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Abstract

An impedance biosensor is reported that employs the bidentate thiol, 16-[3,5-
bis(mercaptomethyl)phenoxy]-hexadecanoic acid (BMPHA), as a bifunctional reagent for
antibody immobilization atop an Au electrode, and the results are compared to those obtained for
the analogous monodentate reagent, 16-mercaptohexadecanoic acid (16 MHA). The detection
limit for peanut protein Ara h 1 on the BMPHA bidentate thiol- coated Au electrode is

approximately 0.71 ng/mL (0.01 nM), about 3x lower than that obtained on the comparable


mailto:isuni@siu.edu

monodentate (16-MHA) thiol-coated Au electrode. Daily impedance measurements were
employed to study antibody regeneration with a mild denaturing agent, 0.2 M KSCN at pH 7.3.
The antibody-coated electrodes retained activity towards Ara h1 for 10 and 20 days of regeneration
of the monodentate- and BMPHA-coated Au electrodes, respectively, illustrating the superior

stability of protein films atop the BMPHA bidentate thiol.



Introduction

Biomolecule immobilization onto metallic surfaces through self-assembled monolayers
(SAMs) is attractive for biosensing because (1) the short length of the linker chain allows for
electrical interrogation, and (2) covalent bond formation to proteins allows for the creation of a
stable interface. SAMs are also ideal systems for fundamental and applied studies of electro-optic
devices, corrosion, lubrication, adhesion, biocatalysis, molecular recognition, and sensing
devices.! Many combinations of metal surfaces and organic molecules have been studied for SAM
formation, but alkane thiol SAMs on noble metal surfaces (especially Au) have attracted the most
interest for preparing structurally well-defined chemical interfaces, and thin films with controllable
thickness and desired functions.?

Au-thiol self-assembled monolayers (SAM) are often employed for protein immobilization
within electrochemical biosensors, since Au is both electrically conductive and biocompatible.
Electrochemical impedance spectroscopy has been widely studied for biosensor applications as a
method for transduction of biomolecular recognition.®® Impedance biosensors are simpler than
most other methods, since they have no optical or acoustic components, making them ideal for
portable and implantable applications.® Although impedance biosensors have been widely studied,
applications have been limited by possible insensitivity to small analytes, susceptibility to
nonspecific adsorption, and stability of biomolecule immobilization, which typically employs Au-
thiol chemistry.’

For such applications, the utility of Au-alkanethiol SAMs has been limited by instability
upon exposure to high temperature,®® ultraviolet light,1%!! and/or harsh chemical reagents.'?13 A

significant increase in stability has been reported for multidentate relative to monodentate thiol



adsorbates,**® in part because the free energy of the entropically favored bidentate binding can
be twice that of monodentate binding.}"*® One of our research groups recently reported SAM
formation on Au from the bidentate thiol 16-[3,5- bis(mercaptomethyl)phenoxy]-hexadecanoic
acid (BMPHA).X® The other group recently reported impedance biosensing of peanut protein Ara
h 1, an allergenic food protein.?®?* Biosensors for detection of peanut proteins, and other food
allergens, has recently attracted significant interest. Peanuts are a particularly problematic food
allergen due to the prevalence of peanuts in a wide variety of food products, the high sensitivity
of some individuals, and the stability of some allergenic peanut proteins during food
manufacturing and human digestion.?>? Here, incorporation of BMPHA as a linker reagent is
reported for an impedance biosensor to detect peanut protein Ara h 1, as well as studies of antibody

regeneration in 0.2 M KSCN for up to 20 days.

