pubs.acs.org/ac

Article

Electroactive Interface for Enabling Spectroelectrochemical
Investigations in Evanescent-Wave Cavity-Ring-Down Spectroscopy
Shadi A. Alnaanah, Thomas J. Roussel, Jr., Jafar H. Ghithan, Aymen H. Qatamin, Mohammed A. Irziqat,
Hamzeh Telfah, Jinjun Liu, and Sergio B. Mendes*

Downloaded via Sergio B Mendes on August 5, 2020 at 17:19:56 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Cite This: https://dx.doi.org/10.1021/acs.analchem.0c01956

ACCESS

Metrics & More

Read Online

Article Recommendations

sı Supporting Information
*

ABSTRACT: In this study, we report the development of an
electrically active solid−liquid interface for the evanescent-wave
cavity-ring-down spectroscopic (EW-CRDS) technique to enable
spectroelectrochemical investigations of redox events. Because of a
high-quality transparent conductive electrode ﬁlm of indium tin
oxide (ITO) coated on the interface of total internal reﬂection of
the EW-CRDS platform, a cavity ring-down time of about 900 ns
was obtained allowing spectroelectrochemical studies at solid−
liquid interfaces. As a proof-of-concept on the capabilities of the
developed platform, measurements were performed to address the
eﬀects of an applied electric potential to the adsorption behavior of
the redox protein cytochrome c (Cyt-C) onto diﬀerent interfaces,
namely, bare-ITO, 3-aminopropyl triethoxysilane (APTES), and
Cyt-C antibody. For each interface, the adsorption and desorption constants, the surface equilibrium constant, the Gibbs free energy
of adsorption, and the surface coverage were optically measured by our electrically active EW-CRDS tool. Optical measurements at a
set of constant discrete values of the applied electric potential were acquired for kinetic adsorption analysis. Cyclic voltammetry
(CV) scans under synchronous optical readout were performed to study the eﬀects of each molecular interface on the redox process
of surface-adsorbed protein species. Overall, the experimental results demonstrate the ability of the electro-active EW-CRDS
platform to unambiguously measure electrode-driven redox events of surface-conﬁned molecular species at low submonolayer
coverages and at a single diﬀraction-limited spot. Such capability is expected to open several opportunities for the EW-CRDS
technique to investigate a variety of electrochemical phenomena at solid−liquid interfaces.
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driven by an applied potential in a conventional electrochemical conﬁguration. However, due to nonfaradaic components from bulk species that invariably produce non-negligible
background signals, the applicability of conventional electrochemical methodologies to follow redox species at low surface
densities is typically problematic. Many techniques have been
developed or deployed to overcome such hurdles. The
inﬂuence of an applied electric potential on the adsorption
kinetics of charged proteins and other biomaterials onto an
electrode surface functionalized with diﬀerent molecular
assemblies have been studied with partial success by potential
modulated attenuated total reﬂection (ATR),21−28 single-mode
electroactive integrated optical waveguides,16,18,19 surface

