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Abstract

Voltage-responsive biosensors capable of monitoring real-time adsorption behavior of biological analytes onto electroactive
surfaces offer attractive strategies for disease detection, separations, and other adsorption-dependent analytical techniques.
Adsorption of biological analytes onto electrically switchable surfaces can be modelled using neutravidin and biotin. Here,
we report self-assembled monolayers formed from voltage-switchable biotinylated molecules on gold surfaces with tunable
sensitivity to neutravidin in response to applied voltages. By using electrochemical quartz crystal microbalance (EQCM),
we demonstrated real-time switchable behavior of these bio-surfaces and investigate the range of sensitivity by varying the
potential of the same surfaces from —400 mV to open circuit potential (+155 mV) to +300 mV. We compared the tunability
of the mixed surfaces to bare Au surfaces, voltage inert surfaces, and switchable biotinylated surfaces. Our results indicate
that quartz crystal microbalance allows real-time changes in analyte binding behavior, which enabled observing the evolu-
tion of neutravidin sensitivity as the applied voltage was shifted. EQCM could in principle be used in kinetic studies or to
optimize voltage-switchable surfaces in adsorption-based diagnostics.
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Introduction

Stimuli-responsive biological surfaces hold great promise
for immunoassay and biosensor design for in situ and in
vivo disease detection. These surfaces can modulate biomol-
ecule activity [1-5] and protein adhesion [6, 7] in response
to external stimuli at the liquid-solid interface. Understand-
ing these surfaces and how to control them will greatly aid
the development of reagent-less, sensitive, reusable, and
real-time biosensors [8] with tunable properties. Similar sur-
faces have been used to capture or release DNA [9], proteins
[10], antibodies [11], and cells [12] in response to photo-,
electrochemical-, electrical-, or thermal-stimuli. Voltage-
switchable surfaces modulate the behavior and properties
of a surface in response to applied potentials [2-5, 13-16].
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By forming self-assembled monolayers containing charged
functional groups, the conformation of the molecules can
respond electrostatically to applied potentials [13, 14,
17-19]. The conformation change can hide or present a func-
tionalized head group, enabling dynamic, reversible control
of the properties of the liquid-surface interface [13—17].
The properties of voltage-responsive surfaces have
been studied using self-assembled monolayers composed
of charged oligopeptides with terminal biotin moieties
adsorbed to a metallic electrode [13]. The terminal biotin
binds neutravidin with one of the strongest noncovalent
interactions found in nature (K, = ~10" M1 [20], allow-
ing investigation of voltage-tunable sensitivity of the sur-
face to the presence of neutravidin in solution. Mendes et al.
demonstrated that the application of a negative or positive
potential to the surface significantly inhibited or promoted
neutravidin binding respectively by hiding or exposing the
terminal neutravidin moiety (Fig. 1) [13]. The mechanism
illustrated in Fig. 1 for mixed monolayers of TEGT and
Biotin—-KKKKC has been previously characterized by XPS
[13] and in situ sum-frequency generation to demonstrate
the change of conformation of the molecules on both states
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Fig. 1 Schematic representation
of the response of biosensor
composed of charged “detector”
molecules (Biotin—-KKKKC)
and “spacer” molecules (TEGT)
to changes in applied potential.
The mechanism of tunability of
binding events in response to
applied potentials is shown. The
structures of Biotin—KKKKC
and TEGT are also shown
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[16, 17]. These studies include demonstrating control over
adsorption of neutravidin at different potentials using elec-
trochemical surface plasmon resonance (eSPR). However,
the full range of neutravidin sensitivity of these surfaces by
taking a single surface from lowest to highest sensitivity has
not been investigated. Studying the full range of the sensor
response to voltage enables investigation of time dependence
of binding events and the evolution of surface properties as
a function of applied potential in real time.

In contrast to ESPR used previously [8, 11], electro-
chemical quartz crystal microbalance (EQCM) avoids the
complications of surface plasmon resonance responses that
change with both surface adsorption and applied potential.
Using EQCM, we studied the range of neutravidin sensi-
tivity of these surfaces as a function of applied potential.
We formed and characterized an inert monolayer (TEGT),
a monolayer of a charged moiety with affinity for neutravi-
din (Biotin—KKKKC), and a mixed monolayer that includes
both components. We then observed the neutravidin binding
behavior of each surface under the sequential application
of different potentials. The mixed Biotin—-KKKKC/TEGT
surface was substantially more sensitive to the presence
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of neutravidin at positive potentials, displaying the high-
est tunability in neutravidin binding compared to the Bio-
tin—KKKKC and TEGT surfaces. Real-time monitoring of
these voltage-switchable surfaces will enable future kinetic
studies of binding events and the optimization of sensitivity
as a function of applied potential.