Experimental

Materials.- Glass slides with a 100-nm Au film atop a 5-nm Ti adhesion layer were purchased
from Evaporated Metal Films (Ithaca, NY); 16-mercaptohexadecanoic acid (16-MHA) was
purchased from Santa Cruz biotechnology; N-(3-dimethylaminopropyl)-N’-(ethylcarbodiimide
hydrochloride) (EDC), potassium dihydrogen phosphate, and di-potassium dihydrogen phosphate
were purchased from Sigma; N-hydroxysulfosuccinimide sodium salt (NHSS) was purchased
from Pierce biotechnology; ethanol, potassium thiocyanate, and tetrahydrofuran were purchased
from Fisher Scientific; and potassium ferri/ferrocyanide was purchased from Acros Organics.
Peanut protein Ara h 1 and its mouse monoclonal 1gG: antibody were purchased from Indoor

Biotechnologies. Polyclonal cortisol antibody was purchased from Sigma Aldrich, and Cyprinus



carpio vitellogenin and its mouse monoclonal IgG antibody were purchased from Cayman
Chemical. 16-[3,5-bis(mercaptomethyl)phenoxy]-hexadecanoic acid (BMPHA) was synthesized

at the University of Houston according to published protocols.®

Au Electrode and Biosensor Preparation.- Sensor preparation and antibody immobilization
followed previously published protocols. The Au electrode was fixed by an O-ring onto an
electrochemical cell constructed from virgin Teflon. The conical electrochemical cell was
designed with an electrode area of 0.19 cm? and a cell volume of 6 mL. The monodentate thiol
monolayer with 16-MHA and bidentate thiol monolayer with BMPHA were formed by
immersing an Au electrode into 3 mM ethanoic solutions of 16-MHA and BMPHA for 48 hours
at 4-6°C. After 48 hours, the electrodes were cleaned with distilled water, ethanol, and
tetrahydrofuran, followed by drying in Ar. For both monodentate and bidentate thiol films, the
terminal carboxylate groups were activated for 1 hour in 75 mM EDC and 15 mM NHSS in 50
mM phosphate buffer solution (pH= 7.3). The antibody-coated electrodes are then created by
immersion for 1 hour into a solution containing 50 pg/mL antibody and 50 mM PBS at pH 7.3,
forming amide bonds to amine groups on the protein surface. Non-specific adsorption was
reduced by immersing the antibody-coated electrodes in 0.1% BSA for 1 hour. These sensor
electrodes were then exposed to increasing concentrations of peanut protein Ara h 1.

For the antibody regeneration experiments, the Au electrodes were exposed to 0.2 M
KSCN at pH 7.3 to release the analyte from antibody, followed by storage in 0.1 M BSA and 50
mM PBS buffer. The electrodes were then exposed to increasing concentrations of peanut protein
Ara h 1. This procedure was repeated twice each day until the antibody was observed to lose its

activity towards antigen binding.



Electrochemical Measurements.- All electrochemical measurements were performed with a
three-electrode configuration using a Pt spiral counter electrode and an Ag/AgCl reference
electrode. The background test solution contained 50 mM PBS and 5 mM
KsFe(CN)e/KsFe(CN)s at pH 7.3, with varying concentrations of the target analyte. Impedance
measurements were performed using a Gamry Instruments Reference 600 over the frequency
range from 0.05 Hz to 15 kHz with an AC probe amplitude of 5 mV. Each impedance spectrum
takes about 2.8 min to acquire. The impedance results were obtained at a DC potential of +200
mV vs. Ag/AgCl, which is close to the open circuit potential (OCP) of the Fe(CN)e>"* redox

probe.

Other Measurements.- Quartz crystal microbalance measurements were performed at open
circuit using a CHI 410C (CH Instruments, Austin TX) coupled with an Au-coated quartz
oscillator over the period of 14 hours in 50 mM PBS buffer at pH 7.3. Spectroscopic
ellipsometry measurements were performed in situ on the polymer-protein films using a J.A.
Woollam M44 spectroscopic ellipsometer at wavelengths of 420-760 nm at a fixed angle of
incidence of 70° from the surface normal in 50 mM PBS buffer at pH 7.3. The effective
refractive index of the original Au film was determined by ellipsometry measurements, and used
for all subsequent polymer-protein film studies. A refractive index of 1.45 was assumed for all
polymer-protein film measurements. The reproducibility of ellipsometric determination of film

thickness was within £0.2 nm.

