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A small synthetic peptide with nanomolar affinity for
cardiac troponin I (Tnl), previously identified from a
polyvalent phage displayed library, has been immobilized
on a gold surface for Tnl detection. The binding affinity
of gold-immobilized peptides for Tnl was studied and
compared with that of phage-immobilized peptides. Quartz
crystal microbalance (QCM), cyclic voltammetry, and
electrochemical impedance spectroscopy (EIS) were used
to monitor both the immobilization and target binding
processes. All three techniques show that the binding is
specific for Tnl as compared to a streptavidin (SA) control.
The response curves obtained at Tnl concentrations
ranging from 0 to 10 pg/mlL, using both QCM and EIS,
were also compared. For the EIS measurements, the
sensitivity was 0.30 £+ 0.030 normalized impedance/(ug/
mL) and the limit of detection (LOD) was 0.34 pg/mL.
Using the QCM, a sensitivity of 18 + 1 Hz/(ug/mL) was
obtained, corresponding to an LOD of 0.11 pg/mL.
Although the QCM demonstrated a lower LOD as com-
pared to EIS, the latter technique exhibited a larger linear
dynamic range than QCM. In a relevant tissue culture
milieu, Minimum Essential Media (MEM), the sensitivity
of the EIS measurement was greater than that obtained
in a phosphate buffer system (PBS). The kinetics of target
binding using QCM were analyzed by two independent
methods, and the dissociation constants (Kp = 66 + 4
nM and 17 + 8 nM) were an order of magnitude higher
than that calculated for the polyvalent phage particles
(Kp = 2.5 + 0.1 nM). Even though the affinity of the
immobilized peptides for Tnl was somewhat reduced,
overall, these results demonstrate that peptides ob-
tained from the biopanning of phage display libraries
can be readily used as sensing probes in biosensor
development.

Cardiac troponin I (Tnl), with a molecular weight of 24 kDa,?
is part of the troponin complex that is present in cardiac muscle
tissues. For more than 15 years, Tnl has been known as a reliable
biomarker of cardiac muscle tissue injury and used in the early
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diagnosis of acute myocardial infarction (AMI).> ® Compared to
other biomarkers, such as CK-MB, FABP3, myoglobin, and LDH
isoenzymes, Tnl has higher specificity and selectivity for AMI.9 14
Following myocardial damage in AMI, the troponin complex
releases Tnl into the bloodstream. The Tnl concentration in blood
increases from ~10 ng/mL in healthy people to a peak value as
high as ~100 ng/mL after 12—24 h. After 6—8 days, the Tnl levels
return to normal, and thus, this biomarker provides a long window
for detection,>9112:15

Conventional enzyme-linked immunosorbent assays (ELISA)
are most frequently used for quantitative detection of Tnl, and
the commercially available sensors have limits of detection (LOD)
ranging from 0.001 to 0.1 ng/mL.%6718 Other Tnl sensors have
been reported using fluorescence resonance energy transfer
(FRET; LOD, 1-800 ng/mL)**2?° and electrochemical techniques
such as anodic stripping voltammetry and cyclic voltammetry
(LOD, 0.1—0.5 ng/mL).2?2 These techniques rely on antibodies
for biomolecular recognition and require multistep processing and
labeling of the samples. We have recently identified a 12 amino
acid peptide that specifically binds to Tnl with nanomolar affinity
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using phage display technology.?*> Compared to more complex
affinity scaffolds, short linear peptides have several advantages
for biosensor development: (1) peptides can be synthesized easily
and inexpensively; (2) peptides are more stable and resistant to
harsh environments; and (3) peptides are more amenable than
antibodies to engineering at the molecular level.?*~2” There have
been some reports where the entire phage particles (with multiple
copies of the peptides) are employed as the sensing probes on
biosensors.?#~32 Although phage display has been widely applied
to identify peptides or proteins with specific binding capabilities,
the application of the free peptides in the development of
biosensors is rarely reported.

The application of the chemically synthesized peptide rather
than the polyvalent phage particle as the sensing moiety to detect
target proteins is a valuable and versatile approach, but further
studies on the transition from phage to peptide chip immobilization
are required. For example, studies have been conducted with
immobilized peptides identified by phage display to create sensors
for camptothecin (CPT) and trinitrotoluene (TNT).>*~36 A multi-
step modification of the surface was needed for the peptide
immobilization process. In this work, we have begun to determine
a general and practical approach to use newly evolved peptides
for biosensor application. A quartz crystal microbalance (QCM)
and electrochemical techniques were used to monitor both the
sensor surface preparation and subsequent binding properties of
immobilized peptides for the target Tnl.