Experimental

Materials We used sodium phosphate (EMD chemicals);
neutravidin (ThermoFisher); Biotin—-KKKKC (custom syn-
thesized by and purchased from PeptideSynthetics, UK); 2—
{2—-[2—(2-mercaptoethoxy)ethoxy]ethoxy }ethanol (TEGT,
ThermoFisher); ethanol; triethylamine; and phosphoric acid,
as received and without further purification. Deionized water
was prepared from a commercial water purification system
(Synergy UV-R, Millipore). Sodium phosphate buffer solu-
tion (100 mM Na;PO,) was adjusted to pH = 7 with con-
centrated H;PO,. Ethanolic solution for SAM formation was
prepared from 190 proof ethanol and triethylamine (3% v/v)
[13].
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Preparation of self-assembled monolayers The self-assem-
bled monolayers were formed using thiol molecules on gold-
coated QCM sensors. Monolayer formation was monitored
by quartz crystal microbalance (QCM, Nanoscience Instru-
ments, Inc.), using gold-coated silicon crystals (QSX301)
with a surface area of 1.0 cm? and a mass sensitivity of
—17.7 ng Hz™' cm~ in an electrochemical QCM (EQCM)
cell. The sensor crystals were cleaned with 2% v/v Hell-
manex III; deionized water (rinse); isopropyl alcohol; and
deionized water (rinse); and then dried under a stream of
nitrogen. Next, the sensors were cleaned by RF plasma treat-
ment under a reduced ambient air pressure using a com-
mercial plasma cleaner (PDC-32G, Harrick Plasma). For
measurements, the standard error of the normalized change
in resonant frequency is <0.3 Hz for all overtones. Data were
analyzed using commercial software (QTools, Nanoscience
Instruments, Inc.). Self-assembled monolayers were formed
on gold QCM sensors after first equilibrating the sensor in
ethanolic solution and then pumping ethanolic solutions of
TEGT, Biotin—KKKKC, or 1:40 Biotin—-KKKKC/TEGT
(0.1 mM total thiol concentration) into the sensor chamber.
1:40 Biotin—-KKKKC/TEGT solution has been demonstrated
to form SAMs with ~1:16 Biotin-KKKKC/TEGT on the
surface [24], which will be referred to as mixed monolay-
ers for the remainder of this work. This compositional ratio
prevents Biotin—-KKKKC molecules from sterically hinder-
ing adjacent molecules during potential-induced conforma-
tional changes [13, 17]. The thiol solution was incubated on
the surface for at least 5 min, or until the Af of the QCM
response was less than 0.5 Hz min™". Following incubation,
the monolayer was rinsed by pumping ethanolic solution into
the sensor chamber for at least 5 min, or until the Af of the
QCM response was less than 0.5 Hz min~'. Following char-
acterization by QCM, the ethanolic solution was replaced
with 100 mM sodium phosphate buffer solution (PBS) pH
=7 for the electrochemical experiments.

Electrochemical measurements We used an electrochemical
QCM (EQCM) cell to monitor the formation of the mon-
olayer and perform electrochemical experiments. All experi-
ments were conducted at pH = 7 and room temperature in
phosphate buffer. The EQCM cell was connected to an elec-
trochemical analyzer (CHI600, CH Instruments) serving as
a voltmeter and ammeter, with either bare or monolayer-
coated gold sensors as the working electrode. The counter
electrode consisted of a platinum plate. The reference used
for all applied and measured open circuit potentials (OCP)
was an Ag/AgCl reference electrode (QSP020, WPI Instru-
ments). For monolayer stability measurements and confor-
mation change investigation, cyclic voltammetry from +300
mV to —400 mV and voltage-STEP measurements at the
limiting potentials were performed in 100 mM phosphate

buffer (pH = 7) while monitoring changes in frequency and
dissipation via EQCM.