ontrolling the adsorption of biomolecules at solid−liquid
interfaces plays a vital role in developing novel biosensors
and tissue materials, manufacturing food and new pharmaceutical drugs, and eﬃciently performing enzymatic catalysis
among many other applications.1−7 It is well-known that the
adsorption kinetics of protein can be controlled by
manipulating experimental conditions such as electrolyte
concentration (ionic strength),4,8−10 pH,8−10 temperature,10,11
protein type,10−12 and many other factors. Typically, electrostatic interactions play an important role in their ordinary
adsorption process. However, the protein immobilization
process can also be actively controlled and tailored by applying
an external electric potential to the adsorptive surfaces. Several
studies have been reported on eﬀorts to reduce or enhance
protein adsorption by driving an electric potential enforced
onto the adsorbent electrode surfaces.13−20
Crucial to evaluate and optimize the outcome of any
adsorption strategy is the availability of suitable analytical tools
that can follow in real time the molecular surfaceimmobilization process at submonolayer levels. In principle,
the adsorption process of redox species such as proteins could
be followed by measuring their faradaic electric current when
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plasmon resonance (SPR),20 spectroscopic ellipsometry,14
atomic force microscopy,17 and contact angle measurements.17
Evanescent-wave cavity-ring-down spectroscopy (EWCRDS) is a highly sensitive optical absorption technique that
combines the CRDS setup developed originally for gas phase
measurements of bulk species with the ATR methodology to
address solid−liquid (or solid−gas) interfaces. It was
developed originally29 in 1997, and it represents an important
approach to study the adsorption kinetics of proteins at
heterogeneous interfaces.30 This highly sensitive technique
requires the injection of a light pulse into a Fabry−Perot
resonant optical cavity of excellent quality-factor, which is
typically obtained by extremely reﬂective mirrors and accurate
alignment that will then sustain the pulse inside the cavity for a
time duration typically on the order of microseconds. The
minute intensity of the light pulse that escapes the optical
cavity decreases monotonically at each round trip and creates
an exponentially decaying trace of the light intensity against
time. The time required for the light intensity to decrease to 1/
e of its initial value is typically named the cavity ring-down
time, also known as the photon lifetime, τ. The photon lifetime
is determined by all events of light attenuation present in the
optical path of the pulse propagating inside the cavity. The
insertion of a prism inside the resonant optical cavity is
designed to create a spot of total internal reﬂection (TIR) at a
solid−liquid interface. At the position of TIR, an evanescent
ﬁeld penetrates a short distance (typically a fraction of the light
wavelength) into the medium of low refractive index (e.g.,
water), which makes the technique highly speciﬁc for surfaceconﬁned events.31,32 When optically absorbing species are
introduced into the spatial region occupied by the evanescent
ﬁeld, they interact with the resonant light pulse and create a
change in the photon lifetime; the change in the photon
lifetime can then be used to determine the optical properties
and concentration of the adsorbed chromophores.
It is worth mentioning three important features of the EWCRDS technique. First, by deploying a single light pulse in
each measurement of the photon lifetime, many detrimental
eﬀects associated with intensity ﬂuctuations, which are
invariably present in any laser light source, are largely
eliminated.32−34 Second, it is highly sensitive due to the
time-sequence of multiple bounces at a particular spot on the
sample of interest. A high-quality resonator (τ ≈ 1 μs) can
reach up to several hundred sequential bounces on a particular
diﬀraction-limited spot on the sample, which highly increases
the light-matter interaction and the analytical signal of interest.
Third, it is spatially localized at the position of total internal
reﬂection of the light beam by repeatedly probing only a single
and small sample volume near the surface. This particular
feature is in sharp contrast to the ATR geometries that requires
multiple bounces along an internal reﬂecting element to
enhance the analytical signal and also to the optical waveguide
spectroscopy (single-mode or multimode) where the high
sensitivity is achieved through the light beam propagating over
a long path and sampling a substantially larger (many times
heterogeneous) volume of the sample. The reduced spatial
conﬁnement of EW-CRDS technique has certainly an intrinsic
advantage for device technologies that require array detection
with parallel interrogation of multiple spots over a small
footprint.
The EW-CRDS technique has previously been deployed to
investigate the eﬀects of diﬀerent self-assembled monolayers
on the adsorption process of the Cyt-C protein,35 the
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eﬀectiveness of positively charged polymer coatings to
minimize the adsorption of Cyt-C compared to its adsorption
onto bare silica,31 and the adsorption process and average
molecular orientation of hemoglobin protein immobilized onto
a fused-silica surface.30 Also, the adsorption of charged and
uncharged dyes at diﬀerent interfaces such as silica/acetonitrile
(CH3CN) and under ﬂow-injection conditions has been
reported.36,37
The EW-CRDS platform has also been performed in
aqueous environments under electrochemical control. To
generate chemically active redox species, a thin-layer electrochemical cell arrangement positioned in close proximity to the
water/glass interface of the EW-CRDS prism has been
reported.38 Although macroscopically close, the electrochemical cell was still located far away from the evanescent
ﬁeld of the EW-CRDS interface, thus a mass-diﬀusion process
of the redox agents was required before they could chemically
act on the surface-adsorbed molecules at the point of
interrogation provided by the EW-CRDS tool. On a
preliminary study, the EW-CRDS tool with the thin-layer
electrochemical cell was used for electrochemical studies of
ferrocyanide.38 In a subsequent work, it was used to change the
solution pH in a controlled manner via the potential-pulsed
chronoamperometric oxidation of water.39 In another study,40
it was applied to investigate the adsorption process of Cyt-C
protein at a silica−water interface. In this last report, a
chronoamperometry technique was applied to provide soluble
redox mediators, which after diﬀusion, could chemically
control the redox state of an adsorbed layer of Cyt-C species.
In another embodiment, a liquid/liquid interface was studied
by the EW-CRDS technique with electrochemical potential
control located in the bulk phase of one of the liquids.41
However, in all of these studies,38−41 the surface under optical
interrogation by the EW-CRDS platform was not electrically
active, so the redox process probed by the EW-CRDS optical
signal was always limited by the mass diﬀusion of the redox
agents, which certainly imposes limitations for many electrochemical studies, as for instance in investigations of time rates
of charge transfer in redox events.
In this work, we report the development of an electroactive
interface that is directly integrated to the EW-CRDS platform
as we aim to expand its spectroelectrochemical capabilities to
investigate properties of surface-adsorbed redox species. A
highly optical transparent and still electrically conductive thin
ﬁlm electrode has been incorporated to the TIR interface. A
high optical transparency of the thin ﬁlm electrode is required
to maintain long ring-down times and preserve the high
sensitivity of the EW-CRDS platform for absorbance measurements. High conductivity is concurrently needed to enable
time-varying electrochemical controls.
Many reports of EW-CRDS have been carried out with
custom-made (and expensive) prisms. Haselberg et al.32 used a
70° dove-tail prism with light in a normal incidence
conﬁguration at the entrance and exit surface of the prism to
reach a photon lifetime of about 25−40 ns for the empty
resonant cavity (in the absence of any analytical chromophores). Hannon et al.33 used a state-of-the-art antireﬂection
coating (R < 0.03%) on the entrance and exit facets of an UVgrade fused silica prism to obtain a ring down time in the order
of 900 ns. Everest et al. used a custom-made fused-silica dovetail prism in normal incidence conﬁguration to obtain a photon
lifetime of up to 5 μs.30 In the work reported here, a Brewster
angle conﬁguration was deployed to minimize reﬂection losses,
B
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Figure 1. Schematic representation of the electrically active, evanescent-wave, cavity ring-down spectroscopic setup.

