peak and the Q value remained constant.

about 40 mg/ml of albumin which helps maintain the blood osmotic
pressure to prevent leaking of the ﬂuid from the blood to tissues.
Serum albumin is by far the most abundant protein in serum and
the major source of potential non-speciﬁc binding. To minimize
potential non-speciﬁc binding in diluted serum (1) we carried out
the detection in 1 in 40 diluted human serum (one part of human
serum with 40 parts of PBS, and (2) blocked the sensor surface with
a 30 mg/ml BSA (bovine serum albumin) solution in PBS followed by
rinsing with a solution containing 10 mg/ml BSA and 0.1% Tween20
in PBS prior to detection.
For Her2 detection, the scFv-immobilized PEMS was then
immersed in a home-built ﬂow cell [7,8] with a peristaltic pump
(model 77120-62, Cole-Parmer’s Master Flex, Vernon Hills, IL) for
both BSA blocking and Her2 detection with the PEMS’s two faces
tangential to the ﬂow at a ﬂow rate of 0.7 ml/min. The ﬂow cell
contained 6 ml of liquid.
3. Results
3.1. In situ all-electrical detection of Her2 in diluted serum
To illustrate the real-time nature of the PEMS, after the scFv
was chemically bonded to SMCC as described above, a MPS-coated
PEMS was then placed in the ﬂow cell and subjected to scFv
immobilization, BSA blocking, and Her2 detection at a ﬂow rate
of 0.7 ml/min. The resonance frequency shift versus time in this
sequence is shown in Fig. 3(a). It started with immersing the PEMS
in PBS for 15 min in period I at t = 0–15 min. Note that during this