Neutravidin binding measurements All neutravidin adsorp-
tion experiments were conducted using 10 ug mL~! neu-
travidin in 100 mM PBS buffer (pH = 7). The neutravidin
adsorption was monitored by quartz crystal microbalance at
—400 mV, OCP (+155 + 59 mV), and +300 mV relative to
an Ag/AgCl reference electrode. In the tests with the TEGT,
mixed monolayers, and bare Au surfaces, we established a
stable 5-min baseline in 100 mM PBS buffer, applied —400
mYV, then waited for 2 min for the EQCM measurement to
stabilize. Once stable, we flowed the neutravidin solution
through the cell at a rate of 200 uL min~"' for 1 min, then
slowed the flow rate to 10 uL min~" for the duration of the
experiment. Once Af was stable at —400 mV, we returned
the surface to OCP while continuing to monitor the adsorp-
tion of neutravidin. Once the amount of bound neutravidin
stabilized, we applied +300 mV to the surface until the mass
adsorbed stabilized. We then returned the surface to OCP
and rinsed the surface for 5 min with PBS buffer. Due to the
large amount of neutravidin adsorbed by the Biotin—-KKKKC
SAMs, the pump speed of neutravidin solution was kept at
200 uL min~! to ensure complete surface saturation.

Results and discussion

Monolayer formation and characterization To investigate
the tunable neutravidin binding behavior of biotinylated
SAMSs on gold electrodes, we prepared monolayers from
solutions of TEGT, Biotin—-KKKKC, and 1:40 Biotin—
KKKKC/TEGT. The observed changes in the resonant fre-
quency (Af) from the quartz crystal microbalance (QCM)
upon introduction of each solution confirmed the success-
ful adsorption of each monolayer on gold surfaces (Fig. 2).
Using Af, we calculated the mass density of adsorbed mol-
ecules using the simplified Sauerbrey equation (Eq. 1) which
relates the change in the measured resonant frequency of the
nth overtone, Af,, to the adsorbed mass, Am, using the mass
sensitivity of the sensor, C = —17.7 ng Hz~! cm™2 [21].

C
Am = A —
m Wk ; ()

We calculated the molecular density of the TEGT and Bio-
tin—KKKKC monolayers by dividing the adsorbed mass
by the molecular mass of the adsorbate (Table 1). In our
experiments, Af, indicates a relative amount of the analyte
which can be calibrated to particular concentrations of mass
response. Using the Sauerbrey equation allows the measured
Af, to relate to an absolute, rather than relative, amount of
adsorption. Our use of the Sauerbrey relationship to deter-
mine the amount of adsorbed mass on the surface in place
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Fig.2 Representative QCM measurements of Af (normalized to the
third overtone, i.e., Af = Af3/3) for the adsorption of TEGT (a), Bio-
tin—-KKKKC (b), and mixed monolayers (¢) from 0.1 mM ethanolic
solutions at 20 °C. The marks on the graph correspond to the intro-
duction of the monolayer solution (I) and the buffer rinse (II)
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of the viscoelastic model is valid because the ratio of IAD,/
(Af,/n)l << 4% 10~ Hz™! for all monolayers following the
buffer rinse [22]. The molecular density of the mixed mon-
olayer was unable to be calculated directly from the QCM
data due to multiple molecules being bound to the surface.

Electrochemical stability Following the characterization of
each monolayer using QCM, we exchanged the ethanolic
buffer solution for 100 mM aqueous neutral phosphate buffer
solution (PBS) at pH = 7. We assessed the electrochemical
stability of each monolayer from —400 mV to +300 mV
by performing cyclic voltammetry (CV) (Fig. 3). We did
not observe any significant surface reduction or oxidation
peaks across this voltage range with any of the surface types,
or any indications of monolayer desorption. This potential
window contains the double-layer region for each mon-
olayer. Successful adsorption of the monolayer is indicated
by a reduction in the double-layer capacitance of the sur-
face (Fig. 3A, B, C) when compared to a bare Au surface
(Fig. 3D). These results confirmed surface adsorption and
indicated that the surface-adsorbed molecules are stable
within this electrochemical window; therefore, the electro-
chemical window used in our experiments was appropriate
for modifying the potential of the surface without causing
degradation of the monolayers.