(PS908, Thorlabs) was deployed. Linearly p-polarized light
was obtained by passing the laser beam through a half-wave
plate (AHWP05M-600, Thorlabs) and a linear polarizer. The
high-quality factor of the optical cavity was formed by two
high-reﬂectivity concave mirrors (R = 99.995% at 532 nm, 1-m
radii of curvature, CRD Optics, Inc.) mounted on adjustable
mounts (CRD Optics, Inc.). A confocal conﬁguration was
deployed with the optical length of the cavity (L) set at 100
cm. A custom ﬂowcell was mounted to the base surface of the
prism and was spatially adjusted by a 3-D translation stage
(XR25P-K2, Thorlabs). Before entering the laser cavity, the
laser beam was spatially ﬁltered by two irises (aperture
diameter of 1 mm). The optical signal after the cavity was
collected by a lens (AC 254−050-A1, Thorlabs) and coupled
into an optical ﬁber (P600−1-UV−vis, Ocean Optics). No
other device was determined to be necessary for spatial ﬁltering
the optical beam. The light collected by the optical ﬁber was
sent to a photomultiplier detector (PMT, H5783, Hamamatsu). The light intensity signal from the PMT was recorded
using a digital oscilloscope (4-Gsamples/s, 1-GHz bandwidth,
DSO8104A Inﬁniium, Agilent). The data was transferred to a
computer via a GPIB to Ethernet interface connection (GPIBENET/1000, National Instruments). The averaged ring down
traces (typically between 8−16 laser pulses were averaged)
were used to calculate the ring down time, τ, using a leastsquares ﬁtting routine via a dedicated LabView code that
orchestrated the synchronization of the optical and electrochemical data. The ring-down time is also limited by scattering
and diﬀraction losses at all interfaces encountered by the
propagating light pulse inside the cavity, including the spot of
total internal reﬂection (TIR) on the prism.30,42 Our current
setup produced cavity ring-down times of approximately (1.40
± 0.01) μs. A typical trace of a single-shot ring-down signal
versus time produced in our EW-CRDS platform is shown in
Figure S-2. The ring-down time of the cavity decreased to
(0.90 ± 0.01) μs upon coating the TIR interface of the prism
with an electro-active ﬁlm of ITO (thickness of about 13 nm,
see details below). A photon lifetime of 0.90 μs was
determined to be adequate to address the minute eﬀects of

as already reported in previous studies by other researchers,.29,42 While the approach is restricted to p-polarized light, a
critical alignment of ordinary optical components can still
provide outstanding quality factor for the resonant cavity.
We demonstrated here an electro-active interface for the
EW-CRDS tool that enables spectroelectrochemical applications of this highly sensitive technique. For preliminary
evidence of the platform capabilities, three sets of data are
reported here. First, we present measurements performed at
open electric potential conditions for the adsorption process of
a heme protein (Cyt-C) onto diﬀerent types of solid/liquid
interfaces, namely indium tin oxide (ITO), 3-aminopropyl
triethoxysilane (APTES), and Cyt-C antibody (Ab). In next set
of data, an electric potential was applied to the adsorbent
surface and ﬁxed at discrete of values; for each value of the
applied potential the adsorption properties of the Cyt-C redox
protein binding to the diﬀerent interfaces mentioned above
were measured. Finally, we used a cyclic voltammetry (CV)
scanning protocol and performed simultaneous optical
measurements with the EW-CRDS tool to optically follow
the Cyt-C redox properties onto the same set of interfaces
under electric potential modulation. To properly describe the
protein binding properties, several parameters were determined from our experimental data: the surface association (ka)
and dissociation (kd) rate constants, the equilibrium binding
constant (Keq), and the Gibbs free energy of adsorption (ΔG).