period, f remained stable with no observable down shifting. The
PBS period was followed with the immobilization of the SMCClinked scFv in period II at t = 15–44 min in which the resonance
frequency of PEMS decreased with time, yielding a resonance frequency down shift of roughly −430 Hz at = 44 min. After the scFv
immobilization procedure, PBS was then ﬂown for 15 min in period
III at t = 44–59 min to remove any unbound scFv from the ﬂow cell.
During this second PBS period, the resonance frequency of PEMS
was stable with no observable down shifting. Between t = 59 min to
185 min in period IV, a 30 mg/ml BSA solution in PBS was ﬂown in
the ﬂow cell to preemptively saturate the unoccupied sites on the
sensor surface with BSA to minimize potential non-speciﬁc binding
later in the Her2 detection in diluted human serum. A schematic
illustrating scFv immobilized on the MPS surface, BSA covering the
MPS surface not occupied by the scFv, and Her2 binding to the scFv
on the MPS surface is shown in Fig. 3(b). Note that the resonance
frequency down shift due to the non-speciﬁc BSA binding to the
unoccupied sites saturated at around t = 172 min, yielding a net
resonance frequency shift of about −1470 Hz. Following the BSA
blocking, the PEMS was rinsed with a 10 mg/ml BSA and 0.1%
Tween20 solution in period V at t = 185–195 min. Again, during
this rinsing period, the resonance frequency of the PEMS remained
fairly stable throughout. The PEMS was then exposed to the ﬂow
of diluted human serum containing 600 ng/ml of Her2 in period
VI at t = 185–278 min over which time period the PEMS exhibited a resonance frequency shift of −520 Hz. A ﬁnal background
check of ﬂow of diluted serum was conducted in period VII at
t = 278–295 min. As can be seen, in period VII, the resonance
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frequency of the PEMS also remained stable in diluted serum
after the detection. The adsorption density,  , scFv on the MPS
was estimated to be  = 7 ng/mm2 from a separate measurement
using a quartz crystal microbalance [10]. Given that the PEMS
had f about −0.44 kHz for scFv immobilization, about −1.47 kHz
for BSA blocking, and 0.65 kHz for Her2 detection at 6 nM, it
follows that the amount of BSA bound on the PEMS surface was
(7 ng/mm2 )((−1.47 kHz)/(−0.44 kHz)) = 23 ng/mm2 , and that of
Her2 at 6 nM was (7 ng/mm2 )((−0.65 kHz)/(−0.44 kHz)) = 10 ng/mm2
provided that the amount of protein bound on the sensor surface
was proportional to the sensor’s resonance frequency shift.
To demonstrate that the resonance frequency shifts shown in
Fig. 3(a) at various times were indeed reliable, we show the phase
angle versus frequency resonance spectra of the PEMS at t = 5 min
in PBS, at t = 50 min after the scFv immobilization, at t = 180 min
after the BSA blocking, and at t = 275 min after the Her2 detection
during the above test in Fig. 3(c). Note this PEMS was only used for
illustrating the blocking and detection procedure and was different from the PEMS shown in Fig. 2. As can be seen, the shape and
height of the resonance peak remained roughly constant throughout the test, indicating that the resonance frequency shifts shown
in Fig. 3(a) were indeed reliable. These results were similar to our
previous work on Her2 detection in mixed protein solutions using
a ﬂexural mode resonance peak of a PZT/glass PEMS except that
with the present longitudinal extension resonance peak the PEMS
was able to detect Her2 at a concentration of 600 ng/ml which was
much lower than the g/ml concentration limit of a PZT/glass PEMS
when ﬂexural-mode resonance peaks were used [10,11].
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To ﬁnd out the detection concentration limit of the longitudinal extension mode of a PZT/glass PEMS, we examine the dose
response of Her2 in diluted human serum using the PEMS shown
in Fig. 2(a) and (b). Before each detection experiment, the PEMS
was stripped of the bound scFv and reinsulated with MPS. Fresh
scFv was then immobilized on the PEMS surface using procedures
described in Section 2. The PEMS was then subject to a PBS ﬂow
across the PEMS surface for 10 min to establish the background
followed by 30 mg/ml BSA blocking in a ﬂow until the resonance
frequency of the PEMS saturated (about 2 h) followed by rinsing
with 10 mg/ml BSA and 0.1% Tween 20. The PEMS was then exposed
to diluted human serum spiked with Her2 in one of the following
concentrations: 60,000, 6000, 600, 60, and 6 ng/ml. In this study, we
re-immobilize the scFv after each detection as opposed to simply
releasing the Her2 in a glycine/HCl buffer solution [5,6,10,11,35]
after detection to ensure that the binding performance of the scFv
in each detection was roughly identical. The obtained resonance
frequency shift versus time in diluted serum with 60,000, 6000,
600, 60, 6, and 0 ng/ml (corresponding to 600, 60, 6, 0.6, 0.06,
and 0 nM) of Her2 is shown in Fig. 4(a) where each curve was
the average of three independent tests. The curves presented in
Fig. 4 were produced by averaging the sensor response over 3 trials, and the standard deviation between trials is depicted using
the error bars. The f measured were −2200 ± 120, −1082 ± 180,
−528 ± 57, −194 ± 70, and −28 ± 40 Hz for 60,000, 6000, 600, 60,
and 6 ng/ml of Her2 in diluted serum, respectively. To better illustrate the f versus time at low concentrations, we show the f
versus time at 0, 0.06, and 0.6 nM in Fig. 4(b). Note that at 0 ng/ml
of Her2 in diluted serum (the control), the PEMS exhibited a time
averaged f of 1 Hz and a standard deviation of 4 Hz over 60 min,
indicating the PEMS was stable in diluted serum. At Her2 concentrations from 6 to 60,000 ng/ml, the magnitude of the resonance
frequency shift initially increased with time and saturated more or
less after t = 50 min. Therefore, the time average of the resonance
frequency shifts over the period t = 50–60 min at each concentra-
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Fig. 4. (a) Resonance frequency shift, f, versus time of the PEMS in diluted serum
spiked with 0 nM (stars), 0.06 nM (squares), 0.6 nM (up triangles), 6 nM (circles),
60 nM (down triangles), and 600 nM (diamonds) of Her2. The curve presented is
the average sensor response of 3 trials, and the standard deviation between trials
is depicted using the error bars. The f measured were −2200 ± 120, −1082 ± 180,
−528 ± 57, −194 ± 70, and −28 ± 40 Hz for 60,000, 6000, 600, 60, and 6 ng/ml of
Her2 in diluted serum, respectively. (b) The blowup of f versus time at low concentrations.