QCM has been widely used in biosensors since it is regarded
as a labelfree technique.®*"~*2 It can detect the mass change,
Am, that is physically coupled or bound to the crystal surface by
measuring the resonant frequency change, Af, of the vibrating
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crystal. Many QCM instruments can also measure the dissipation
energy, D, or crystal resistance, AR, providing supporting informa-
tion related to the structure of the surface film. Another advantage
of QCM is that it is a real-time and in situ technique, so that its
output provides an indication of whether binding reaches a steady
state at a specific time. The disadvantage of QCM is its sensitivity
to extraneous environmental conditions, such as temperature and
vibration, during the measurement.

Electrochemical techniques can also be used for the creation
of label-free biosensors.**~*! They are low-cost, fast responding,
and require minimal maintenance. Electrodes can be easily
integrated into microfabricated chips and used as portable test
tools for field measurements.*®°? Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) are frequently used
techniques. Depending on the electrolytes, two methods of
performing EIS are often used.®®>* In the first approach, a
nonfaradaic or capacitive impedance is measured.”® " In the other
approach, a faradaic impedance, using a redox couple such as
the ferri/ferrocyanide couple, is measured. The nonfaradaic
impedance measurement avoids the complexity resulting from the
introduction of the redox couple but usually shows lower sensitiv-
ity than a faradaic impedance measurement.*>*%5% For these
measurements, increases in both the faradaic and nonfaradaic
impedance are related to molecules (including Tnl bound by
peptide) that are adsorbed on the gold electrode. Both the density
of attached molecules and their orientation impact the impedance
by hindering current flow across the electrode/electrolyte interface.

The biosensors envisioned in the present study are intended
for downstream detection of Tnl produced from cardiac cell
culture grown in microfluidic devices. The determination of the
LOD of these biosensors is an important factor for consideration
in the system design. In vitro studies can be used to provide an
estimate of the amount of Tnl that will be produced by the cultured
cells. For example, isolated rat cardiac cells in vitro have been
shown to release ~80% of their initial Tnl content into their culture
media when the cells were exposed to toxic substances.’®"® The
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packing of cells within the device, the geometric and microfluidic
designs, and the mode of operation of the chip will ultimately
determine the analyte concentration range that will need to be
detected using these sensors.

In this report, we aim to provide a more general approach to
the utilization of peptides identified by biopanning of phage
displayed libraries for biosensor applications. The selected pep-
tides were immobilized on gold surface via cysteine amino acid
added to the C-terminus of the peptide. The response curves
obtained using QCM and EIS were compared. The QCM mea-
surements resulted in a lower LOD, but EIS shows a larger linear
response range. The kinetics of the binding of the Tnl target using
QCM were used to obtained binding constants, and these were
compared to binding constants using peptides left on the phage
particles. The results demonstrate that peptides obtained from
phage display experiments can be readily incorporated onto gold
surfaces for use in biosensor development.

EXPERIMENTAL DETAILS

Reagents and Solutions. All reagents in this work were
analytical grade unless otherwise stated. Troponin I (Tnl, human
heart) was obtained from Lee Biosolutions, Inc. (St. Louis,
Missouri). Streptavidin (SA) from Streptomyces avidinii and
L-cysteine hydrochloride (98%) were obtained from Sigma-Aldrich
(St. Louis, MO). Peptides (90% purity) for binding of Tnl (TnPep,
sequence: FYSHSFHENWPS-Cys) and for binding SA (SAPep,
sequence: WSHPQFEKGSGS-Cys) were synthesized by Genscript
(Piscataway, NJ). Buffer solutions (pH = 7) containing 0.1 M
phosphate, 0.25 M NaCl, and 1 mM EDTA were used to make all
protein (1-10 ug/mL) and peptide (0.1 mM) buffer solutions
unless otherwise stated. Minimum Essential Medium (MEM) was
obtained from Sigma-Aldrich. All solutions were prepared using
Milli-Q water.

