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Dynamic studies of antibody-antigen interactions
with an electrolyte-gated organic transistor

Pamela Allison Manco Urbina,’ Alessandro Paradisi,’* Roger Hasler,”® Matteo Sensi," Marcello Berto,’
Gulseren Deniz Saygin,* Jakub Dostalek,”**> Marcello Pinti," Pierpaolo Greco,*® Marco Borsari,’
Wolfgang Knoll,”* Carlo Augusto Bortolotti,’®* and Fabio Biscarini'*

SUMMARY

Affinity-based biosensors employing surface-bound biomolecules
for analyte detection are important tools in clinical diagnostics
and drug development. In this context, electrolyte-gated organic
transistors (EGOTs) are emerging as ultrasensitive label-free bio-
sensors. In this study, we present an EGOT sensor integrated
within a microfluidic system. The sensor utilizes the cytomegalo-
virus (CMV) phosphoprotein 65 as a biorecognition element to
detect the pathological biomarker human anti-cytomegalovirus
antibody in solution. The biorecognition element is grafted onto
the gate electrode by exploiting the polyhistidine-tag technology.
Real-time monitoring of the EGOT response, coupled with a two-
compartment kinetic model analysis, enables the determination
of analyte concentration, binding kinetics, and thermodynamics
of the interaction. The analysis of the relevant kinetic parameters
of the binding process yields a reliable value for the thermo-
dynamic equilibrium constant and suggests that the measured
deviations from the Langmuir binding model arise from the co-ex-
istence of binding sites with different affinities toward the anti-
bodies.

INTRODUCTION

Affinity-based biosensors, exploiting surface-bound biomolecules as recognition el-
ements for analytes in solution,” are becoming important and widely investigated for
development of clinical diagnostics and for drug development studies.”™ In recent
years, electrolyte-gated transistor (EGT) devices have emerged as promising candi-
dates for biosensing applications.”® They operate on channels with conjugated
organic (semi)conductor thin films (in this case termed EGOTs),”® carbon allotropes
(e.g., carbon nanotubes, graphene),‘”4 or related forms, like reduced graphene ox-
ide (rGO-EGT),"%"*""” coupled by an electrolyte solution to the gate electrode. The
most common device architecture for sensing exhibits the gate electrode function-
alized with biorecognition moieties: an antibody, an aptamer, or an enzyme, de-
pending on the nature of the target analyte.”'®'? EGTs are label-free sensors and
hence do not require secondary reagents to detect binding of the analytes at the
biorecognition interface. EGTs respond with the modulation of electronic current
in reaction to ion-(semi)conductor interactions, controlled by the recognition-
induced voltage change at the gate electrode.”®?%?" The ion/(semi)conductor in-
teractions occur both at the interface between the electrolyte and the (semi)
conductor channel and inside the (semi)conductor channel, depending on the ion
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Here we challenge EGTs with the clinical problem of rapid virus detection, specif-
ically, human cytomegalovirus (CMV) antibodies, to demonstrate the first EGOT
sensor for CMV infection. Human CMV is a prevalent betaherpesvirus infecting
more than half of the western population and 80%-90% of those over 65 years™
CMV infection has been shown to induce production of pro-inflammatory cytokines
by leukocytes like interleukin 6 (IL-6) and tumor necrosis factor a (TNF-0).?° Once
infection is established, a strong specificimmune response for CMV is elicited, which
includes antibodies against structural tegument proteins, such as phosphoprotein
65. However, the immune system is not able to eradicate the virus, and the subject
remains chronically infected. Even though CMV infection is typically unnoticed in
healthy people, CMV seropositivity is associated with increased all-cause mortality
in elderly people and can be life threatening for immunocompromised subjects,

such as HIV-infected persons, organ transplant recipients, or newborn infants.?*2¢2/

Most of the sensing studies with EGTs rely on steady-state multiparametric charac-
terization of the transfer curves as a function of the target analyte concentration. The
dose curve can be constructed by correlating the change in one or more parameters
with the concentration of the analyte.”®" For instance, the relative change in cur-
rent at a fixed gate voltage (generally referred to as signal) vs. analyte concentration
may be reconducted to binding isotherms to extract thermodynamic parameters
(like free energy of binding). This approach implicitly assumes that the EGT sensor
is at thermochemical equilibrium with the electrolyte solution and that the measured
signal is linear with the population of the recognition sites; although reasonable,
these two assumptions are not always obvious.

Recent research efforts were focused toward increasing the sensitivity and the limit of
detection (LOD) reduction of these devices to allow detection of ultralow analyte con-
centrations. Recent reports demonstrated the possibility of detecting single molecules
(zeptomolar [zM] concentration range) for millimeter-sized devices based on EGOT ar-
chitecture.’>*? To achieve such a high sensitivity, the channel or the gate electrode
functionalization strategies need to yield a high density of surface-bound receptors
(~10""-10"2 sites cm™2) for the target analyte. This implies that an efficient binding
with small sample volumes and low analyte concentrations is accessible.*'”*Y However,
in the study of binding thermodynamics, the choice of the binding model used to inter-
pret the experimental data is crucial and, often, due to the discretization of the sam-
pling, ambiguous.®® To correctly extract the thermodynamic parameters from the
dose curve it is necessary to understand the dynamic behavior of the analyte-receptor
interactions. This can be done by means of the time evolution of the current. This feature
makes EGTs an attractive tool to study the binding kinetics of a biomolecular target
(e.g., proteins, DNAs, and small molecules) to a specific binding site grafted at the func-
tionalized electrode surface.?®**=*" However, this analysis relies on a kinetic model of
binding to interpret the data. In addition, since the time-dependent current is
composed of many more points than those available in steady-state measurements,
in principle, the relevant properties (including actual equilibrium constants) can be esti-
mated with smaller errors.