Results and Discussion



Impedance Studies of Electrode Preparation, Antigen Binding, Sensitivity and Selectivity.-
Figures 1A and B illustrate Nyquist plots of the impedance spectra after self-assembled
monolayer (SAM) formation from BMPHA and 16-MHA, activation with EDC + NHSS, and
immobilization of the antibody to Ara h 1, followed by immersion of 0.1 % BSA. The
supporting electrolytes are 50 mM PBS buffer and 5 mM KsFe(CN)s/KaFe(CN)g at pH 7.3. The
impedance spectra in Figures 1A and B can be fit with a Randles equivalent circuit with the
differential capacitance (Cq) replaced with a constant phase element (CPE), as shown in Figure 2.
Here, Rs corresponds to the solution phase resistance, and Rt to the charge transfer resistance.
The Randles equivalent circuit, with or without a CPE, has been widely employed to model
biosensor interfaces,?®2" since electrochemical reactions such as corrosion that result in more
complex impedance signatures are blocked by the adsorbed polymer-protein film. The

impedance of the CPE is:%%

Z(CPE) = ; (1)

T(jw)"
where T is a frequency-independent constant, o is the angular frequency, and n is an exponent
within the range 0.5 < n < 1. The results in Figures 1A and 1B were analyzed by complex non-
linear least squares (CNLS) regression, and the best-fit equivalent circuit parameters and standard
errors are given in Tables 1A and 1B, respectively. In all cases, the exponent n is close to unity,
validating use of a CPE. The unusually large values for R¢t following SAM formation from
BMPHA and 16-MHA arise due to electrostatic repulsion between the exposed carboxylate groups

and the redox probe, Fe(CN)e*’*. If the positively charged redox probe Ru(NH;3)s*"*" is



substituted for Fe(CN)s*/*-, then Ree values at negatively charged interfaces are reduced by

approximately 3-10x.3!3

Figures 3A and B illustrate Nyquist plots for the impedance response to increasing
concentrations of peanut protein Ara h 1. The results were fit to the same equivalent circuit, and
the best-fit parameters and standard errors are given in Tables 2A and B. The charge transfer
resistance (Rct), which is approximately the diameter of the semicircular plots in Figures 3A and
B, is the most sensitive circuit element in Tables 2A and 2B to binding of peanut protein Ara h 1.
Rct initially increases with increasing concentration of Ara h 1, and eventually approaches a
maximum value due to saturation of the antibody film, as shown in Figures 4A and 4B. Such
behavior is commonly observed for the Langmuir adsorption isotherm and arises from
competition for binding sites when antibody-antigen binding is much stronger than interactions
between adjacent antibody molecules.?%? Antigen binding was also studied atop the antibody-
coated sensor electrode constructed from the BMPHA bidentate thiol by quartz crystal
microbalance (Supplementary Information, Figure S1 and Table S1) and spectroscopic
ellipsometry (Supplementary Information, Table S2). In both cases, the results are also
consistent with the Langmuir adsorption isotherm, where the polymer-protein film thickness
initially increases linearly with Ara h 1 concentration, and eventually saturates at high
concentration. The quartz crystal microbalance and spectroscopic ellipsometry results
demonstrate that the antibody surface coverage atop BMPHA and 16-MHA are quite similar.

The detection limit for impedance biosening of peanut protein Ara h 1 can be determined

from:

Detection Limit= 3—0 )
Sensitivity



where the standard deviation is determined from repeated measurements of Rt on electrolytes
containing no antigen, and the sensitivity is the initial slope of Figures 4A and 4B. This yields
sensitivities of 6.6 (MQ-cm?)/ (ug/ml) and 4.6 (MQ-cm?)/(ug/ml) for the antibody film atop the
bidendate thiol BMPHA and antibody film atop the mondendate thiol, 16-MHA. This approach
yields a detection limit for Ara h 1 of approximately 0.71 ng/mL (0.01 nM) for the antibody film
atop the bidentate thiol BMPHA, about 3x lower than the detection limit of 2.1 ng/mL (0.03 nM)
obtained atop the monodentate thiol, 16-MHA. Given that the density of carboxylate groups on
the BMPHA SAM is ~45% that of the 16-MHA SAM, antibodies on the BMPHA SAM might
be immobilized through fewer amide bonds, making them more loosely packed and sterically
unencumbered than those on the 16-MHA SAM. Steric freedom has been shown to enhance
antibody activity at interfaces.*%