QCM Measurements. The QCM system consisted of a phase
lock oscillator (PLO-10i, Maxtek, East Syracuse, New York) and
a frequency counter (53131A, Agilent Technologies, Santa Clara,
CA). Quartz crystals (5 MHz) with Au deposited on both sides
were purchased from Inficon (East Syracuse, New York). The
crystals were cleaned in piranha solution for 30 s, then rinsed
with Milli-Q water, and finally dried under nitrogen flow before
each use. A flow cell, FC-550 (Inficon), was installed on the crystal
to create a flow chamber of approximately 0.1 mL. Solutions were
pumped through the flow cell by a syringe pump (New Era Pump
Systems Inc., Farmingdale, NY). Typically, a stable baseline was
achieved 1 h after flow injection on a clean crystal at a flow rate
of 50 uL/min.

Electrochemical Measurements. All the electrochemical
measurements were performed with a uyAUTOLAB potentiostat
(Type III, FRA2, Metrohm Autolab, Netherlands). A gold wire
(diameter 1 mm) sealed in epoxy and a platinum mesh were used
as the working and counter electrode, respectively. The potentials
were measured vs Ag/AgCl reference electrode. Both cyclic
voltammetry and EIS measurements were conducted in a solution
of 1 mM ferro/ferricyanide in 0.1 M sodium perchlorate, except
for the redox-free impedance measurement.
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The working electrodes were polished with 1 ym alumina
slurry, sonicated, and rinsed thoroughly with water before each
use. The cleaned electrodes were further tested in 0.1 M H,SO,
by scanning the potential between —0.5 and 1.4 V until
reproducible scan results were obtained. Typically, the gold
electrodes were immersed in 0.1 mM peptide solution for 1 h
and then rinsed with water. The Au—pep electrodes were
subsequently immersed in 1 mM cysteine solution for 2 h to
block any remaining bare Au surface. After that, the Au—
pep—cys electrodes were taken out of the cysteine solution and
transferred to the ferro/ferricyanide solution for the cyclic
voltammetry and EIS measurements. After the electrochemical
measurement, the Au—pep—cys electrodes were incubated in
Tnl solution for 1 h. Finally, the Au—pep—cys—Tnl electrodes
were removed, rinsed, and transferred back to the ferro/
ferricyanide solution for the final electrochemical measurements.

CV experiments were performed at a scan rate of 100 mV/s.
Impedance spectra were recorded over a frequency range of
0.1-10° Hz. Impedance at 115 Hz was measured in the time-
course measurements. A single sinusoidal AC voltage of 10
mV was superimposed on the open-circuit potential (typically
0.22 V vs Ag/AgCl).

RESULTS AND DISCUSSION

Sensor Preparation. A short peptide (ITnPep) with amino acid
sequence of FYSHSFHENWPS has previously been identified and
characterized.?® The peptide was found to specifically bind to Tnl
when five copies of these peptides were displayed on polyvalent
phage particles. In order to use this peptide in the development
of a Tnl biosensor, the peptide has been modified with a
C-terminal cysteine for immobilization on gold.

The preparation steps of the sensors are shown in Figure 1.
The formation of the sensing layer includes the immobilization
of the peptide (step 1, Figure 1) and blocking of empty sites with
cysteine (step 2, Figure 1). Both processes were monitored by
QCM and electrochemical (CV and EIS) measurements.

The total frequency change, Af, of the QCM crystal immersed
in a liquid containing the binding analyte is

A= AN, + M @

where Af, and Af are the frequency changes due to mass
loading and liquid viscosity/density change. The mass change
at the QCM crystal surface (Am) can be calculated according
to the Sauerbrey equation:®°

Af, = —Cix Am )

where C; = 0.0566 Hz/ (ng/cm?) for a 5 MHz AT-cut crystal at
20 °C.

When the QCM comes in contact with a liquid, there is a
decrease in frequency that is dependent on the viscosity #; and
density of the solution p; based on Kanazawa’s solution.®
Liquid loading also causes an increase in series resonance
resistance, R, of the crystal. A Butterworth—Van Dyke equiva-

(60) Sauerbrey, G. Z. Phys. 1959, 155, 206-222.
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Figure 1. Schematic diagram illustrating the surface preparation and
binding steps used for the biosensor: (1) immobilization of peptide,
(2) blocking with cysteine, and (3) binding and detection of target (Tnl).
All steps were studied with QCM and electrochemistry (EIS and CV).

lent circuit model®® has been applied to derive a linear
relationship between the change in series resonance resistance,
AR, and (7.p1)/2.5%%* Since both Af; and AR are proportional
to (7002, the QCM manufacturer (Maxtek, East Syracuse,
New York) gives an experimentally derived relationship be-
tween Af; and AR as shown in eq 3

AR = —kAf, ®3)

where « = 0.5 Q/Hz.