■

EXPERIMENTAL SECTION
EW-CRDS Apparatus. A schematic representation of the
experimental setup is shown in Figure 1. A Nd:YAG pulsed
laser (Surelite II, Continuum) operating at 532 nm, with a
repetition rate of 10 Hz, and a pulse width of about 4−6 ns was
used to excite the resonant optical cavity. The setup included a
prism inside the conventional CRD cavity to provide a spot of
total internal reﬂection and an evanescent ﬁeld at a glass/water
interface. To reduce reﬂection losses from the two air/glass
interfaces of the prim, an oﬀ-axis conﬁguration of the CRD
cavity was adopted to provide a Brewster angle at those
interfaces. An uncoated, right-angle, 20 mm, N-BK7 prism
C
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surface-adsorption under applied potential conditions that we
studied here.
ITO Coating. For very low optical losses and long cavity
ring-down times (and thus, enhanced sensitivity) the electroactive interface of the EW-CRDS platform requires an
electrode ﬁlm to feature extremely low optical losses (the
imaginary part of the refractive of the electrode ﬁlm should be
on the order of 2 × 10−3, or lower). On the other hand, the
electrochemical capability aimed for the platform also demands
very low resistivity as well for such ﬁlm (resistivity on the order
of about 2 × 10−3 Ω cm or lower). While working toward
another challenging application (electroactive, single-mode,
integrated optical waveguides), we have demonstrated in our
laboratories a technology for growing ITO ﬁlms that reach
simultaneously the high performances described above, which
far surpasses the requirements commonly featured for
transparent electrodes used in display and other technologies.
We have demonstrated that when a precise set of fabrication
conditions are followed, ultralow optical losses and still
conductive ITO ﬁlms can be obtained. Those fabrication
steps have been described in details by us elsewhere.43 Next,
we brieﬂy summarize those steps and highlight a few minor
modiﬁcations. Prior to vacuum coating, surface preparation
begins with cleaning the prism to remove any organic or
inorganic contamination. This procedure was accomplished by
sequentially sonicating the prism device in Triton soap (wiped
with cotton tips), deionized (DI) water, and piranha solution,
followed by rinsing with DI water, acetone, and methanol (15
min each rinsing step), and dried with N2 gas. After a high base
vacuum, 10−7 Torr, a DC sputtering technique with reactive
atmosphere of O2 was precisely controlled to coat an ITO ﬁlm
(∼13 nm thickness) on the hypotenuse surface of the prism,
which was maintained at 250 °C during deposition. To
promote the electrical conductivity and optical transparency,
the ITO ﬁlm was submitted to a postdeposition plasma
annealing process, which featured UV (264 nm) radiation at
atmospheric air conditions with the substrate heated at 200−
250 °C for 1 h.43
Additional Experimental Protocols. Experimental procedures for protein preparation, functionalization of the EWCRDS interfaces with diﬀerent molecular assemblies, and the
electrochemical cell are described in the Supporting
Information (see Experimental Protocols in SI).
Absorbance and Surface Coverage Measurements.
The optical absorbance (A) in the CRDS setup can be
experimentally determined by32,34
(naL + n pl) ij 1
y
jj − 1 zzz
A=
j
j
ln(10)c k τ
τ0 zz{

S = 4ncn p2(n p2 − Neff 2)1/2
[2Neff 2 − nc 2]
[n p 4(Neff 2 − nc 2) + nc 4(n p2 − Neff 2)]

A
Sϵ

(3)

at the transverse magnetic (TM) polarization, where nc and np
are the refractive indices of water and prism, respectively, Neff
is the eﬀective refractive index (Neff ≡ np sin θp), and θp =
78.4° is the angle of incidence from inside the prism. For the
current setup, the sensitivity factor was determined to be S =
3.78. As we deployed a laser with a wavelength of 532 nm, only
the Cyt-C protein exhibits strong absorption transition at this
wavelength. At the oxidized state of the protein, we have ϵox =
10.05 × 103 M−1 cm−1.
Binding Kinetics of Cyt-C Protein. The adsorption
process of Cyt-C proteins from the bulk solution phase onto
the device surface can be described by46,47
ka