In this work, we carry out both steady-state and kinetic measurements of an EGOT
sensor designed to recognize anti-CMV antibodies (anti-CMV-Abs) with a PE-
DOT:PSS channel and a gate electrode functionalized with the CMV phosphoprotein
65 (CMV-pp65), which is a biological target of the human anti-CMV-Abs. We bind
CMV-pp65 to the transistor gate electrode with an efficient functionalization strategy
that exploits the polyhistidine-tag technology (which was originally developed for re-
combinant proteins) as a protein surface-immobilization method. Then, we integrate
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the EGOT biosensor into a microfluidics system, which allows a real-time recording of
the biosensor’s response to increasing concentrations of anti-CMV-Abs.

We analyze the time-dependent current in terms of the binding kinetics of the analyte
on the gate electrode surface by means of the two-compartment model (TCM).*® We
demonstrate that the effective kinetic rate of the time varying EGOT current has, in gen-
eral, a non-linear dependence on the analyte concentration due to the interdepen-
dence between elementary kinetic constants, density of binding sites, and mass trans-
port at the interface. The observed trend can be simply interpreted in terms of two co-
existing binding site populations, with different affinities toward the target. Our work
demonstrates the extreme sensitivity of the time-dependent experiments to subtleties
of the binding kinetics. These insights on the kinetics require modeling of the time-
dependent experiments with EGOT sensors, provide quantitative assessment of the
response time of the biosensor based on the recognition architecture, and potentially
help us to identify routes to enhance sensitivity.

RESULTS AND DISCUSSION

Assessment of gate functionalization with surface plasmon resonance (SPR)
and electrochemical techniques

The EGOT-based biosensor was constructed using a top-gate bottom-contact
configuration, employing a gold gate electrode and operating in a microfluidic
flow cell. To enable detection of anti-CMV-Abs in solution, we endowed the gate
electrode with recognition capabilities by immobilizing the viral protein CMV-
pp65. To do this, we exploited the well-established principle of metal-ion-affinity
chromatography, commonly employed to purify recombinant proteins. Briefly, this
technique involves the selective binding of a strand of six histidine residues (typically
located at either the C or the N terminus of the amino acid chain) to a divalent cation
(such as Ni?* or Cu?*) chelated to the solid phase of a chromatographic resin. Here,
we employed this strategy to functionalize the gate electrode surface with the re-
combinant protein CMV-ppé5, by adapting a methodology reported by Knoll and
co-workers for the development of protein-tethered lipid bilayers.?”“? lon-chelating
nitrilotriacetic acid groups bearing a terminal amin group (N,,N,-bis(carboxy-
methyl)-L-lysine hydrate [ANTA]) are coupled in situ to an N-hydroxy succinimide
ester (NHS) functionalized surface. This surface was prepared by incubation of the
gold electrode with di(N-succinimidyl) 3,3’-dithiodipropionate (DTSP). The resulting
ANTA-decorated surface is activated by complexation of Cu?* ions, rendering it
capable of reversible immobilization of polyhistidine-tagged CMV-pp65 (Figure 1).
In addition, the gate functionalization was completed by the addition of an oligo-
(ethylene glycol)-terminated alkanethiol (OEG) passivating layer to cover the regions
of the electrode not covered by ANTA, hence reducing the non-specific binding at
the electrode. In fact, OEG layers are often exploited to prevent fouling processes at
electrode surfaces while retaining hydrophilicity and increasing the characteristic
Debye length of the interface.*'*? This elegant strategy offers versatility to the func-
tionalization process, as the polyhistidine tag is commonly used in recombinant pro-
tein production, allowing for the attachment of virtually any protein to the electrode
surface. Moreover, because this tag is located at a specific position of the polypep-
tide chain (N or C terminus), it facilitates the formation of a more ordered biolayer on
the electrode surface. This possibility is instead precluded by other standard elec-
trode functionalization strategies, like the method exploiting the 1-Ethyl-3-(3-dime-
thylaminopropyl)carbodiimide/N-hydroxysuccinimide (EDC/NHS) coupling, which
generally links proteins to a carboxylate self-assembled monolayer (SAM) on the
electrode surface with a random orientation, hence possibly leading to differences
in binding efficiencies depending on the protein orientation.
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Figure 1. Au gate electrode functionalization methodology

The scheme describes the protocol | method, as reported in the text. An NHS-activated monolayer is prepared by self-assembly of DTSP on the Au
surface (i). The gold surface was then incubated with OEG (i) before the coupling with ANTA was performed (iii). Loading with Cu?* was performed by
immersing the electrode in a CuSOy solution (iv). The electrode surface was then ready for complexation with the His-tagged CMV-pp65 protein (v). The
R1 red labels represent the polypeptide chain of the CMV-ppé5.

To optimize the density of binding sites of CMV-ppé5 attached to the electrode, the
effect of the OEG on the functionalization process was evaluated by testing three
different experimental protocols: adding the OEG after DTSP (protocol 1), adding
the OEG after ANTA (protocol Il), or without addition of OEG (protocol Ill) (see
Note S1 for further details). To do this, each step of the functionalization process
was optically monitored by fiber optic (FO) SPR in real time as shown in Figure 2A.
The optical signal detection is based on the detuning of the resonant optical excita-
tion of propagating surface plasmons at the metal-electrolyte interface due to local
refractive index change. This change can be associated with mass adsorption at the
metal surface.**** Hence, the FO-SPR response allows one to estimate the amount
of protein bound to the gold surface, corresponding to the number of available
binding sites on the electrode surface (see experimental procedures).