Since AR is caused only by the change of viscosity, it can be
used as an independent indicator of the near-surface viscosity
change induced by the structural change of the surface layer.
Thus, Af;, can be easily calculated from eq 3 and subtracted from
the total observed change of frequency to give a more refined
estimate of mass loading according to eq 1.

A cysteine anchor was attached at the C-terminal end of the
Tnl-binding peptide to immobilize the peptide on Au (step 1,
Figure 1). The immobilization was observed by a large (12.7 Hz)
frequency drop of the QCM when the peptide buffer solution
arrived at the cell (Figure 2A, t = 0). Despite the large frequency
change, Af, only a small corresponding resistance change (AR ~
0.65Q, corresponding to Afi, = 1.3 Hz based on eq 3) was

(62) Geelhood, S. J.; Frank, C. W.; Kanazawa, K. J. Electrochem. Soc. 2002,
149, H33-H38.
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measured (Figure 2B). As discussed in the previous section, the
frequency change resulting from rigid-mass loading can be
separated from the total observed frequency change. The Af, =
1.3 Hz due to the local viscosity change was subtracted from
the total frequency change of 12.7 Hz, resulting in Af,, = 11.4
Hz. According to eq 2, the mass loading of immobilized peptide
per area is, therefore, about 201 ng/cm? which, with a molecular
weight of 1640.8 g/mol, gives a peptide packing density of 1.2
x 1071 mol/cm? or 7.4 x 10" molecule/cm? The surface
density of peptide monolayers prepared by attaching the
peptide onto a self-assembled monolayer on Au via thiol —disulfide
exchange reactions has been reported to be 1.5 x 108
molecules/cm?2.%® Inamori et al. report a surface density of 1.8
x 10' to 1.8 x 10" molecules/cm?, depending on the attach-
ment methods for the immobilized peptide on amino-modified
Au.%® Both studies involved use of a linker between the gold
surface and the peptide instead of the direct binding of the
peptide onto gold, as in our case. The slightly denser peptide
packing obtained in our study may be due to the direct bonding
of peptide on the surface via the cysteine anchor or the smaller
size of the peptide we used. The average cross-section of each
peptide was ~1.4 nm? based on the surface density, which
indicates a dense packing mode of the immobilized peptides.
The subsequent rinse of buffer caused a small frequency
increase and resistance decrease (Af ~ 3 Hz, AR ~ 1.2Q, or
Afi, = 2.4 Hz; the vertical drop observed at the injection of buffer
was caused by the sudden pressure change due to valve
switching). Since Afis comparable to Af;, these changes were
probably due to the viscosity change upon switching to buffer.

After the immobilization of peptide, a solution of cysteine (1
mM) was introduced to block the empty sites of the gold surface.
As shown in Figure 2A, a very small frequency drop followed by
a frequency increase of about 6.3 Hz was observed. In contrast to
the peptide immobilization step, a large change in resistance was
observed in the cysteine blocking process. The initial small drop
of frequency suggests the backfilling of cysteine onto empty sites,
with a concomitant increase in surface mass during this short time
period. The following frequency increase and resistance decrease
over the next 2 h can be analyzed using the same strategy
described in the peptide case above. Since Af~ 6.5 Hz and AR ~
3.3Q (corresponding to Af; = 6.6 Hz) during this step, it seems
that almost all the frequency change is due to the changes in
the near-surface physical properties of the liquid layer; i.e., Af
is approximately equal to Af;, as opposed to changes in mass
loading. Mantzila et al. attributes the change in impedance that
occurs after blocking the free sites on the peptide—Au layer
to a change in conformation of the immobilized peptide and to
desorption.*® Our QCM data suggest the change in conforma-
tion is the main reason for the observed frequency change.
We hypothesize that the cysteine attachment causes the bound
peptide to orient perpendicular to the surface.

EIS measurements at a fixed frequency of f = 115 Hz were
used as an additional technique to monitor the surface preparation.
First, the bare Au electrode was incubated in the solution of
TnPep, and the impedance at 115 Hz was recorded over time.
Figure 2 shows that both the real (ZZ ~ R, Figure 2C) and
(65) Wegner, G. J.; Lee, H. ]J.; Corn, R. M. Anal. Chem. 2002, 74, 5161-5168.
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Figure 2. Change in frequency (panel A), crystal resistance (panel B), and impedance at f= 115 Hz (real component Z, panel C; imaginary
component Z’, panel D) during the immobilization of TnPep (0.1 mM) and subsequent blocking with cysteine (1 mM) on Au. CV (panel E) and
EIS (panel F) in 1 mM solution of Fe(CN)¢*™*~ in 0.1 M NaClO, are also shown.