tion was obtained to approximate the “equilibrium” resonance
frequency shifts, f. This method for calculating f was described
in a previous publication [36]. The obtained f were −2200 ± 53,
−1082 ± 54, −528 ± 38, −194 ± 42, and −28 ± 15 Hz for 60,000,
6000, 600, 60, and 6 ng/ml of Her2 in diluted serum, respectively.
Note that the standard deviation for the “equilibrium” f obtained
above was essentially the half bandwidth of f at t = 50–60 min.
Using this deﬁnition, the “equilibrium” f at t = 60 min for 0 ng/ml
Her2 concentration was approximately 1 ± 1 Hz. The smaller standard deviation (1 Hz) obtained over t = 50–60 min than the 4 Hz
standard deviation over the entire 60 min was presumably due to
the smaller time interval of only 10 min. Clearly, the obtained “equilibrium” f of 28 ± 15 Hz shift at t = 60 min at 6 ng/ml (0.06 nM)
was well above the 4 Hz standard deviation of the control over
60 min (or 1 Hz over the last 10 min), indicating the validity of
the obtained f at this concentration. The reason for the slow,
almost linear response over the 60 min of detection at this concentration was in part due to the low concentration as well as the
moderately low afﬁnity of this scFv. It is also worth noting that
the ﬂuctuations of f with time were higher at a higher Her2 con-
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Fig. 5. (a) Resonance frequency shift, f, at t = 60 min versus c and (b)  versus c where c was the Her2 concentration,  = f/fs with fs = −2250 Hz approximated as the
f = at t = 60 min at 600 nM. The solid line in (a) and (b) were calculated f and  based on Kd = 3 ± 0.3 × 10−8 M, respectively. Also plotted in (b) are the results from BIAcore
(full circles), which was in agreement with the PEMS results.

centration. Even at the late stage of the detection at t = 50–60 min
where the binding of Her2 almost saturated the standard deviations over this period were still 53, 54, 38, 42 Hz at 60,000, 6000,
600, 60 ng/ml of Her2, respectively higher than the 15 Hz at 6 ng/ml
and the 4 Hz standard deviation over 60 min or the 1 Hz standard
deviation at t = 50–60 min at 0 ng/ml of Her2. The same trend of
larger f ﬂuctuations with time at a higher concentration has
also been observed in in situ detection of other biological systems
[5–7,10,11,13]. It was likely that the ﬂuctuations of f during detection were related to binding, unbinding and re-arrangement of the
antigen on the sensor surface. Such binding, unbinding events have
been in situ illustrated by the binding and unbinding events of single Cryptosporidium parvum oocysts in CP detection at extreme low
concentrations (1 Cp/10 ml) [7].
3.3. Determination of the dissociation constant, Kd using PEMS
In Fig. 5(a), we plot f versus Her2 concentration, c where
f was the equilibrium resonance frequency shift approximated
by the time averaged resonance frequency shift in the period
t = 50–60 min. The data points in Fig. 5(a) and (b) are the average
of 2–3 independent runs with error bars indicating the variation in sensor response between trials. Because the preliminary
Kd obtained by earlier BIAcore studies was 3.4 × 10−8 M, which
was about 18 times smaller than the concentration of 600 nM

at 60,000 ng/ml, we thus approximated the f at 60,000 ng/ml,
−2200 Hz as the equilibrium saturated resonance frequency shift,
fs . The fraction of saturation, , which is deﬁned as the equilibrium fraction of bound binding sites out of all available binding
sites on the sensor surface can be estimated as the ratio of the
equilibrium resonance frequency shift f(c) at concentration c to
fs . Approximating the f at concentration c as the equilibrium
f(c), the equilibrium fraction of saturation can then be deduced
as  = f(c)/fs . The obtained  versus c is plotted as open squares
in Fig. 5(b). The equilibrium dissociation constant, Kd is related to
the Her2 concentration, c, as
=

c/Kd
.
1 + c/Kd

(1)

With Eq. (1), the best ﬁt to the data points in Fig. 5(b) could be
obtained with Kd = 3.3 ± 0.3 × 10−8 M. The solid line in Fig. 5(b)
was obtained with Kd = 3.3 × 10−8 M. As can be seen, the solid
line agreed well with the experimental data points, indicating the
deduced Kd was reasonable.
Using the theoretical curve, an estimation of Kd was obtained
based on the data points with  < 0.2 as an independent check
of the ﬁt shown in Fig. 5(a) and (b). Note that with Eq. (1)
where c is the Her2 concentration and Kd the dissociation constant,  can be approximated as  ∼
= c/Kd for c/Kd ≤ 0.2 (or  < 0.2).
This indicates that if  versus c is plotted in the range of
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fell on the solid line deduced by the PEMS results, indicating the
agreement of the Kd value determined from BIAcore based on the
fractional equilibrium response with the results obtained with the
PEMS. The deduced Kd value from the BIAcore data by ﬁtting to Eq.
(1) was also 3 × 10−8 M, again, in agreement with the PEMS result of
3.3 ± 0.3 × 10−8 M. In addition, the 2 parameter [37] of the present
BIAcore measurements was 6, smaller than 10, indicative that the
values for ka , kd , Kd deduced from the BIAcore were statistically
valid [37], further conﬁrming the validity of the Kd value determined by the PEMS. In a recent study, Lin et al. measured Kd using
a dual-polarization interferometric (DPI) biosensor and compared
with that obtained by ELISA [38]. They showed that the Kd obtained
by the DPI method was in close agreement with that obtained by
ELISA, indicating that carefully measured Kd values could be independent of the methods used and supporting our comparison of the
Kd obtained by the PEMS with that obtained by the BIAcore.
4. Conclusion
Fig. 6. (a) BIAcore response versus time of the H3-coated chips and anti-EGFRcoated control chips at 150 and 76 nM and (b) the BIAcore response of the H3-coated
chips versus time after subtracting the response of anti-EGFR-coated control chips.