The gold-coated FO was initially incubated with 50 mM phosphate buffer, 0.1% w/v
BSA, 0.05% w/v Tween 20 (pH 7.4) until a stable optical signal was reached, which
was then taken as the baseline signal. Afterward, the buffer solution was replaced
with a Cu®* solution to Cu load the ANTA, followed by a washing step with buffer
and before incubation with a 600 nM polyhistidine-tagged CMV-ppé5 protein solu-
tion. At this stage, buffer solution was then used to wash any protein not bound to
the Cu®*-ANTA binding sites. The resonance wavelength (Aspg) shift with respect
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Figure 2. Characterization of the gate electrode functionalization

(A) SPR sensorgram of the gold surface functionalization process. Each reagent injection is
represented by colored arrows.

(B) Comparison of CMV-ppé5 adsorption efficiency of each tested protocol expressed in terms of
average surface density (molecules cm™2) with their associated standard deviations (based on three
independent experiments).

(C) CV of the functionalized Au electrode using Ks[Fe(CN)4] as redox probe: bare Au, black trace; Au
covered with DTSP-SAM, red trace; and Au covered with DTSP-SAM and OEG, green trace.

to the initial baseline is proportional to the amount of CMV-pp65 bound to the sur-
face. The stability and the non-specific adsorption of this layer was then tested by
incubation with a 0.1% w/v BSA, 0.05% w/v Tween 20 (pH 7.4) solution until equili-
bration of the optical signal. Washing with clean buffer restored the optical signal
obtained at the previous step. Finally, the binding of the anti-CMV-Abs was demon-
strated by incubating the FO with a 100 nM anti-CMV-Ab solution.

Figure 2B reports the amount of CMV-pp65 bound on the gold surface calculated
from the SPR data (as reported in the experimental procedures): a higher coverage
is obtained in the absence of the OEG layer (protocol Ill) compared with both pro-
tocols that included the formation of the OEG layer (protocols 1 and 11}, likely because
of the steric hindrance due to the long OEG chains. On the other hand, the OEG
addition before the incubation with the ANTA (protocol |) yielded a slightly higher
CMV-pp65 surface density of 9.5 (£0.3) x 10"" molecules cm ™2, with respect to
changing the addition order of these two reagents (protocol lI).

Furthermore, the surface functionalization procedure was characterized through
electrochemical methods using cyclic voltammetry in the presence of [Fe(CN)>~/
[Fe(CN)4]*~ as a redox probe. Here, a gold wire was used as the working electrode
to study the functionalization process. Upon functionalization of the electrode sur-
face with the OEG/protein layers, the charge transfer resistance between the redox
probe and the electrode increased, which reduced the faradaic current recorded
with respect to the bare gold electrode. In the absence of OEG, the amount of
CMV-pp65 protein is not sufficient to fully cover the electrode surface, which still
presents faradaic current similar to the clean gold surface (Figure S1). During the
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biosensing experiment, these exposed surfaces could lead to non-specific ad-
sorption processes at the bare gold surface. Conversely, incubation with the OEG
effectively passivates the electrode surface in the area that is not covered by the
CMV-pp65, as demonstrated by the large faradaic current reduction (Figure 2C).

Based on these results, protocol | was selected to be implemented as the gate
electrode functionalization strategy for anti-CMV-Ab detection with the EGOT
device. This protocol yielded an average CMV-pp65 adsorbed density of
9.5 (+0.3) x 10" molecules cm~2, validating the use of this functionalization
method to achieve high receptor densities of the electrode surface. In fact, this value
is comparable to that of the surface coverage reported for other functionalization
strategies that yield high receptor densities on the surface and characterized by

SPR monitoring (4-8 X 10" molecules cm™3?).17:30.:39:45

Real-time biosensing

The EGOT conductive channel was fabricated by drop-casting of a PEDOT:PSS so-
lution onto interdigitated gold source-drain electrodes (W/L = 50). A planar gold
electrode on silicon substrate was used as the gate electrode and functionalized
with CMV-pp65 as described above. The EGOT device was then integrated into a
microfluidic system to perform the real-time sensing experiments.

The biosensing of the anti-CMV-Ab in buffered solutions (50 mM phosphate buffer
[pH 7.4]) was performed by continuously monitoring the variations of Ips vs. time, at
constant Vps = —0.2V and Vs = +0.5V, for concentrations ranging from 1 to 500 nM
anti-CMV-Ab in 50 mM phosphate buffer, 0.1% w/v BSA, 0.05% w/v Tween 20 (pH
7.4). Initially, the device was stabilized by flowing buffer solution through the micro-
fluidic systems to obtain a constant current Ips o; then the device was exposed to
increasing concentrations of anti-CMV-Abs by injecting the different standard solu-
tions. Figure 3B (gray trace) shows a typical response of the EGOT sensor, where Ipg
decreased rapidly upon analyte binding (red curve segments) and tended to attain a
constant plateau. After the last standard sample, buffer solution (without analyte)
was injected again into the microfluidic system, to induce the dissociation of the
bound analyte. Indeed, an increase in the current was observed, indicating the
reversibility of the binding process, although in the investigated time window we
did not observe full recovery of the initial drain current value. In this figure, we
note that the small kinks at the onset of the rise of each concentration step are likely
due to small air bubbles entering the microfluidic system when the sample solutions
are changed.