(Cyt‐C)aqueous V (Cyt‐C)surface
kd

(4)

where (Cyt-C)aqueous represents Cyt-C species dissolved in the
bulk aqueous solution and (Cyt-C)surface accounts for surfaceadsorbed species, ka is the association rate constant, and kd is
the dissociation rate constant. The binding rate can be
expressed by48
dΓ
c
= ka Γw − kd Γ
dt
cw

(5)

where c is the protein bulk solution concentration, cw = 55.5 M
is the water molarity, Γ is the protein surface density, and Γw is
the surface density of vacant sites (protein-free surface sites).
Obviously, Γtot = Γ + Γw is constant and eq 5 can be rewritten
as
yz
dΓ
c
ji k
= −jjj a c + kd zzzΓ + ka Γtot
j
z
dt
cw
k cw
{

(6)

We deployed the EW-CRDS technique to measure the timevarying photon lifetime during the protein surface-adsorption
process. By using eq 1, the photon lifetime data allowed us to
determine the optical absorbance. From the optical absorbance, eq 2 was then used to determine the time-varying protein
surface density Γ(t) during the adsorption kinetics. According
to eq 6, a plot of dΓ(t ) versus Γ(t) will generate a slope Δm
given by Δm = −

(

dt
ka
c
cw

)

+ kd . By collecting data for several

Cyt-C bulk solution concentrations, c, and creating a plot of
Δm versus c, a straight-line ﬁtting to the data will have a slope
k
and y-intercept given by − c a and −kd, respectively. The

(1)

where L is the light pulse path length in air inside the cavity, l is
the path length inside the prism, na (np) is the refractive of air
(prism), c is the speed of light, and τ0 and τ are the cavity ringdown times for an empty cavity and a loaded cavity,
respectively. The optical absorbance measurement then
enables the determination of the surface coverage (Γ) of
adsorbed species using the following relation:44,45
Γ=
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w

corresponding Gibbs free energy of adsorption can then be
k
obtained from the adsorption equilibrium constant Keq = k a
d

by using49
ΔG = −RT ln(Keq)
−1

(7)
−1

where R = 8.314 J K mol and T = 295 K are the gas
constant and the absolute room temperature, respectively.

■

(2)

RESULTS AND DISCUSSION
EW-CRDS Measurements of Protein Adsorption at
Open Potential. As a preliminary demonstration of the ability

where ϵ is the molar absorptivity of the adsorbed
chromophores and S is a sensitivity factor of the evanescentwave, which is given by45
D
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of EW-CRDS platform to measure small values of optical
absorbance and monitor their time evolution even at low
submonolayer levels of an analyte, we interrogated the
adsorption kinetics of the Cyt-C protein at diﬀerent molecular
interfaces. In this ﬁrst set of experiments, we operated under
open-circuit potential (OCP) conditions (i.e., no electrical
voltage applied in this particular set of data, although the ITO
electrode ﬁlm was present in the EW-CRDS device); under
OCP conditions the equilibrium potential diﬀerence between
working and reference electrodes was determined to be about
0.15 V. The following concentrations of the Cyt-C protein
solution were used: 50, 200, 500, and 1000 nM; all protein
solutions in PBS were at neutral pH conditions (pH 7.02). As
described next, measurements were performed to determine
the Cyt-C adsorption kinetics and binding properties on
diﬀerent assemblies (ITO, ITO/APTES, and ITO/APTES/
Cyt-C antibody) attached to the glass surface of the prism
where the light beam undergoes internal reﬂection.
The experiment with the prism-coated ITO surface was
performed in the following way. First, a PBS solution was
introduced into the ﬂowcell and a baseline signal of the ringdown time was recorded for 16 min using our custom-made
LabView program; the time average of this data was used to
determine τ0. Then, upon adding the Cyt-C protein to the
electrochemical ﬂowcell, the ring-down time (τ) was
immediately and continuously acquired for another 16 min;
an acquisition time of 16 min was experimentally observed to
provide adequate time to reach a plateau in the protein
adsorption process.
Figure 2A features the experimental kinetic data of the
surface density of the Cyt-C protein, where each trace
corresponds to a particular solution concentration. Each data
point was calculated using eq 1, which includes data of ringdown time before (τ0) and during (τ) protein adsorption to
determine the time-dependent optical absorbance, A(t). eqs 2
and 3 were then used to retrieve from the optical absorbance
data the time evolution of the surface coverage, Γ(t). It is
worth noting that a closely packed full monolayer corresponds
to about 22 pmol cm−2 and the experimental technique
addresses surface coverages that corresponds to only a small
fraction of a full monolayer.
To calculate the binding properties of Cyt-C adsorbing onto
the ITO surface, for each bulk protein concentration, c, the
experimental surface coverage against time was ﬁtted with an
exponential curve, Γ(t) = Γ∞[1 − e−a(t−b)] using the software
Origin; these ﬁtting curves are included in Figure 2A. Then,
the time derivative of the surface coverage, Γ(t), was calculated
to determine the instantaneous binding rate, dΓ(t ) . According

