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8 Abstract

9 The complex and dynamic interfacial regions between biological samples and electronic
10 components pose many challenges for characterization, including their evolution over
11 multiple temporal and spatial scales. Spectroscopic probes of buried interfaces employing
12 mid-infrared plasmon resonances and time-resolved fluorescence detection in the visible
13 range are used to study the properties of polypeptides adsorbed at the surface of a
14 working electrode. Information from these complementary spectroscopic probes reveals
15 the interplay of solvation, electric fields, and ion concentration on their resulting

16  macromolecular conformations.
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Introduction

Interfaces are ubiquitous in biological systems and in biomedical devices,' and such
interfacial regions are dynamic environments which evolve over multiple time scales —
from sub-picosecond molecular motions to microsecond cellular events and even slower
biological and chemical processes.*8 Moreover, phase boundaries are often electrically
charged and experience strong concentration gradients of ionic solutes.® It is within this
complex environment that processes involving the assembly of biomolecules at phase
boundaries take place — e.g., the formation of bioelectronic interfaces and the growth of
biofilms.37.%-11 Because interfaces are critical components in sensors and stimuli delivery
devices, it is relevant to develop novel experimental platforms to probe the interactions
between conformationally flexible biomolecules, their dynamic solvent environment, and

ionic species under the effect of electric fields.

The characterization of interfaces is a challenging feat due in part to their small spatial
extent compared to bulk material, the large heterogeneity in their composition and
morphology, and their continuous evolution over time. In particular, buried interfaces are
difficult to characterize nondestructively and under operating conditions. To date, a variety
of tools — from scanning probe microscopy to visible and infrared linear and nonlinear
spectroscopies — have been developed to interrogate biological interfaces and measure
properties such as their chemical structure,'?'® morphology,’*'” and formation
kinetics.'7-20 In recent years, it has become clear that advancing our understanding of
complex mixtures at heterogeneous interfaces and in the presence of external stimuli
requires the combination of multiple experimental techniques that provide complementary

information with interfacial sensitivity.20-23 Importantly, in order to study hierarchical
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transformations that link molecular-scale events to phenomena at the mesoscopic and
macroscopic scales, characterization tools should be able to probe fast processes (10-2-
106 s). Beyond these temporal resolution and surface-sensitivity requirements, in order
to enable the broadest possible applicability it is desirable to pursue experimental
platforms that do not impose stringent constraints on materials properties (e.g., nonlinear
polarizabilities, HOMO/LUMO level alignment) or on sample geometry (e.g., high surface

area, specific crystalline facets).

To this effect, we have developed an experimental platform that combines time-resolved
fluorescence spectroscopy with mid-infrared surface plasmon resonances launched by
ultrafast laser pulses at an active electrochemical interface. This combination of
characterization techniques is made possible by wide band gap degenerate metal oxide
semiconductor films (indium tin oxide, ITO), which can simultaneously act as a plasmonic
medium with strong resonances in the mid-infrared,?4-32 as the working electrode in an
electrochemical cell or biosensor,3334 and as a transparent window in the UV-vis-NIR
range for optical excitation and fluorescence collection.3® We employ the capabilities of
these two complementary interface-sensitive spectroscopic tools to detect the electric-
field assisted adsorption of polypeptide layers at a solid/liquid interface, the changes in
their hydration state, and the electric field perturbation of their molecular conformations
and solvation environment. The signatures of coupled processes involving the
intercalation of solvent molecules and ions in the adsorbed layer and the collective
changes in conformation of polypeptide chains are detected by correlating surface

plasmon reflectivity with time-resolved fluorescence brightness, lifetime, and anisotropy.
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We find that the properties of adsorbed polypeptides are not only dependent on bulk

solvent properties, but they can be modulated with interfacial electric fields.

Experimental

Materials and Methods

Materials. Details on the deposition of ITO films, preparation of buffered solutions and

samples can be found in the Supporting Information.

Optical and electrical properties of ITO films. After ITO deposition, a subset of sacrificial

substrates were characterized with a combination of structural, optical, and electrical
measurements. ITO film thicknesses between 120-200 nm were measured with a stylus
profilometer (Tencor P-10), and their root-mean-square surface roughness was found to
be < 2.15 nm using atomic force microscopy (Bruker Dimension Icon, Fig. S1).
Spectroscopic ellipsometry was employed to extract complex refractive indices for the
film stack (Fig. S2). A Drude model was used to describe the ITO optical properties, with
typical values for plasma frequency and damping coefficient of w, = 2.2 — 3.1 x 10'° Hz
and T'~2.5x 10 Hz, respectively (free carrier density n,=0.5—1.1 x 10?! cm 7).
Conductivity measurements with a 4-point probe (Microtech RF-1) yield sheet resistances
of 10-30 Q/o, in agreement with thickness and doping values obtained with optical
characterization. Substrates had a high transmittance (~85%) in the visible spectral

range.