The decrease in Ips magnitude is proportional to the anti-CMV-Ab concentration;
hence, a calibration curve (Figure 3C) was constructed by measuring the sensor
response in the steady-state regime of each concentration, that is to say, at the cur-
rent plateau. The response was quantified in terms of signal (S), defined as the rela-
tive change in the current at a certain analyte concentration with respect to the initial
value (in the absence of the analyte): S = (Ips 0 — Ips)/Ips 0. The device demonstrates
sensitivity to anti-CMV-Ab in solution by displaying a non-linear, monotonically
increasing response as concentration rises from 1 to 500 nM. This non-linear calibra-

21:33.46 3nd, more in

tion plot is a typical outcome in the field of EGOT biosensors
general, for methods based on ligand binding assays.”’*** From these data, the
quantitative relationship between S and anti-CMV-Ab concentration was obtained
by fitting the signal with the Langmuir isotherm model, yielding an estimated bind-
ing constant K, = 1.2 (+0.2) x 107 and an estimated maximum signal S.x = 0.82

(Figure 3C).*7°0 Furthermore, because the recorded signal is proportional to the
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Figure 3. Real-time electrical sensing by functionalized gate electrode with CMV-pp65

200 300 400 500
[anti-CMV-Ab] (nM)

(A) Scheme representing the microfluidics flow cell combined with the EGOT device used for biosensing.

(B) Sensor current variation to increasing concentrations of anti-CMV-Abs, plotted as Ips vs. time (gray trace). The labeled arrows indicate the injection
of the analyte standard solutions and of clean buffer. The red traces correspond to the fitting of the time-dependent 6 changes (left axis) by kinetic
analysis based on the two-compartment model. The blue trace represents the fitting of the debinding phase.

(C) Sensor calibration curve (black dots) expressed in terms of signal (S) and the corresponding surface coverage () as a function of anti-CMV-Ab

concentration. The red trace represents the fitting with the Langmuir isotherm model, giving an estimated K. = 1.2 (+0.2) x 107 and Spax = 0.82. The
blue dashed curve represents the Langmuir isotherm calculated with K| = 1.5 x 107 obtained from the kinetic traces analysis. The green diamonds

represent the steady-state foq calculated from the two-compartment model from the fitting of the kinetic traces. Inset: average o4 (+SEM) vs. anti-
CMV-Ab concentration (lin-log scale), together with the associated Langmuir isotherm fit (blue trace, K = 1.18 (£0.18) x 107): data points are presented

as mean value & SEM, based on a minimum of three to a maximum of five independent datasets. The 500 nM datapoint belongs to a single dataset.

amount of anti-CMV-Ab protein bound to the gate electrode surface, it is possible to
convert the signal S into the surface fraction coverage (6), defined as 6 = S/S...,
where S, .« is the maximum signal estimated from the isotherm fitting. The coverage
values are reported on the right axis of Figure 3B for 8 vs. time, and Figure 3C for
equilibrium surface coverage (fe). In the inset of Figure 3C we show the average
values of f.q over different datasets acquired. The continuous blue line is the
best-fit Langmuir isotherm with K_=1.18 (+0.18) x 10’.

Non-specific binding interactions at the channel or at gate-electrode surfaces are a
common source of interference in the measured signal of a sensing experiment.
Therefore, two different types of control experiments were performed to assess
the specificity of the biosensor response to anti-CMV-Abs. In the first one, a solution
containing 100 nM anti-IL-1p was used to test the device response to a different anti-
body; in the second one, 100 nM IL-6 was used to test the response to a molecule
that has potentially increased levels in subjects with an active CMV infection. As
described previously (see the introduction), the infection has been shown to induce

Cell Reports Physical Science 5, 101919, August 21, 2024 7
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production of pro-inflammatory cytokines like IL-6 by leukocytes.”® The non-specific
response to 100 nM anti-IL-1p (Figure S2, light green background) has a significant
signal, while the response to 100 nM IL-6 is, in practice, negligible (dark green back-
ground); however, both these signals are much lower than the specific response to
anti-CMV-Abs (pink background) at the same concentration, indicating the satisfac-
tory selectivity of the biosensor.

The theoretical LOD and limit of quantification (LOQ) were estimated following the
IUPAC convention: these parameters are obtained from the standard deviation of the
signal recorded when only phosphate buffer is fluxed into the system. This signal orig-
inates from the small fluctuations in the recorded current (Ips) over time. The LOD and
LOQ can be calculated using the relation Sy op/Loq) = So + k o, where Sq is the signal of
the blank (which in this case is set to zero), ¢ is its associated standard deviation, and kis a
factor that is set equal to 3 for the LOD and equal to 10 forthe LOQ.”*" Here, o was esti-
mated as ¢ =0.002, which correspondstoan LOD =0.5nMandanLOQ = 1.6 nM, on the
basis of the Langmuir isotherm fit reported in Figure 3C. The samples at 1 nM concen-
tration of anti-CMV-Abs generated a signal that was between the LOD and the LOQ and
hence was not fully reliable for quantitative analysis; for this reason, they were excluded
from the kinetics analysis presented in the next section. In addition, another possibility
for the estimation of the theoretical LOD is to use the average signal obtained from the
negative control experiments (Figure S2). Using this definition, and considering the
average signal as So with its associated standard deviation (n = 3 independent experi-
ments), we obtained LODptiiL1p = 18 nM and LODg¢y = 6 nM.