imaginary (Z” ~ 1/wC, Figure 2D) components of the impedance,
Z, increased with time during the formation of the TnPep self-
assembled monolayer (SAM). Results indicate that the im-
mobilization occurs rapidly within the first few minutes and
approaches a plateau within 1 h. The TnPep—Au was then
removed, rinsed, and transferred to the cysteine solution for the
blocking procedure. Figure 2 shows that Z” (~ 1/wC, Figure 2D)
increases with time, as in the TnPep case, while Z’' (Figure 2C)
increased over the first 10 min and decreased afterward. These
two steps in the change in Z’ may be explained by the initial
backfilling of cysteine on the surface, followed by a reorganization
of the immobilized TnPep. Similar phenomenon was observed in
the QCM experiments.

Usually, a faradaic impedance measurement involving a redox
couple offers higher sensitivity than a probe-free nonfaradaic
measurement.*>*653 A Fe(CN)¢*/°~ redox couple was used as
the probe. The prepared TnPep—Au electrode was rinsed and
transferred to a Fe(CN)g /3~ solution for electrochemical
measurements. After cysteine blocking, electrochemical mea-

surements were repeated. The charge transfer between Fe-
(CN)¢*/%~ and the electrode occurs either by tunneling of
electrons through the surface SAM (TnPep or cysteine) or
through the defects (unblocked sites) on the surface.*?
Therefore, the impact of surface passivation on charge transfer
serves to decrease the peak current in CV or increase the
charge transfer resistance (Rqp) in EIS. Figure 2 shows the
cyclic voltammograms (panel E) and Nyquist plots of the EIS
(panel F) of bare Au, Au—TnPep, and Au—TnPep—cys electrodes
in Fe(CN)4*/3~ solutions. The largest peak current and smallest
Rcr was observed for the bare gold electrode. After the
modification by TnPep, a dramatic decrease in current and
increase in Rcr were seen. These results also suggest the
formation of a dense monolayer of immobilized TnPep on Au.
Further blocking with cysteine actually lowered the extent of
surface passivation, resulting in a peak current increase and
impedance decrease compared to the unblocked surface. If the
addition of cysteine blocks the bare sites without changing the
conformation of the previously immobilized TnPep, a higher
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Figure 3. Shift in frequency in response to injection of Tnl and SA
on SAPep—cys modified Au (panel A) and TnPep—cys modified Au
(panel B). The concentrations of the Tnl and SA solutions were 10
ug/mL in buffer.

extent of surface passivation, resulting in a lower peak current
and higher impedance, would be expected. However, our
experimental results showed the opposite effect for both the
current and impedance. This may again be explained by
reorganization of the immobilized TnPep monolayer upon
backfilling with cysteine, as suggested also in the QCM and
redox-free impedance experiments.

Tnl Sensor Operation. QCM, CV, and EIS measurements
validate the formation of the sensing layer. The same techniques
were used to demonstrate an affinity of the bound TnPep for Tnl
and to study the selectivity of the sensor to Tnl.

As an indication of the specificity of the binding between TnPep
and Tnl, a second protein, streptavidin (SA), and a corresponding
peptide that specifically binds to SA (SAPep)®”®® were used as a
control protein and peptide. Both Tnl and SA show affinity to bare
gold (data not shown), presumably due to electrostatic attractions.
The SAM of cysteine on the gold surface significantly reduced
the nonspecific binding (data not shown). The QCM results of
Tnl and SA binding to SAPep (Figure 3A) and to TnPep (Figure
3B) are shown in Figure 3. TnPep (Figure 3B) shows a large
frequency change upon the introduction of Tnl but almost no
frequency change upon the introduction of SA. As expected, the

(67) Korndorfer, 1. P.; Skerra, A. Protein Sci. 2002, 11, 883-893.
(68) Schmidt, T. G. M.; Koepke, J.; Frank, R.; Skerra, A. J. Mol. Biol. 1996,
255, 753-766.
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Figure 4. CVs of TnPep—cys modified Au before (baseline) and
after SA and Tnl binding. After incubation in 10 ug/mL SA or Tnl,
electrodes were transferred to a 1 mM solution of Fe(CN)g*~*~in 0.1
M NaClO, for the measurements. The scan rate was 100 mV/s.