Neutravidin binding behavior of each surface Previously,
Mendes et al. demonstrated minimal, intermediate, and max-
imal neutravidin binding using 1:16 Biotin—-KKKKC/TEGT
surfaces when applying a constant —400 mV, OCP (4155
mV), or +300 mV using electrochemical surface plasmon
resonance (eSPR), an optical technique [13]. A limitation
of eSPR is that applying a potential to the surface changes
the charge density of the sensor, modulating the dielectric
properties of the eSPR surface and changing the response
of the surface [23]. As a result, Mendes et al. had to equili-
brate the instrument response at the applied potential prior
to introducing neutravidin solution [13, 16]. This prevented
the real-time study of the full range of neutravidin sensitivity
as a function of potential on the same surface [13].

An advantage of the EQCM cell is the ability to apply
multiple potentials to the same surface without significantly
changing the measured instrumental response. This enabled
us to take mixed monolayers through their full range of sen-
sitivity in the presence of neutravidin. To do this, we applied
—400 mV and introduced neutravidin solution. Once Af was
stable at —400 mV, we returned the surface to OCP while
continuing to monitor the adsorption of neutravidin. Once
the amount of bound neutravidin stabilized (i.e., when Af <
0.2 Hz/min), we applied +300 mV to the surface until the
mass adsorbed stabilized. We then returned the surface to
OCP and rinsed the surface for 5 min with PBS buffer. The
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Table 1 Mass coverage and

. SAM type Molar mass Af (Hz)? Adsorbed mass ~ Molecular density
molecular densities from QCM (g mol™) (ng cm™?) (molecules cm™2)°
measurements of Biotin—

KKKKC, TEGT, and mixed TEGT 166.17 —-3.6(0.4) 63.7(1.1) 2.6+03x 10"
SAMs Biotin-KKKKC 880.126 ~53(0.6)  93.8(10.6) 6.5+ 08 x 10
1:16 Biotin~-KKKKC/TEGT N/A® -3.5(0.2) 62.0 (3.54) N/A®

“From QCM data for the third overtone; standard error of the mean from at least 3 measurements in paren-

theses

"Molecular density from QCM data calculated using Eq. 1 and the molecular weight of the respective com-

pounds

“Unable to be calculated since the Biotin—-KKKKC/TEGT ratio cannot be detected directly using QCM
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Fig.3 Cyclic voltammograms from 4300 mV to —400 mV with
reference to an Ag/AgCl reference electrode for a TEGT monolayer
(a), a Biotin—-KKKKC monolayer (b), a 1:16 Biotin-KKKKC/TEGT

observed dissipation values of each surface after exposure to
neutravidin remained in the acceptable range for the use of
the Sauerbrey relationship (Eq. 1) to quantify the adsorbed
mass [22].

To demonstrate our ability to minimize interference due
to non-selective adsorption of neutravidin onto SAM-coated
surfaces, we performed control experiments on TEGT-coated
surfaces and bare gold surfaces. These control experiments
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monolayer (c), and a bare Au sensor (d). All cyclic voltammograms
were performed in 100 mM PBS (pH =7, 20 °C)

demonstrate that bare gold exhibits substantial nonspecific
adsorption of neutravidin (Fig. 4D). As expected, there was
very little (<15 ng cm™2) unselective neutravidin adsorption
on TEGT-coated surfaces compared to ~500 ng cm™2 due to
unselective adsorption on the bare gold surface. Monolayers
prepared from 100% Biotin-KKKC on the other hand impart
neutravidin selectivity adsorbing >600 ng cm™ (Fig. 4C).
This selectivity cannot be well-controlled by changing the
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Fig.4 Representative measurement of the mass of adsorbed neutravi-
din mass to a TEGT SAM (a), Biotin—KKKKC SAM (b), mixed Bio-
tin—-KKKKC/TEGT monolayer (c), and a bare gold surface (d) calcu-
lated using Eq. 1 and QCM frequency measurements (normalized to
the third overtone, i.e., Af = Af;/3). The baseline was established at
OCP (4+155 + 59 mV) n 100 mM PBS solution with the pump turned
off. The numerals indicate the application of —400 mV to the surface
(D), the introduction of neutravidin solution at 200 pL min~! (II), the
reduction of pump speed to 10 uL min~" (III), the surface returning to
OCP (IV), the application of +300 mV to the surface (V), the surface