Kinetics analysis

The variation of the current over time obtained from the EGOT sensor, integrated
into the microfluid system, allows us to extract information about the dynamics of
the binding process. In this context, we adopted the TCM, which is one of the
most widely exploited models for describing the binding kinetics of analytes in so-
lution to surface-immobilized ligands under a constant flow rate of solution.>***
The TCM is commonly applied to the interpretation of SPR kinetics data and has
been evoked also for electronic biosensors.*** In the TCM, the binding kinetics re-

sults from a two-step process:
kem kon
A(outer) :A(inner) + B(surf) E__\ AB(sur‘f)
off

The first step is the transport of the analyte (A, the anti-CMV-Ab in this case) from the
bulk of the solution (termed here outer compartment) to the region close to the
sensor surface (inner compartment). This step is followed by the reaction of the an-
alyte with the binding site (B) anchored to the surface of the sensor (B, is the
binding site) (Figure $3).52°% Here, kon is the second-order adsorption rate constant
(M~ "s™M), ko (s~ ") is the first-order desorption rate constant, and kq, (s~ ") is the mass
transport coefficient describing the diffusive motion of the analyte between the two
compartments. This model is formulated in terms of a system of ordinary differential
equations™®:

dC,

th

= Slknlp(Co — Cs) — konCsPo(1 — 8) + kot Pof], (Equation 1)

do _
dt

The model approximates the outer compartment concentration Cy as constant over

konCs(1 — 8) — kosef. (Equation 2)

time, while the concentration C of the analyte near the sensor surface changes over
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time because, on the one hand, the analyte is transported from the bulk of the
solution with mass transport coefficient k,,, while on the other hand, it binds or dis-
sociates from the binding site immobilized on the sensor surface with kinetic
rate constant k., or ko, respectively. The electrode surface coverage 6 is
proportional to the amount of analyte bound to the receptor; Py is the maximum con-
centration of available binding sites (mol em™?); V (em?) is the volume of the
inner compartment and S (cm?) is the surface area of the sensor and Lp (cm) is the
height of the inner compartment (related to the diffusion length) above the sensor
surface.

The system formed by Equations 1 and 2 has no analytical solutions; hence, it can be
solved only by numerical methods; however, under certain conditions it can be simpli-
fied, allowing one to determine analytical solutions. For example, in the regime where
the analyte transport to the sensor surface is much faster than the binding reaction, the
analyte concentration in the inner compartment can be considered constant (Cs = Co)
during the whole binding process: the model is then described only by Equation S4 and
results in a simpler first-order binding kinetics (this model is often referred as the “rapid
mixing model,” Equation S5, also known as Langmuir binding kinetics).***® On the
other hand, mass transport effects will influence the binding kinetics when the associ-
ation rate is comparable to or faster than the mass transport rate. In this situation, the
term kyLp (Co — C) cannot be neglected anymore, and it turns out that the model will
depend on six parameters: kon, Koff, ke, Lo, Po, and the ratio V/S (equivalent to the thick-
ness of the inner compartment). However, previous studies demonstrated that the so-
lutions to Equations 1 and 2 are insensitive to the value of V/S; in fact, works by Myszka
et al. and Sigmundsson et al. showed that, once the binding or dissociation is initiated,
C; changes rapidly over a very short period of time (with respect to the binding kinetics
time frame) and then very slowly thereafter.*®>* Furthermore, while this rapid change in
C is occurring, there is a negligible change in §. This behavior implies that a quasi-
steady-state approximation can be made where dCy/dt = 0; hence, C; is considered
constant, but lower with respect to the bulk concentration.>®°° With this condition,
V/S drops out of Equation 1, explaining why the value of the ratio does not affect
the final solution.

Under quasi-steady-state approximation, the model can be described by a single
differential equation with the following form (see Note S2):

do k! Co+kof0 .
G = kor (m)ﬂ — 0) — ko0, (Equation 3)

where k' = knlp/Po (M™" s71), corresponding to the coefficient that can be ex-
tracted directly from the fitting procedure (as described below). From a physical
point of view, this factor can still be considered as a mass transfer coefficient but,
when expressed in M™" s™", its numerical value also depends on the initial concen-
tration of binding sites Po.

In other terms, increasing the initial concentration of binding sites will cause a reduc-
tion of k., even if the flow rate of the system remains the same.

Equation 3 describes the formation of an analyte-ligand complex under partially
limiting mass transport conditions. Sigmundsson et al. showed that the differential

Equation 3 has an analytical solution, which takes the form>*:

0 =K |1 - Kiw(Kze“rKakoff N1, (Equation 4)
2
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where W represents the Lambert W function and

kon CO

k= KonCo+kost (Equation 5)
konZCO )
- (konCotkofe ) k! +konkoft (Equation 6)
2 !
o o & (Equation 7)

B koff [(konCO"'koff)kﬁn"'konkoff] '

Hence, the exact solution, Equation 4, depends on four parameters, Co, kon, koff, and
k' (which contains Po) The surface coverage 6(t = 0 s) equals O, while for a long re-
action time, the 6 equilibrium value is equal to Kj:

konCO KLCO

Oog = Ki = ko Cotkor = K Cotl’ (Equation 8)

where Ki = kon/kof is the thermodynamic equilibrium binding constant. Thus, Equa-
tion 8 describes the same equilibrium condition obtained from the Langmuir
isotherm and from the rapid mixing model (Equations S4, and S5), as would be ex-
pected given that the constant flow of analyte solution tends toward a final constant
concentration value equal to Co.

To extract the kinetic and thermodynamic constants from the real-time binding ex-
periments, the analytical solution, Equation 4, was then used to fit the kinetics data
of 6 vs. time, recorded at different initial concentrations Cy of antibodies, using ko,
kotr, and k., as fitting parameters. The resulting best-fit curves are shown in Figure 3B
as red traces overlaid with the experimental data (gray trace). One immediately no-
tices the accuracy of the fitting throughout the set of data points. The values of the
best-fit parameters extracted at each concentration are reported in Figure S4. Their
average values are ko = 5.5 (£0.7) X 10* M~ s7", kogr = 3.7 (£0.6) x 107357, and
ko' =3.8(+£0.3) x 10°M "5, where the experimental errors are reported as stan-
dard errors of the mean. The ratio kon/kogs = 1.5 (+0.3) X 10” M~ closely matches the
binding association constant K. = 1.2 (£0.2) x 10 obtained by the best fit of the
steady-state data (plateaus) from Figure 3B as discussed above. The Langmuir
isotherm obtained with K| = kon/ko is presented as a blue dashed line in Figure 3C.
This result supports the adoption of the TCM to describe the binding process.