SAPep (Figure 3A) shows the opposite behavior. When either Tnl
or SA solution is introduced, the SAPep demonstrated selectivity
for SA, although the frequency shift indicated some affinity for
Tnl as well. The rinse steps demonstrated a decrease of mass on
the surface, but it is not clear if this is due to some desorption of
the proteins from the peptides or from the removal of nonspe-
cifically bound proteins from the surface. These results show that
binding is strong between the matched protein—peptide pairs, and
considering only these combinations, the TnPep and Tnl pairing
is more selective than SAPep with SA. This proves that affinity
properties are retained and that TnPep selected by phage display
technology remains effective when immobilized on Au. The
success of the transition from phage particles to the Au surface
makes it possible to build a Tnl biomarker sensor using this
simple, synthesizable peptide film within a microfluidic chip.

To study the binding of TnPep to Tnl and to allow for simple,
inexpensive, portable systems, electrochemical techniques were
applied in addition to QCM. SA and SAPep were again used as a
control system. Figure 4 shows the CV of Au—TnPep—cys before
(baseline) and after SA and Tnl exposure. As shown in Figure 4,
insignificant differences in current were observed before and after
the electrode was exposed to SA, indicating no binding occurred
between SA and TnPep. The binding of Tnl with TnPep was
confirmed by the large current decrease after Tnl binding. The
binding of bulky Tnl on the sensor hinders the electron transfer,
resulting in a much smaller current. The negative control of the
SA test suggested that the binding between TnPep and Tnl is
specific.

The prepared CV samples were then rinsed and transferred
to a 1 mM solution of Fe(CN)¢*~/3~ in 0.1 M NaClO, for EIS
measurements. Figure 5 shows Nyquist plots of these samples.
To allow for facile data analysis, the electrochemical cell can be
represented by an equivalent circuit composed of Rcr, a Warburg
impedance Z,, a capacitance which is represented by a constant
phase element @ and resistance of solution R, as shown in
the upper right insert of Figure 5.4%%° R.r was obtained by
fitting the curves in Figure 5 with EIS software using the
equivalent circuit model, and the resulting Rcr is shown in the

(69) Bard, A. ]J.; Faulkner, L. R. Electrochemical Methods: Fundamentals and
Applications, John Wiley, New York, 1982.
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top left inset. Almost no difference in Rcr was observed for SA
exposure to TnPep—modified Au, indicating no binding oc-
curred between SA and TnPep. The binding of Tnl with TnPep
was suggested by the large Rt increase, in agreement with
the current decrease in Figure 4.

The quantitative detection of Tnl at different concentrations
was also performed on QCM and EIS, respectively, and the two
methods are compared. The QCM frequency change as a function
of Tnl concentration is summarized in Figure 6A. The apparent
amount of bound Tnl, Ny, estimated from eqs 1-3, is also
shown on the right ordinate. A higher sensitivity was observed
at concentrations below 1 ug/mL. The sensitivity in the lower
concentration region (<1 ug/mlL) is calculated to be ~18 Hz/
(ug/mL) based on the slope of the fitted line in this region. The
corresponding surface density of Tnl bound on TnPep is between
4 x 107 and 2 x 107! mol/cm? in the studied concentration
range. Since the surface density of TnPep has been estimated
as 1.2 x 1071 mol/cm? in Sensor Preparation, the molar ratio
of TnPep to Tnl is between 30:1 and 6:1 in the Tnl concentration
range of 0.25—6 ug/mL.

The quantitative relationship between Tnl concentration and
Rcr measured in EIS was also characterized. There are two
methods to perform a response test: a sequential dose injection
on one electrode or independent tests on different electrodes
in parallel. The latter method is closer to a normal testing
protocol and is more stringent because it requires identical
electrode morphologies and modifications. Usually, this is
difficult to achieve in practice and poor reproducibility has been
reported in many cases.*”** We performed both methods in
buffer solutions in our study, and the results are shown in Figure
6B. To best simulate a potential biosensor environment, additional
tests were made using solutions of Tnl in Minimum Essential
Media (MEM) which is a widely used synthetic cell culture media.
A normalized change in Rqr was chosen to characterize the
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Figure 6. Response curves of Tnl binding as determined by QCM
(panel A) and EIS (panel B). Filled squares are results obtained from
electrodes tested in parallel. Open symbols are results obtained from
one electrode under successive tests in Tnl solutions in buffer (open
square) and in Minimum Essential Media (MEM) (open circle) from
low to high concentration. Error bars represent standard deviations
obtained from triplicate measurements.