Figure 2. (A) Kinetic surface coverage data as optically measured by
the EW-CRDS tool for cytochrome c species adsorption on the ITO
surface. (B) Slope versus bulk protein concentration.

APTES and ITO/Cyt-C antibody) were also carried out. Table
1 summarizes the experimental results of the association and
dissociation constants, the equilibrium constant, and the Gibbs
free energy of adsorption for the diﬀerent assemblies. Thus, the
data demonstrates the capability of the EW-CRDS platform to
quantify the eﬀect of each interface on the binding aﬃnity of
the Cyt-C protein, despite the low surface coverage displayed
by the protein on those interfaces along the adsorption
kinetics. As expected, the lowest binding aﬃnity of Cyt-C was
observed when the glass surface was functionalized with ITO/
APTES. Such low aﬃnity is predictable due to the weak
interaction between Cyt-C and APTES, as both APTES and
Cyt-C are positively charged at neutral pH.49,50 We quantiﬁed
a clear increase in the Keq for the bare ITO, (when compared
to ITO/APTES interface), which is attributed to the favorable
adsorption based on the electrostatic attraction between
positively charged amino acid residues (lysine) and the
−OH groups of ITO; these results are in good agreement
with previously reported work of Cyt-C adsorption onto glass
surface.48 Whereas, the highest value in Keq was measured
when the glass surface was functionalized with ITO/APTES/
Cyt-C Ab, which conﬁrms that the presence of a capturing
Cyt-C Ab highly increases the aﬃnity of the speciﬁc binding
events of the Cyt-C protein adsorption, even though
concurrent and partial nonspeciﬁc modes of adsorption
might also be present. Furthermore, Table 1 summarizes the
Gibbs free energy of adsorption, as calculated from the Keq
constant according to eq 7, at the diﬀerent assemblies
functionalized on the glass surface. The negative values on

dt

to eq 6, a linear ﬁtting of the binding rate, dΓ(t ) , versus the
dt

surface coverage, Γ(t), has a slope Δm given by
Δm = −

(

ka
c
cw
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)

+ kd . A plot of −Δm versus the protein

solution concentration, c, is shown in Figure 2B. A linear
ﬁtting of such data allowed us to determine the association, ka,
and dissociation, kd, binding constants from the slope and the
y-intercept, respectively. The experimental results of the EWCRDS platform for the association and dissociation rate
constants, and the equilibrium constant of the Cyt-C protein
interacting with the ITO surface are included in Table 1.
Following similar protocols of data acquisition and analysis, the
Cyt-C protein adsorption onto diﬀerent assemblies (ITO/
E
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Table 1. Adsorption and Desorption Constants, Adsorption Equilibrium Constant, and Gibbs Free Energy of Adsorption
Measured by the EW-CRDS Platform for Diﬀerent Interfaces
ITO
ITO/APTES
ITO/APTES/Cyt-C-Ab

ka (105 s−1)

kd (10−4 s−1)

keq (109)

−ΔG (KJ mol−1)

8.4 ± 0.5
4.1 ± 0.5
9.3 ± 0.3

4.2 ± 0.6
18 ± 5
1.3 ± 0.3

2.0 ± 0.3
0.23 ± 0.07
7±2

52.5 ± 0.4
47.2 ± 0.7
55.6 ± 0.7

Figure 3. Protein adsorption kinetics as measured by the EW-CRDS tool at diﬀerent electric potentials applied to the device surface.