According to Equation 4, the coverage 6(t) exhibits a (quasi)exponential behavior
(embedded in the Lambert function), whose inverse characteristic time is the
observed association rate ko5 = Kskos. The calculation of the ks values is carried
out at each concentration Cp from each set of best-fit parameters. In the next para-
graphs, we will show the puzzling outcome arising from two different data analyses
that hints at the need of evaluating the level of approximations employed. At the
same time, it underscores the importance of critically assessing these approxima-
tions and determining the more reliable approach between the two.

The first method for the data analysis is to use the average values of the kinetic pa-
rameters derived at each concentration Cy (see previous paragraph) from the TCM
model, which we will subsequently denote as the “TCM average.” In this case, a
linear relationship between kqps and Cq (Figure 4A, red markers and dashed line)
emerges, similar to the one predicted by the rapid mixing model.***® This trend
would suggest that the overall association process is not significantly affected by
mass transport effects, especially with the highest concentration samples, where a
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Figure 4. Analysis of binding kinetics

(A) Observed rate constants kops, as a function of analyte concentration, calculated using the average values of ko, ko, and k.’ obtained from the
fittings with the two-compartment model (“TCM average,” red squares and dashed line) and calculated using the kon, kosr, and k., at the different
analyte concentrations (“TCM local,” blue diamonds), together with a qualitative (guide to the eye) representation of the two different linear regimes
(blue dashed lines). Data points are reported as best-fit values + SE, obtained from the fitting procedure. The inset shows the same plot on a log-log
scale.

(B) Calculated binding constants (K|) as kon/kof ratios as a function of analyte concentration. The blue line represents the average K value calculated
with the local kon/koss ratios (TCM local), while the red one corresponds to the K obtained from the ratio kon/koff with their average values (TCM average).
Data points are reported as calculated value + SE, with SE calculated from the errors on ko, and kefr. The gray dotted line represents a guide to the eye
for the trend of K| vs. analyte concentration.

(C) Comparison between experimental kinetic traces (black dotted lines) with the kinetic traces calculated with the TCM (dashed lines) using the average
kon, ko, and kq,' parameters extracted from the fitting procedure (TCM average) and the fitting using the local kinetic parameters (TCM local). The labels
on the left axis indicate the sample analyte concentration.

high surface coverage (f) is attained at the gate electrode. Indeed, the kinetics anal-
ysis shows that k.., is substantially larger than k., with a ratio k.,'/ko, = 6.5. Asaterm
of comparison, the systems that are strongly influenced by mass transfer effects

generally exhibit kop > k2857

The second method calculates the kops values using the kon, kog, and k.’ best-fit
values at each concentration, instead of using their average values (Figure 4A). Here-
after, this method will be denoted as “TCM local.” Here, the outcome is a non-linear
relationship between kops and Cy (Figure 4A, blue markers and dashed line),
different from the prediction by the rapid mixing model. At first glance, the trend
of the blue markers seems to follow that of the red ones at low concentrations and
to deviate from it at the higher concentrations. We notice that a crossover of the
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trends of the blue and red data points occurs: while the trend of the red markers is
definitely linear across the whole range of concentrations, the trend of the blue
markers undergoes a transition between a steeper straight line (viz. higher k,, and
smaller kog) at the lowest concentrations and a less steep straight line at medium-
high concentrations (viz. smaller k., and higher k.g). We also notice that, for the se-
ries of the blue markers, the values of the mass transport coefficient k., are scattered
around an average value of k' = 3.8 X 10> M~" s~ (Figure S4).

While the available data do not conclusively identify the origin of this transition, we
attempt a rationale in terms of the existence of a heterogeneous distribution of bind-
ing sites on the gate surface. At the simplest level, we envision the co-existence of
two populations of binding sites: a minority with higher affinity (which implies higher
Ki) and a majority with smaller affinity (and hence smaller K). Qualitatively, the blue
dashed lines in Figure 4A illustrate this possibility: at the beginning of the experi-
ment the binding sites with higher affinity are occupied first, resulting in a steeper
slope (higher ko,); then, when these sites are saturated, the contribution of the bind-
ing sites with a lower affinity dominates the measured kops, resulting in a
smaller slope and ko,. In terms of binding constant values, it is possible to make
an educated guess based on the k,./ks ratios extracted at the different concentra-
tions. From these values, at 5 nM K\ (high) = 3.7 X 10’ M~", while at 500 nM Kiiow) =
1.3 x 10" M™", corresponding to a 3-fold reduction in binding constant (Figure 4B).
The trend of the K values resembles a decaying exponential trend. The horizontal
lines mark the mean K_ values (estimated either as the mean of the k,./kos ratio
[blue] or the ratio of the mean kg, and the mean k. [red line]).

The adoption of the local (in concentration) best-fit parameters is not explicitly
contemplated by the TCM; however, it is convenient not to disregard it, as it explains
the non-linear concentration dependence of the kops. The apparent existence of
local rates hints at faster binding at low concentrations and slowing down of the ki-
netics at the highest analyte concentrations. Notably, the TCM does not foresee this
transition, as it assumes a homogeneous distribution of binding sites with uniform
affinity on the electrode surface.