signal response to minimize the individual differences between
samples. Sensors tested in both media show small responses
(<4% for buffer and <10% for MEM) to blank samples containing
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no Tnl. Larger error bars were observed at higher concentra-
tion ranges. The sensitivity (defined as the slope of the
calibration curve) and limit of detection (LOD, defined as the
average blank value plus 3 times the value of the standard
deviation of the blank value, converted to Tnl concentrations)”°
for QCM measurements were determined to be

Sensitivity (at<lug/mlL) = 18 + 1Hz/(ug/mL)
LOD = 0.11ug/mL

and for EIS:

Sensitivity (at<3ug/mL) = 0.30 &+ 0.030normalized impedance/

(ug/mL)
LOD = 0.34ug/mL

These LOD values are significantly higher than those reported
for commercial Tnl assays (<0.1 ng/mL) which use antibody-
based platforms.® Larger signals were obtained for samples in
MEM than those in buffer throughout the tested concentration
range, indicating an increased sensitivity in this milieu.

Compared to the response curves in QCM, the EIS curve was
more linear across the 0—10 ug/mL concentration range. The
response curve of any affinity biosensor arises from two separate
events: the affinity step and the readout step.”* In QCM, the signal
(frequency change, Af) is proportional to the mass loading of
bound Tnl. During an impedance measurement, the signal (Rct)
is directly related to surface passivation or the hindrance of
interfacial electron transfer. At high concentration, impedance
may still increase significantly even though the amount of
bound Tnl only increases by a small amount if the binding of
additional Tnl results in a large change in the interfacial
electron transfer impedance.

Another complicating factor is whether the binding is con-
trolled kinetically or reaches equilibrium during the experiment.>
In QCM, the Af—time curve can be monitored throughout the
experiments to determine whether the binding reaches a steady
state. In contrast, impedance measurements are performed at a
single time point. In this case, the samples were left in Tnl
solutions at different concentrations for 1 h. At low concentrations
of Tnl, the binding may not have reached the equilibrium in 1 h.

Kinetics of Tnl Binding on QCM. The QCM data can be
used to directly study the kinetics of Tnl binding by TnPep. The
equilibrium dissociation constant, K4, can be obtained via two
independent methods*!"!72 either from estimation of £o,/kos OF
from equilibrium calculations. A plot of d(Af)/dt vs Af gives a
line with slope of — (k,nC + ko) or 7! where 7 is the relaxation
time of binding. If ™! is plotted against C for various concentra-
tions of Tnl, the resulting slope is equal to k&, and the intercept
is equal to k. The dissociation constant Ky can then be
calculated since Ky = koi/ky,. Alternatively, when binding
reaches equilibrium (the plateau in the Afvs ¢ curve), the plot
of frequency change, Af,, vs Af.,/C gives a slope of Kj.

(70) Gonzalez, A. G.; Herrador, M. A. TrAC, Trends Anal. Chem. 2007, 26,
227-238.

(71) Felder, S.; Zhou, M.; Hu, P.; Urena, J.; Ullrich, A.; Chaudhuri, M.; White,
M.; Shoelson, S. E.; Schlessinger, J. Mol. Cell. Biol. 1993, 13, 1449-1455.

(72) Payne, G.; Shoelson, S. E.; Gish, G. D.; Pawson, T.; Walsh, C. T. Proc. Natl.
Acad. Sci. U.S.A. 1993, 90, 4902-4906.

8242 Analytical Chemistry, Vol. 82, No. 19, October 1, 2010

A 0.0014 ; . ; ; ; :
0.0012} «
0.0010} .

0.0008 1
~~

2 0.0006} .
e
0.0004

T
1

0.0002 - 4

00000 1 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 25 3.0

C(ug/ml)

2 4 6 8 10 12 14 16 18
47, (Hz/pg/mL)