the experimental data of ΔG is certainly expected from
thermodynamic considerations due to the spontaneous nature
of the adsorption process.51 Thus, the EW-CRDS tool was
fully capable of determining the energetics of the protein
adsorption process and to experimentally quantify how the
presence of a capture antibody is favored when compared to
other interfaces of interest.
EW-CRDS Measurements of Protein Adsorption
under Electrically-Controlled Potentials. Prior to its ﬁrst
deployment in electrically controlled experiments, the ITOcoated prism was electrochemically stabilized by incubating it
in PBS solution for 24 h and then applying 20 cycles of CV
scans followed by about 20 min of relaxation time before any
additional processing or data collection.2,4,52
The eﬀects of the electric potential on the adsorption
properties of the Cyt-C protein interacting with diﬀerent
interfaces (ITO, ITO/APTES, and ITO/APTES/Cyt-C antibody) were measured here at constant values (−0.2, −0.4, 0.2,
and 0.4 V) applied to the working electrode. Except for the
applied potential, similar experimental procedures and data
analysis, as described in the OCP experiments, were carried
out here.
In Figure 3, we show the adsorption kinetic data
corresponding to the ITO interface, where the measured

surface coverage of the Cyt-C protein against time is plotted
for diﬀerent bulk concentrations and at diﬀerent values of the
applied electric potential (Figure 3A−3D). The data quantiﬁes
the impact of the applied potential on the protein adsorption
process where, beyond the transport-limited regime, a higher
surface coverage is achieved for negative values of the electric
potential and conﬁrms that this particular protein adsorption
process is dominated by electrostatic interactions between the
positively charged (lysine patch) displayed by the Cyt-C
protein and the negatively charged electrode surface.53 As
already reported by others,53 one possible scenario here is that
the phosphate ions HPO42− could aggregate to form a cluster
structure with a speciﬁc arrangement, which functions as a
bridge between the positively charged lysine residues of Cyt-C
protein and the positively charged electrode.
Similar data were collected and analyzed for the other
interfaces, namely, the ITO/APTES and ITO/APTES/Cyt-C
antibody interfaces. These particular data are displayed in the
Supporting Information (see Figures S-5 and S-6). Here, in
Figure 4, we summarize the outcome of the experimental
results for the Gibbs free energy of adsorption against the
applied electric potential for each of the interfaces. As reported
in Figure 4, when the glass surface is fully functionalized with
the ITO/APTES/Cyt-C Ab assembly and the electrode
F

https://dx.doi.org/10.1021/acs.analchem.0c01956
Anal. Chem. XXXX, XXX, XXX−XXX

Analytical Chemistry

pubs.acs.org/ac

Article

Figure 5. Optical absorbance measured by EW-CRDS platform
during a CV scan for surface-adsorbed Cyt-C at diﬀerent interfaces.

Figure 4. Gibbs free energy of adsorption as a function of the applied
potential for the cytochrome c protein immobilizing onto diﬀerent
interfaces.

folded into the same plot. For measurements at each interface
(ITO, ITO/APTES, and ITO/Cyt-C antibody), the bulk
concentration of the Cyt-C protein solution was kept at 500
nM. Between each set of measurements displayed in Figure 5,
the sensing surface of the prism was recleaned using the
protocols described previously.
The Cyt-C molecules when dissolved in the bulk PBS
solution at the 7.2 pH are known to be in the oxidized state.
Therefore, at positive values of the applied potential on the
surface of the working electrode in Figure 5, the surfaceadsorbed Cyt-C species are expected to be fully oxidized. The
surface density (Γtot) of the adsorbed species can then be
calculated using eq 2 from absorbance data at positive values of
the applied potential; the surface density results for all
measured assemblies are summarized in Figure 6A. By
considering that a full monolayer2 of Cyt-C protein
corresponds to about 22 pmol cm−2, we obtain the following
fractions of a full monolayer for each assembly: 28% for ITO,
9% for ITO/APTES, and 34% for ITO/APTES/Cyt-C-Ab. As
expected, and consistent with data previously presented here,
Figure 6A conﬁrms that the functionalizing assembly has an
important role on the Cyt-C adsorption process; the presence
of the Cyt-C capturing antibody greatly enhances the binding
aﬃnity and adsorption process.
In Figure 5, the optical absorbance data under CV scans
shows a clear and characteristic redox transition for all
measured assemblies. As the applied potential is driven toward
negative values the protein is expected to undergo a reduction
process, and a drop in absorbance values conﬁrms this process.
However, it is important to notice that in principle we may
have a mixture of reduced and oxidized species adsorbed to the
surface under interrogation. In order to calculate the fraction of
Cyt-C species that gets converted to the reduced state (from
the original oxidized state), eq 2 was modiﬁed to include the
possible copresence of diﬀerent redox species on the surface:

becomes negatively charged, it shows a signiﬁcant decrease in
the Gibbs free energy of adsorption (it becomes more
negative), which quantiﬁes the high binding aﬃnity for the
Cyt-C antibody (see also Figure S-6). The energetics for the
adsorption of the Cyt-C protein with the ITO interface only
improves slightly (it becomes more negative). In contrast,
there is no signiﬁcant change in the adsorption rate between
Cyt-C and ITO/APTES surface (Figure S-5) due to their weak
interaction. The experimental data also shows that at positive
values of the applied potential the protein adsorption process is
mainly regulated by the surface charge set by the applied
potential regardless of the speciﬁc nature of the adsorbent
layer. The electroactive EW-CRDS platform allows us to
precisely quantify those phenomena, which are expected under
a rationale of ﬁrst-principles, but which are happening at
challenging or typically inaccessible experimental conﬁgurations.
Cyclic Voltammetry with the Electroactive EW-CRDS
Platform. Optical absorbance measurements were performed
using ring-down time data in the EW-CRDS platform under
cyclic voltammetry (CV) potential modulation. The Cyt-C
protein interaction with the three diﬀerent assemblies (ITO,
ITO/APTES, and ITO/Cyt-C antibody) immobilized on the
internal reﬂection surface of the glass prism was probed under
CV scan. The CV scan was set with an electric potential
ranging from −0.3 to +0.6 V and a scan rate of 30 mV/s. First,
a background optical signal was acquired without the presence
of the Cyt-C proteins in the ﬂowcell, which at this time was
ﬁlled with just PBS solution. Optical data of ring-down time
under CV scanning was synchronized and collected using our
LabView routine. After this data acquisition, a 300 μL of 500
nM Cyt-C solution was injected into the ﬂowcell and allowed
to incubate for 15 min to stabilize the adsorption process of
the Cyt-C protein on top of the functionalized surface.
Subsequently, the ﬂowcell was rinsed with 900 μL of PBS
solution to remove unbound species. Next, optical data was
acquired under identical CV scanning conditions to interrogate
the Cyt-C eﬀects on the analytical interface. As described in eq
1, measurements of the optical data of cavity ring down times
in the absence and in the presence of Cyt-C allowed us to
generate the optical absorbance. In Figure 5, the optical
absorbance of Cyt-C is plotted against the applied electric
potential for each assembly functionalizing the glass surface of
EW-CRDS prism; please notice that several CV cycles are

A = S[ϵox (Γtot − Γred) + ϵredΓred]

(8)

where Γred is the surface density of the immobilized protein
species that are converted to the reduced state and ϵred is the
molar absorptivity of the Cyt-C protein at the reduced state,
with ϵred = 7 × 103 M−1 cm−1 at 532 nm. The absorbance data
(displayed in Figure 5) at applied potential values smaller than
the redox transition was then considered to determine Γred
from eq 8. Figure 6B summarizes the results for the fraction of
the overall population of adsorbed protein species, Γred/Γtot,
G
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platform to unambiguously measure electrode-driven redox
events of surface-conﬁned molecular species at low submonolayer coverages. Such capability is expected to open
several opportunities for the electro-active EW-CRDS
technique to investigate a variety of electrochemical phenomena at solid−liquid interfaces for the development of novel
biomaterials, biosensors, and bioanalytical systems.
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Figure 6. (A) Surface coverage of Cyt-C at diﬀerent interfaces. (B)
Fraction of surface-adsorbed Cyt-C species that undergo redox
transition under CV scan.

that undergoes redox transition during CV scanning process.
As one can observe from the data displayed in Figure 6B, the
redox transition of the Cyt-C protein decreases for each
additional layer that is added between the redox species and
the electrode of the EW-CRDS platform. The developed EWCRDS platform is able to clearly access and quantify the eﬀects
on the redox transition as individual molecular layers are added
to the interface under optical interrogation, even when the
surface density of redox species is at a low submonolayer level.

■

CONCLUSIONS
Here, we have reported the development of an electrically
active cavity-ring-down spectroscopic technique that is able to
perform spectroelectrochemical investigations of redox events
at solid−liquid interfaces by using the evanescent ﬁeld of a
cavity-conﬁned light pulse. A high-quality, ultrathin, transparent conductive electrode ﬁlm of indium tin oxide (ITO)
was coated on the interface of total internal reﬂection of the
EW-CRDS platform to deliver a ring-down time of about 900
ns, which enabled us to perform spectroelectrochemical studies
at solid−liquid interfaces. Some capabilities of the developed
platform were demonstrated here by addressing the eﬀects of
an applied electric potential to the adsorption behavior of the
redox protein cytochrome c (Cyt-C) onto diﬀerent interfaces.
For each interface, the adsorption and desorption constants,
the surface equilibrium constant, the Gibbs free energy of
adsorption, and the surface coverage were optically measured
by our electrically active EW-CRDS tool. The experimental
results demonstrate the ability of the electro-active EW-CRDS
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