Selectivity was also investigated by exposing sensor electrodes created atop by BMPHA
and 16-MHA to high concentrations (16 pg/ml) of Cyprinus carpio vitellogenin, the mouse
monoclonal antibody to this vitellogenin, and the polyclonal antibody to cortisol. In all three
cases, the impedance response to introduction of these proteins was unmeasurable, indicating
that the selectivity with respect for peanut protein Ara h 1 is close to unity. The high selectivity
obtained here is analogous to previously reported results for impedance detection of Listeria
monocytogenes, which was highly selective with respect to Salmonella enterica.*® Such results
demonstrate that the use of BSA for site blocking is effective for minimizing non-specific

adsorption.

Long-Term Studies of Antibody Film Regeneration.- Biosensors must typically be calibrated due

to variations between sensors created on different days, or under slightly different conditions.



For example, test strips for handheld glucose biosensors might be calibrated in both blood
plasma and/or whole blood, while transdermal glucose biosensors may be calibrated in vivo.*’
For antibody-based impedance biosensors, this requires repeated unfolding of the antibody film
to release the bound antigen. Antibody-based ELISA tests typically allow 50-60 cycles of
regeneration, most commonly using strong acids or bases as chaotropic reagents.*® However, for
the current biosensor interface, where a protein film is immobilized atop an Au-thiol self-
assembled monolayer (SAM), strong chaotropic reagents such as NaOH and glucine-HCI cause
the antibody film to lose its activity toward peanut protein Ara h1 after only one regeneration
cycle (results not shown). Therefore, a gentler chaotropic reagent (0.2 M KSCN at pH 7.3)% was
utilized for regeneration of the impedance biosensor for peanut protein Ara h 1, using antibody
films immobilized atop both bidentate thiol BMPHA and monodentate thiol 16-MHA.

The antibody-coated Au electrodes were stored in 50 mM PBS buffer at pH 7.3 between

regeneration studies and interrogated daily by the following sequence:

1) Exposure to increasing concentrations (0.01, 0.03, 0.05, 0.12 and 0.17 pg/mL) of peanut
protein Ara hl.

2) Exposure to 0.2 M KSCN (pH 7.3) to unfold the antibody film.

3) Exposure to 0.1 M BSA and 50 mM PBS buffer to refold the antibody film.

4) Storage in 50 mM PBS buffer at pH 7.3.

The Nyquist plots illustrating regeneration of antibody-coated Au electrodes for bidentate thiol

BMPHA and monodentate thiol 16-MHA are shown in Figure 5A and 5B, respectively.
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To aid visualization, only the data taken every five days for the BMPHA electrode and 16-MHA
electrode are shown. The best-fit Randles equivalent circuit parameters obtained during these
experiments are given in Table 3. The antibody-coated on Au electrode retained its activity toward
Ara h 1 for 10 and 20 days of regeneration of the 16-MHA- and BMPHA-coated Au electrodes,
respectively. This comparison illustrates the superior stability of protein films atop the bidentate
BMPHA-coated Au electrode relative to the monodentate 16-MHA-coated Au electrode. Further,
these studies illustrate that protein immobilization through Au-thiol self-assembled monolayers
(SAMs) has better storage stability than might be expected. For example, rapid degradation on a
time scale of hours to tens of hours has been reported for SAMs stored in air*®*3 and in cell culture
media.** On the other hand, stability on a length scale of days to weeks has been reported for
SAMs stored in aqueous solutions.*>#® The stability observed here, with a protein covalently
immobilized onto a carboxylate-terminated SAM, is therefore similar to that reported for bare
SAMs stored in aqueous solution.

The accurate calibration of the BMPHA-coated impedance biosensor during consecutive
experiments on the third day is illustrated by the Nyqist plots in Figure 6 using the procedures
described above. Here the closed symbols correspond to the first exposure to increasing Ara h 1
concentration, and the open symbols correspond to a second exposure to increasing Ara h 1
concentration, following antibody unfolding and refolding. As shown in Figure 6, the detection
accuracy within one day is typically ~2%. This illustrates that these impedance biosensors can
be stored for an extended period of time, and although the interface degrades to some extent,
they can be accurately calibrated when needed for Ara h 1 detection.