 < 0.2, the inverse of the slope would approximate Kd . Such a
separate analysis in the range of  < 0.2 would provide an independent check for the ﬁt for the entire concentration range using
Kd = 3 × 10−8 M. In Fig. 5(c), we plot  versus c for  < 0.2. The slope
of Fig. 5(c) is (3.4 ± 1.2) × 107 M−1 . The inverse of this slope yielded
Kd = (3.3 ± 1.3) × 10−8 M, consistent with the value 3 × 10−8 M used
to generate the solid lines in Fig. 5(a) and (b), indicating that the ﬁt
shown in Fig. 5(a) and (b) is reasonable.
3.4. Kd validation by BIAcore measurements
The binding kinetics of H3 scFv to Her2 was also examined using
a BIAcore 1000 instrument (BIAcore, Piscataway, NJ) using recombinant Her2 bound to a CM5 sensor chip with epidermal growth
factor receptor (EGFR) bound to a different CM5 sensor chip as the
reference. The response of the BIAcore was recorded at H3 scFv
concentrations 150 nM and 76 nM across the Her2 and EGFR chips,
and the results are shown in Fig. 6(a). The response measured from
the EGFR chip was used as an assessment of the background and
was subtracted from the response measured for the Her2 chip. The
response of the Her2 chip after the background correction is shown
in Fig. 6(b). Sections of the curve associated with H3 binding and
unbinding were then ﬁtted to the following equation:
dR
= ka c(Rmax − R) − kd R,
dt

(2)

where R and Rmax were the response signal and the maximum
response signal at saturation, respectively, t the time, c the H3
concentration, and ka and kd were the association and dissociation rate constants, respectively. The value for ka was deduced to
be 2.3 × 105 M−1 s−1 and kd to be 6.8 × 10−3 s−1 . Using these values, the equilibrium dissociation constant Kd = kd /ka was deduced
to be 3 × 10−8 M. Combining with the result of 3.4 × 10−8 M that we
obtained earlier, we had a Kd of 3.2 ± 0.3 × 10−8 in agreement with
the 3.3 ± 0.3 × 10−8 M obtained by the PEMS.
In addition to obtaining Kd from ka and kd as deduced from
the adsorption and desorption sections of the BIAcore curves, the
fractional equilibrium response, , used in Eq. (1) could also be
obtained as the ratio of the equilibrium response, R, to the maximum response Rmax , as R/Rmax . With Rmax = 308 RU, the values
of  were determined to be 0.83 and 0.74 for 150 nM and 76 nM,
respectively. These values were also plotted in Fig. 5(b) as full
circles. Clearly, the full circles from the BIAcore measurements

We have investigated real-time, label-free, in situ detection of
Her2 in diluted serum using the ﬁrst longitudinal extension mode of
a PZT/glass PEMS with H3 scFv immobilized on the MPS insulation
layer of the PEMS surface. We showed that with the longitudinal
extension mode, a PZT/glass PEMS consisting of a 1 mm long and
127 mm thick PZT layer bonded with a 75 mm thick glass layer with
a 1.8 mm long glass tip could detect Her2 at a concentration of
6–60 ng/ml (or 0.06–0.6 nM) in diluted human serum, which were
about 100 times lower than the concentration limit using the lowerfrequency ﬂexural mode of a PZT/glass PEMS of similar dimensions.
With such concentration sensitivity, we further showed that PEMS
could be used to accurately determine the equilibrium H3–Her2
dissociation constant Kd . The Kd = 3.3 ± 0.3 × 10−8 M as deduced by
the PEMS measurements. The value for Kd deduced by BIAcore was
also 3.2 ± 0.3 × 10−8 M, consistent with that obtained by PEMS.
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