electrode potential, but nevertheless demonstrates neutra-
vidin selectivity. Thus, unselective adsorption onto gold
surfaces can be prevented by TEGT monolayers, and Bio-
tin—KKKKC monolayers impart neutravidin selectivity.
For each of our replicate measurements for the mixed
monolayer composed of Biotin—-KKKKC and TEGT (1:16
ratio), statistically insignificant neutravidin binding of 14 +
22 ng cm~2 occurred at —400 mV (Fig. 5C, Table 2). When
we released the applied potential and allowed the surface
to return to OCP, we observed an increase in neutravidin
binding consistent with a change in conformation described
previously [13, 16, 17] (Fig. 4C). The observed increase in
neutravidin binding at OCP was highly variable between
trials but was intermediate to the adsorption at —400 mV
and 4300 mV for each run. The variability likely arose from
variation in the molecular density and biotin content of the
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returning to OCP and the start of a 5-min PBS rinse at 200 uL min~!

(VI), and the deactivation of the pump (VII). Due to the large amount
of neutravidin bound by a Biotin—-KKKKC SAM, the procedure for B
was as follows: application of —400 mV to surface (I), introduction
of neutravidin at 200 pL min~! (II), 2-min rinse with 100 mM PBS
at 200 uL min~! (III), pump off (IV), the surface returning to OCP
(V), the application of +300 mV to the surface (VI), reintroduction
of neutravidin solution for 1 min at 200 pL min~! (VII), 2-min rinse
with 100 mM PBS at 200 pL min~! (VIII), and deactivation of the
pump (IX)

mixed monolayers between experiments. At +300 mV, the
biotin head groups were exposed to neutravidin, resulting
in the maximum amount of binding of 210 + 110 ng cm™>
(Fig. 4C, Table 2).

As described above, we repeated the same procedure
with TEGT, Biotin—-KKKKC, and bare gold to compare the
tunability of the neutravidin binding behavior of each sur-
face. The TEGT surface adsorbed 0 + 5.3 ng cm™2 (error
of single measurement)' at —400 mV and adsorbed 14.9
+ 5.3 ng cm~2 (error of single measurement) at +300 mV

! Error of QCM single measurement found using the upper limit
of normalized standard error in QCM measurements of 0.3 Hz.
The error was multiplied by the mass sensitivity constant of —17.7
ng Hz™' em™ to calculate the error of a single measurement for
adsorbed mass.
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Fig.5 Neutravidin adsorption
behavior of gold, TEGT, the

mixed monolayer, and Biotin— - 700
KKKKC at —400 mV (blue) 8 600
and +300 mV (orange). The 8
error bars indicate the 95% con- 2 500
fidence interval for the Biotin— c
KKKKC and mixed SAMs and o NE 400
the error of a single measure- G
ment for the TEGT SAM and *g 2 300
the bare Au surface % =
S 200
3
(E“ 100
0

-~ - - — ; =
Gold TEGT Mixed SAM  Biotin-KKKKC

Table 2‘ Eull range ,Of Applied potential® Average mass of adsorbed neutravidin (ng cm™2)°

neutravidin adsorption of

TEGT, Biotin—-KKKKC, TEGT? Biotin—-KKKKC*® Mixed SAM® Au?
Biotin-KKKKC/TEGT, and

bare Au surfaces from —400 —400 mV*© 0.0+5.3 510 + 190 ~14 + 22 0.0+5.3
mV to +300 mV +300 mV 149+53 600 + 130 210 + 110 4172 +53

*With reference to Ag/AgCl electrode

®Mass calculated using Eq. 1 and QCM frequency measurements (normalized to the third overtone, i.e., Af

= Afy/3)

“Upper limit of adsorption at —400 mV prior to buffer rinse

dFor TEGT and Au, the uncertainty corresponds to the normalized standard error of a single measurement

from the QCM

dUncertainty for the Biotin—-KKKKC and mixed SAM corresponds to the 95% confidence interval

(Table 2). The TEGT significantly passivated the surface
compared to the other surfaces used in the experiment. The
Biotin-KKKKC SAM adsorbed 510 + 190 ng cm™2 (95%
CI) at =400 mV and 600 + 130 ng ecm™2 (95% CI) at +300
mV.