Figure 7. Kinetic constants of Tnl binding to TnPep as determined
from kinetic and equilibrium analysis of QCM measurements. (Panel
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Both methods were used in this work to calculate K4 The
plots of k£ vs C (panel A) and Af., vs Afeq/ C (panel B) are shown
in Figure 7. The on and off rate constants and the equilibrium
dissociation constant obtained from the first method are %,, =
(3.7+£0.5) x 107* (ug/mL) 's ' or (8.9 +1.2) x 10° M~ Is7, kyy
=(1.5+£0.9) 24>10*s"!, and Ky = 0.4 + 0.2 ug/mL or 17 £
8 nM. The equilibrium dissociation constant obtained from the
equilibrium state is K3 = 1.5 £ 0.1 ug/mL or 66 £ 4 nM. The
equilibrium dissociation constant of TnPep on phage is Ky =
2.5+ 0.1 nM, which indicates a better binding of Tnl by the
peptides on the phage particles, as compared to the same
peptides immobilized on gold. When peptides are immobilized
on M13 phage particles, five copies of the peptide are displayed
in close proximity on one end of the phage particles. The
selection process may favor multiple interactions between the
peptides and the Tnl target that could be facilitated by
the structure of the phage particles. When the peptides are
transferred to the gold surface, it is possible that the confor-
mational arrangements of the peptides are altered, leading to
reduced avidity and/or affinity for the target protein.

When Cryy; > Ky, 0 (surface coverage of Tnl) < 1 and the
response saturates. For Cr,; < Ky, 0 is proportional to Cryy. In
the QCM, since the readout Afis proportional to 6, one would
expect the QCM sensor output to be proportional to the target
concentration Cry in the low-concentration regime. This agrees
with the response curve using QCM in Figure 6A.



Comparison of QCM, CV, and EIS. QCM, CV, and EIS were
used in our study as the measurement techniques for developing
a Tnl biosensor. All three techniques show that the peptide is
specific for Tnl as compared to the SA control protein. CV
measurements failed to give a quantitative response due to the
extremely small current passed on the highly passivated surface
upon binding of Tnl. Both QCM and EIS demonstrated quantita-
tive responses to Tnl in the concentration range of 0—10 ug/mL.
The LOD of QCM (0.11 ug/mL) is lower than that of EIS (0.34
ug/mL). However, the lower LOD is mainly due to the lower
background noise level that can be achieved using QCM. In QCM,
which is operated using a flow cell, the blank buffer solution can
be introduced by switching valves. In contrast, the EIS electrodes
were prepared in blank buffer solution, rinsed, and transferred to
Fe(CN)4*/3~ solutions for measurements. EIS, however, dem-
onstrates a larger linear dynamic range than QCM. Considering
the development of a biosensor that can be used in field, EIS
is easier to integrate into a device than a QCM probe because
the QCM requires highly stable temperature and pressure
controls and may involve more complex microfabrication
routes. EIS measurements were faster and simpler than the
QCM measurements, but a significant limitation is the need
for the addition of the Fe(CN)4*/3~ solution prior to measure-
ment. Overall, EIS is a more appealing choice than QCM for a
deployable biosensor. Nevertheless, QCM is a valuable rapid
diagnostic tool for laboratory use for target recognition since
it simply responds to changes in surface mass loading (target
binding) and is a real-time monitoring technique.

CONCLUSIONS

In this work, a small synthetic peptide identified from a
polyvalent phage displayed library was immobilized on a gold
surface via an attached cysteine moiety. The affinity of the
immobilized peptide for Tnl was studied by QCM, CV, and EIS.
All three techniques indicate that the immobilized peptide binds
the Tnl protein target, and therefore, the Tnl peptide is a valuable
recognition sequence for this important biomarker of heart
trauma.

To deploy this peptide in a biosensor device, several alternative
methods were developed and used to detect Tnl at concentrations
important to cell culture conditions. Among these methods, QCM
and EIS show promise as a quantitative portable detection method
but not CV. The response curves to Tnl at concentrations between
0 and 10 ug/mL obtained in QCM and EIS were compared. QCM
showed a response curve reaching saturation at high concentra-
tions while EIS showed a more linear response over the tested
concentration range with an LOD of 0.34 ug/mL. The kinetics of
binding on QCM was studied by two independent analyses, and
the dissociation constants (Kp = 66 nM and Kp = 17 nM) were
found to be higher than that measured when the peptides
remained attached polyvalently on phage particles (Kp = 2.5
nM). In the MEM tissue culture media, a higher sensitivity of
the EIS measurements was obtained as compared to measure-
ments made in buffer. The ability to respond to Tnl in complex
MEM makes the combination of TnPep and EIS extremely
attractive as the recognition scheme for troponin release from
cardiac cell culture upon toxin exposure in a microfluidic
format.

To the best of our knowledge, this is the first example of the
use of Tnl binding peptides obtained from polyvalent phage display
for Tnl sensor development. These results may enable new
sensing probes for detecting cardiac biomarkers as well as
providing a general example for application of affinity peptides
identified from phage display libraries to sensor development.
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