In support of the existence of the non-linear concentration dependence of kops, we
focus on the comparison of the experimental binding kinetics curves vs. time (Fig-
ure 4C, dotted lines) and their model-predicted counterparts calculated with the
TCM average kinetic parameters (Figure 4C, dashed lines) and the TCM local kinetic
parameters (Figure 4C, continuous line, and Figure 3B, red lines). Specifically, TCM
average shows in general a good agreement at the shortest times and for medium
concentrations (25-100 nM), while it overestimates the steady-state values. This
behavior is also reflected in the positive shift of the blue dashed line in Figure 3C
with respect to the equilibrium data point. On the other hand, TCM local maps
the whole kinetics dataset. We infer that the analysis with the local values is more
adherent to the actual kinetic process.

Finally, after the binding process with the highest anti-CMV-Ab concentration, the
system was washed with buffer solution to allow the dissociation of the anti-CMV-
Ab/CMV-ppé5 complex. The kinetic trace for this dissociation phase can be fitted
with an exponential function, assuming a first-order kinetics (Figure 3B, blue line).
The result allows us to estimate the value of k.¢ independent of the previous fitting
procedure (used in the association phase curves), yielding a value of ko = 4.9
(+0.5) x 1073577, again comparable to the one obtained previously and further
corroborating the degree of suitability of the TCM. Furthermore, this result suggests
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that for the 500 s after the injection of pure buffer, the dissociation rate is much
slower than the transport rate, which makes the effect of the mass transport rate
negligible and effectively reduces the initial phase of dissociation to a pseudo-
first-order kinetics.

In summary, we report the fabrication of an EGOT biosensor in which we exploited
the polyhistidine-tag technology to functionalize the gate electrode with a specific
receptor for a target analyte. We applied this methodology to the detection of
anti-CMV-Abs in solution. We demonstrated that, with this functionalization strat-
egy, it is possible to obtain high receptor densities on the surface of the gate
electrode, thus imparting high sensitivity in the nanomolar concentration range for
anti-CMV-Abs. The polyhistidine-tag technology is a workhorse of recombinant
protein purification technologies; hence, by making the functionalization strategy
flexible and adaptable to a variety of analyte/receptor pairs, we may contribute to
expanding the impact of this approach.

A central and important part of this work is the sensing in real time by continuous
monitoring of the current vs. analyte binding to the gate electrode. Technologically,
this required us to integrate the EGOT sensor into a microfluidic system. Scientifi-
cally, our analysis of the kinetics data vs. concentration of the anti-CMV-Abs showed
that the observed kinetic rate of the time varying EGOT current has a non-linear
dependence on the analyte concentration, which is not predicted by the simplest ki-
netic models of biorecognition at surfaces. We reconcile the experimental results
with the TCM by introducing the co-existence of two populations of binding sites,
each with different affinity toward the target and acting sequentially.

Our study highlights the remarkable sensitivity of EGOT for carrying out time-depen-
dent experiments, as the device discriminates subtle features of the binding kinetics.
To gain insights and give appropriate interpretation and values to the parameters,
the adoption of binding models is essential. The quantitative evaluation of the bio-
sensor’s response time based on the functionalization strategy is central for further
biosensor optimization and the screening of the surface chemistry strategies.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be
fulfilled by the lead contact, Carlo Augusto Bortolotti (carloaugusto.bortolotti@
unimore.it).

Materials availability
This study did not generate new unique materials.

Data and code availability

The authors declare that the data supporting the findings of this study are available
within the article and the supplemental information. The raw data supporting the
present study are available on the repository Zenodo: https://doi.org/10.5281/
zenodo.10686960.

Gate functionalization
The gate functionalization strategy was adapted from the procedure reported by Gi-
ess et al.*” Our method included an additional step in which the gate electrode was

incubated with triethylene glycol mono-11-mercaptoundecyl ether, an OEG. The
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effect of OEG addition on the binding of CMV-pp65 protein to the gate electrode was
evaluated by testing three different protocols (reported in the supplemental informa-
tion) and characterized with SPR. Eventually, the protocol used in the functionaliza-
tion of the gate electrode for the biosensing experiments was as follows: (1) incuba-
tion of the gold electrode in 5 mM DTSP in dimethyl sulfoxide (DMSO) overnight,
followed by (2) incubation in 100 uM OEG for 30 min; (3) incubation in 80 mM
ANTA (pH 9.8), for 3 h; (4) incubation in 40 mM CuSOy in 50 mM acetate buffer (pH
5.5) for 30 min; (5) incubation in 0.05 mg mL~" histidine-tagged CMV-pp65 in
50 mM phosphate buffer (pH 7.4) for 2 h, followed by a washing step with buffer
and gentle drying with nitrogen; (6) final incubation in 0.1% BSA and 0.05% Tween
20 in 50 mM phosphate buffer (pH 7.4) for 30 min. Then the gate was inserted into
the microfluidics system. All incubation steps were performed at room temperature.

Electrochemical characterization

The gate functionalization was monitored by cyclic voltammetry (CV) using a CH In-
strument potentiostat model 760c. We performed the measurements in a three-
electrode setup, using gold wire as the working electrode, platinum wire as the
counter electrode, and Ag/AgCl as the reference electrode, working in 5 mM
Ks[Fe(CN)s] and 1 M KCI solution, sweeping the potential between —0.2
and +0.6 V at a scan rate of 0.050 Vs ™.

Optical characterization

The functionalization process of the gold surface with the CMV-ppé5 protein was
optically monitored by SPR. As described by Hasler et al.,'” FO tips were prepared
to be used as SPR substrates by cleaving an optical fiber cladding exposing the glass
fiber core at one end of the tip and subsequent sputter-coating with 50 nm of gold.
White light was coupled to the fiber tip, where it resonantly excited surface plasmons
within the optically active section at the end of the tip. Consequently, the light was
back-reflected at the gold-coated cross section of the fiber tip and delivered to a
spectrometer. The measured spectra with the tip contacting the liquid solution
were normalized to those acquired with the tip in air. The gate functionalization
was monitored starting from the FO functionalized with the DTSP-OEG-ANTA
SAM in 50 mM phosphate buffer (pH 7.4).