The Biotin—KKKKC surface did not demonstrate signifi-
cantly different neutravidin adsorption behavior in response
to changes in applied potential. Since the entire surface
is covered with Biotin—KKKKC molecules, each Bio-
tin—-KKKKC would be sterically hindered from undergoing
the conformation change when —400 mV is applied to the
surface. As a result, the biotin head group remains available
to bind neutravidin in the Biotin—-KKKKC SAM even during
the application of —400 mV.

While investigating the full range of neutravidin bind-
ing, we noted that neutravidin was able to bind nonspecifi-
cally to bare gold over time (Fig. 4D). At —400 mV, 0.0 +
5.3 ng cm™2 (error of single measurement) of neutravidin
was adsorbed and 417.2 + 5.3 ng cm™? (error of single
measurement) was adsorbed at +300 mV. The isoelectric
point of neutravidin is ~pH = 6.3 so at the experimental
conditions of pH = 7, neutravidin has a slight negative

charge [24]. As a result, applying —400 mV repelled the
neutravidin from the gold surface and prevented the non-
specific binding of neutravidin. When the surface returned
to OCP and was no longer negatively charged, neutravi-
din began to gradually bind to the gold surface due to
electrostatic attraction (Fig. 4D, IV-V). Upon application
of +300 mV, the negatively charged neutravidin would
interact more favorably with the gold surface, leading to
substantial nonspecific neutravidin binding.

It is important to note that while gold has the larg-
est change in sensitivity to neutravidin in response to an
applied potential, the gold surface lacks the specificity of
the biotin—neutravidin interaction and thus is not practical
for biosensor design. Gold surfaces nonspecifically bind
other proteins [25], DNA [26], and IgG antibodies [7, 27],
reducing the efficacy of nonfunctionalized gold surfaces
in biosensors. This observation highlights the need for a
high surface coverage of species that prevent nonspecific
adsorption, like TEGT, on Au surfaces to prevent nonspe-
cific interactions from the analyte or matrix with exposed
gold. The bound neutravidin on the gold did not seem to
be reversibly adsorbed as there was little mass loss upon
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returning to OCP and when the surface was rinsed with
buffer solution.

Another important consideration is the timescale of anal-
ysis in these experiments. Importantly, the relatively long
timescales for equilibration of the changes in frequency (on
the order of 5-15 min, Fig. 4) are constrained by diffusion
and the kinetics of adsorption onto the QCM sensor sur-
face. These limitations can also be seen in the case of mon-
olayer formation, also a diffusion/adsorption-limited pro-
cess, where it takes on the order of 5-10 min for frequency
changes to stabilize after the addition of the thiol molecules
used to form the monolayers (Fig. 2). It is therefore not sur-
prising that the same diffusion/adsorption processes that
prolong monolayer formation also prolong equilibration
in experiments measuring the neutravidin adsorption. The
limitations of signal drift could be addressed by allowing
the sensors more time for equilibration, which indicates an
important balance between signal stability and analysis time
that would need to be considered in developing quantita-
tive assays using voltage-switchable monolayers for EQCM
analysis.

Conclusions

Our results confirm the formation of self-assembled mon-
olayers with real-time voltage-tunable affinity for avidin
using Biotin—-KKKKC and TEGT. Our results show that
the QCM is effective in detecting real-time changes in ana-
lyte binding behavior with voltage-switchable bio-surfaces,
allowing observation of the evolution of surface adsorption
as the applied voltage is shifted. We demonstrated the full
range of the tunability of the mixed Biotin—-KKKKC/TEGT
surface’s sensitivity to neutravidin by taking the surface
from low, intermediate, to high degrees of neutravidin bind-
ing by varying the applied potential in real time. We dem-
onstrated that the mixed monolayer surface is the most volt-
age responsive in terms of neutravidin binding compared to
Biotin—-KKKKC and TEGT surfaces. The bare gold surface
had the highest tunability of neutravidin binding in response
to applied potentials. However, this tunability lacked the
selectivity of the surfaces containing biotinylated molecules,
underscoring the importance of passivating gold surfaces to
minimize the nonspecific adsorption onto bare gold. Due to
its high sensitivity to changes in adsorbed mass, EQCM is
a very useful approach to real-time monitoring of protein
adsorption on electroactive surfaces, allowing for kinetic
studies of adsorption events. Voltage-responsive biosensors
coupled with QCM allow for real-time adsorption behavior
of electroactive surfaces and may be suitable for disease
detection, separations, and other adsorption-dependent ana-
lytical techniques.
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