Impedance detection of peanut protein Ara h 1, and other allergenic food proteins, may

allow rapid and inexpensive detection of food allergens by either consumers or food service

11



companies. Food allergens are most commonly detected by immunoassays such as ELISA,
DNA-based methods such as polymerase chain reaction (PCR), and mass spectrometry.?
Unfortunately, these methods are slow, difficult to automate, and difficult to multiplex. Recently
biosensors based on a variety of different methods, including electrochemical impedance
spectroscopy (EIS), have been investigated for rapid, inexpensive and multiplexed detection of
food allergens.?* The technical challenges for applications of impedance biosensors have been
recently reviewed,’ and include the stability and reproducibility of biomoelecular immobilization
at a conductive electrode surface, non-specific adsorption in complex media, and the increased
difficulty of AC impedance detection relative to DC electrochemistry. The current report
focuses on the first challenge, improving the stability of biomolecular immobilization at Au
electrodes, which are the most commonly employed substrates. Control experiments were not
performed here to test for non-specific adsorption. However, previous studies in complex
matrices with a control antibody demonstrate that with proper sample preparation, the extent

non-specific adsorption is modest, sometimes below the detection limit.3647

Conclusions

The mouse monoclonal antibody to peanut protein Ara h 1 was immobilized onto two
different Au sensor electrodes, one that employs the bidentate thiol, 16-[3,5-
bis(mercaptomethyl)phenoxy]-hexadecanoic acid (BMPHA), as a bifunctional reagent, and one
that employs the comparable monodentate reagent, 16-mercaptohexadecanoic acid (16-MHA).
These sensor electrodes were tested for impedance biosensing of Ara h 1, and the detection limit

on the BMPHA bidentate thiol- coated Au electrode is approximately 0.71 ng/mL (0.01 nM), about

12



3x lower than that obtained using 16-MHA. Antigen binding was also studied quantitatively using
a quartz crystal microbalance and spectroscopic ellipsometry, yielding a dependence on Ara h 1
concentration closely similar to that observed during impedance measurements. For all three
methods, the response as a function of Ara h 1 appeared to follow the Langmuir adsorption
isotherm, with a linear response at low antigen concentration, but eventual saturation at high
antigen concentrations and the antibody binding sites become filled. Antibody regeneration was
studied daily using a mild denaturing agent, 0.2 M KSCN at pH 7.3. The antibody-coated on Au
electrodes retained activity towards Ara h 1 for 10 and 20 days of regeneration of the monodentate-
and BMPHA-coated Au electrodes, respectively, illustrating the superior stability of protein films

atop the BMPHA bidentate thiol.
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coated electrode using BMPHA.

Table 1A. Best-fit equivalent circuit parameters (standard error) during fabrication of antibody-

Circuit Bidentate
NHSS+EDC Antibody BSA
Parameters SAM
Rs(Q-cm?) 45.8 (0.2) 42.2 (0.2) 45.1 (0.3) 44.62 (0.3)
CPE-T
2.25(0.01) 2.31(0.01) 2.37 (0.02) 2.41 (0.01)
(UF cm? s™Y)
n 0.95 (0.001) | 0.95(0.002) | 0.94 (0.001) | 0.95(0.001)
Ret (kQ-cm?) | 1066 (10.2) | 226 (1.3) 331 (7.4) 457 (6.7)

electrode fabrication using 16-MHA.

Table 1B. Best-fit equivalent circuit parameters (standard error) during antibody-coated

Circuit monodentate
NHSS+EDC | Antibody BSA
Parameters SAM
Rs(Q-cm?) 15.8 (0.2) 19.2 (0.2) 20.1 (0.3) 24.62 (0.3)
CPE-T
2.13(0.01) 2.22(0.01) | 2.30(0.02) | 2.48 (0.01)
(UF cm? s™Y)
n 0.96 (0.001) | 0.95(0.002) | 0.95 (0.001) | 0.96 (0.001)
Ret (kQ-cm?) 438 (3.2) 186 (1.3) 298 (7.4) 320 (4.5)
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Table 2A.