The optical signal is presented as a shift of the resonance wavelength (Aspg), which
corresponds to the minimum of the dip in the back-reflected spectrum. The shift
of the resonance wavelength is related to local refractive index changes, associated
with the molecular mass of the absorbed molecules at the gold surface/electrolyte
interface. The measurement was performed in real time and in a label-free mode.
From the shift of Aspg, it is possible to estimate the surface mass density I' (ng
cm™?) according to the following equation®*-°%:

-1
I'=d, (n, — ny) (%) , (Equation 9)
where dj, is the biolayer thickness (derived from the Aspg using a simulated calibra-
tion curve as reported by Hasler et al),"” ne and ng are the refractive indexes of
the biolayer and the electrolyte, respectively, and finally, dn/dc is the coefficient
relating the changes in the refractive index (n) with the adsorbed molecule concen-
tration (c), which is typically set to 0.2 mm?* mg~" for biolayers.””

EGOT fabrication

For the EGOT-based biosensors, quartz test patterns were used, with 1 cm? of total
area (as substrates purchased from Fondazione Bruno Kessler [FBK], Trento, Italy)
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with four interdigitated source and drain electrodes pairs, with a width/length ratio
(W/L) equal to 50. Each quartz test pattern was initially rinsed with acetone, to re-
move the photoresist layer, and dried with a gentle nitrogen flow. This step was fol-
lowed by a cleaning step in piranha solution (prepared by mixing 98% w/w H,SO4
and 30% v/v H,O, at a 1:1 volume ratio) for 1 min at 150°C and abundant rinsing
with water before the PEDOT:PSS deposition. The PEDOT:PSS used was prepared
with 0.2% w/w curing agent and 5% w/w DMSO and then diluted 200 times in water.
The final PEDOT:PSS solution was sonicated before use for at least 10 min and
deposited on the substrate by drop-casting, followed by 30 min of thermal curing
in the oven at 120°C. The transistor device was then completed using a gold wire
as gate electrode and a 50 mM phosphate buffer (pH 7.4) as gating electrolyte.
All electrical measurements were performed at room temperature inside a Faraday
cage, using an Agilent B2912A source measure unit. Consecutive transfer curves
were recorded until stabilization (as indicated by the overlap of at least the last
five transfer curves), by sweeping the gate voltage (Vis) from 0 to +0.6 V and keep-
ing a constant drain-source voltage (Vps) of —0.2 V. After stabilization, the device
was incorporated into the microfluidics systems used for the biosensing measure-
ments. In the EGOT device, the gate was a planar gold electrode on silicon sub-
strate. The Au layer was deposited by evaporation, with a layer of chromium as
the adhesion layer. The gate electrode was functionalized as reported above before
the sensing experiments.

Microfluidics system setup and real-time biosensing

The EGOT device was integrated within a flexible bi-adhesive microfluidics as
described previously.®” The initial buffer was 50 mM phosphate (pH 7.4) contain-
ing 0.1% BSA and 0.05% Tween 20, which flowed through the microfluidics sys-
tem dispensed by a peristaltic pump, working at 15 uL min~". The Ips current
was measured (Vgs = +0.5 V and Vps = —0.2 V) over time until a stable baseline
was obtained. Once the drain current had reached stability, the EGOT was
exposed to increasing concentrations of anti-CMV-Abs, ranging from 1 to
500 nM, in 50 mM phosphate buffer, 0.1% BSA, 0.05% Tween 20 (pH 7.4). Control
experiments were conducted by exposing the sensor to two different analytes to
test the specific response of the biosensor. A solution of 100 nM anti-IL-1B anti-
body was used to test the response to a different antibody; a 100 nM solution
of IL-6 was used to test the response to a possible interfering protein; both solu-
tions were prepared in 50 mM phosphate buffer, 0.1% BSA, 0.05% Tween 20
(pH 7.4).

Analysis of the association-phase kinetics was performed by fitting each binding
curve for a different concentration with Equation 4 using a MATLAB script. Minimi-
zation procedure was performed with the Levenberg-Marquardt algorithm, using
the “Isqcurvefit” function available in MATLAB. For each step of the titration, t =
0 was defined as the onset of the current reduction after the sample injection, and
the corresponding value of 6 was taken as 6(t = 0). The fitting procedure allowed
us to extract values for ko, ko, and k' at each different analyte concentration.
The dissociation phase was fitted with a single exponential decay allowing us to
extract the value of kog.

Reagents

All the reagents and materials were used as provided from the manufacturer without
further purification. Acetic acid, acetone, ANTA, BSA, copper (Il) sulfate, (3-glycidylox-
ypropyl)trimethoxysilane (glymo), DMSO, DTSP, ethanol, hydrogen peroxide,
6-mercaptohexanol, triethylene glycol mono-11-mercaptoundecyl ether (the OEG),
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phosphate salts, sodium acetate, sodium carbonate, sulfuric acid, and Tween 20 were
purchased from Merk Sigma-Aldrich. PEDOT:PSS was purchased by Ossila. His-tagged
CMV-pp65 (ab43041) and anti-CMV-Ab (1-L-11) were purchased from Abcam and In-
vitrogen, respectively. Anti-IL-1B Ab (JK1B-2) was purchased from BioLegend, while re-
combinant human IL-6 (cat.-no. 200-032) was from ReliaTech.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2024.101919.
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