Best-fit equivalent circuit parameters (standard error) during exposure of antibody-

ocoated electrode with BMPHA to increasing concentrations of peanut protein Ara

h 1.
Concentration
of Arah 1 0 0.01 0.03 0.05 0.07 0.12 0.17 0.22
(Mg/mL)
44.62 45.42 43.77 44.80 44.41 43.82 | 43.25 | 42.78
Rs(Q-cm?)
(0.3) (0.4) (0.4) (0.3) (0.3) (0.4) (0.4) (0.3)
CPE-T 2.41 1.99 2.03 2.10 2.18 2.18 2.19 2.20
(uFcm™2 ™) (0.01) (0.01) (0.01) (0.01) (0.01) (0.01) | (0.01) | (0.01)
0.95 0.95 0.95 0.95 0.95 0.95 0.95 0.95
n
(0.001) | (0.001) | (0.001) | (0.001) | (0.001) | (0.001) | (0.001) | (0.001)
457.8 545.1 645.6 777.9 870.1 899.9 922.8 938.4
Ret (kQ-cm?)
(6.7) (6.6) (6.9) (6.8) (6.9) (6.9) (6.1) (6.4)
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Table 2B.

MHA exposure to increasing concentrations of peanut protein Ara h 1.

Best-fit equivalent circuit parameters (standard error) during electrode with 16-

Concentration
of Arah 1 0 0.01 0.03 0.05 0.07 0.12 0.17 0.22
(Mg/mL)
24.62 25.42 23.77 24.80 24.41 23.82 23.25 22.78
Rs(Q-cm?)
(0.3) (0.4) (0.4) (0.3) (0.3) (0.4) (0.4) (0.3)
CPE-T 2.48 2.29 2.09 1.90 1.85 1.82 1.82 1.80
(UFcm™2 s™) (0.01) (0.01) (0.01) (0.01) (0.01) (0.01) | (0.01) | (0.01)
0.96 0.95 0.94 0.94 0.95 0.95 0.96 0.95
n
(0.001) | (0.001) | (0.001) | (0.001) | (0.001) | (0.001) | (0.001) | (0.001)
320.1 439.2 525.8 617.9 701.1 772.1 802.8 838.4
Ret (kQ-cm?)
(4.5) (5.9) (6.2) (6.7) (5.9) (6.4) (6.5) (6.4)

16




Table 3. Best-fit equivalent circuit parameters (standard errors) during daily antibody

regeneration for electrodes fabricated from monodentate and bidentate thiols.

16-MHA-coated electrode
Ret (kQ-cm?)
Days
Bare 0.05 pg/mL
antibody Arahl
0 320(4.5) 617 (6.7)
1 270 (6.7) 347 (7.1)
5 159 (6.5) 183 (7.1)
10 94 (6.2) 117 (6.9)
BMPHA-coated electrode
Ret (kQ-cm?)
Days
Bare 0.05 pg/mL
antibody Arahl

0 630 (7.6) 677 (7.1)

1 538 (7.7) 581 (7.1)

5 379 (7.2) 453 (7.5)
10 254 (7.5) 332 (7.3)
15 196 (7.4) 228 (7.1)
20 162 (7.5) 180 (7.3)

17
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure Captions

Nyquist plots of the impedance response during interface fabrication using the
BMPHA (1A) and 16-MHA (1B) adsorbates.

Randles equivalent circuit.

Nyquist plots of the impedance response to increasing concentrations of peanut
protein Ara h 1 at the interface fabricated with BMPHA (3A) and 16-MHA (3B).
Variation in the charge transfer resistance (R¢t) with concentration of peanut
protein Ara h 1 for antibody film atop BMPHA (4A) and 16-MHA (4B).
Impedance spectra of antibody film atop SAM created from BMPHA (6A) and
16-MHA (6B) before and after exposure to 0.05 pg/mL peanut protein Arah 1,
following daily antibody regeneration with 0.2 M KSCN.

Nyquist plots of impedance spectra during two consecutive trials for peanut
antibody regeneration with 0.2 M KSCN on BMPHA-coated electrode within one

day (Third day of experiment).
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