Mid-IR plasmonic response of ITO SPR chips. Reflectivity curves were acquired for ITO

SPR chips in contact with simple dielectric media (air, water, methanol). All SPR

4
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measurements were taken in the Kretschmann configuration (Fig. 1) — experimental and
modeling details are provided in the Supporting Information. The plasmonic behavior of
ITO substrates can be described with a simple dielectric stack model yielding similar
parameters as those obtained from spectroscopic ellipsometry. Importantly, sharp
plasmonic resonances are observed using ultrafast pulsed sources in the mid-IR.
Sensitivity estimates (Fig. S3) agree with model predictions and enable detection of small

changes in interfacial properties, as discussed below.
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Figure 1. Surface plasmon resonances in the mid-IR can be supported by degenerately
doped ITO films, even when in contact with condensed phases. The reflectivity of a probe as
a function of incident angle is measured in the Kretschmann configuration (left panel). The
plasmonic nature of these resonances is evidenced by the characteristic reflectance minimum for
incident beams with p-polarization but no resonance for s-polarized light (center panel). These
SPR resonances are much sharper at longer wavelengths, and optimization of experimental
geometry and materials parameters enable probing of condensed phases (right panel). Drude
metal model parameters for ITO are shown in the center and right panels (ITO films deposited

under different conditions). Markers are data, and lines are modeled SPR curves.

SPR measurements of polypeptide adsorption. Before electric-field assisted polypeptide

adsorption, a full trace of reflectivity vs. incidence angle is taken in air followed by two

curves in solvents of different refractive index (buffer solution and methanol). These
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preliminary data serve as a benchmark for the response of each individual ITO mid-IR
SPR chip. Using these results, a sensing angle is selected for further data collection (to
minimize errors due to detector re-positioning). Changes in reflectivity at constant sensing
angle are then measured as a function of voltage and buffer conditions. Surface potentials
at the ITO working electrode are applied with a CH Instruments bipotentiostat using a Pt

counter electrode and a Ag/AgCl quasi-reference electrode (Fig. S4).

Time-resolved fluorescence of adsorbed polypeptide layers. Low-background

fluorescence measurements of chromophore-labeled polypeptides adsorbed on ITO were
performed using a polarization-resolved ultrafast fluorescence instrument with few
modifications from a previously described setup.3® The electrostatic potential at the ITO
surface is controlled with the same electrochemical setup used for SPR measurements.
Instrumental and data analysis details are provided in the Supporting Information and

Fig. S5.

Results and discussion

Field-enhanced adsorption and environment-dependent hydration of adsorbed

polypeptides at an electrode. The interfacial adsorption of charged polypeptides under

the effect of electric fields has been previously reported using optical waveguide loss
spectroscopy and correlated to quartz crystal microbalance experiments.937.38 Here, we
exploit the adhesion of poly-L-lysine (PLL) onto an electrified surface to characterize its
conformational transformations upon pH changes and as a function of an interfacial

electric field. We observe irreversible adsorption of PLL from a high ionic strength
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(I=1.2 M) pH=11 Britton-Robinson buffer at positive potentials (Fig. 2). After adsorption is
saturated at large positive surface potentials, no change in reflectivity was observed upon
further changes in voltage. These PLL adsorbates cover ~3-10% of the ITO substrate and
have a layer height of ~80 nm (Fig. S6). Dielectric stack modeling of the SPR response
allows the extraction of dielectric constant for the PLL adsorbates (np~1.8-2.7) in
agreement with previously reported values for peptide nanostructures.’® FTIR

experiments reveal that dry PLL films exhibit primarily a f-sheet conformation (Fig. S7).

Exchange to a pH=7 buffer leads to a much larger increase in the SPR reflectivity. This
observation is explained by the well-known pH-mediated change in charge state of lysine
residues (from neutral to positively charged upon reducing the pH below ~10.6),
concurrent with the hydration of the PLL layer as the polypeptide chains assume a random
coil conformation.40-4220 Modeling the SPR response using a composite layer including
partially hydrated PLL adsorbates (10-20% hydration) shows a ~200 nm interfacial region.
In its hydrated state, the polypeptide layer exhibits a small but noticeable electric field-
dependent thickness change of ~25 nm, with the larger value at positive surface
potentials. The starting and end point for this thickness change depend on the assumed
hydration of the PLL adsorbates: 175-200 nm (10% hydration) or 210-235 nm (20%

hydration).
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Figure 2. Surface plasmon reflectivity can detect electric field-assisted
adsorption of thin polypeptide layers from aqueous media. Exchange from a
pH=11 to a pH=7 buffer results in hydration-related changes in the charge state and

conformation of PLL chains at the interface, with voltage-dependent layer thickness.

These conformational changes are further characterized using time-resolved
fluorescence. The local environment at the electrode interface not only affects the
conformation of polypeptide chains, it also modulates the concentration of ionic species

near the electrode.

Electric field- and solvation-dependent dynamics of fluorescently labeled polypeptide

chains. Beyond following time-averaged changes in film conformation, it is informative to
probe the dynamic signatures of solvation and chain reorganization by measuring the
time-resolved fluorescence dynamics of fluorescein (FITC) chromophores covalently
attached to the polypeptide side chains. By collecting time-resolved fluorescence in two
orthogonal polarizations simultaneously, it is possible to correlate fluctuations in
brightness to changes in dynamic photophysical parameters such as fluorescence lifetime
and/or fluorescence anisotropy (Fig. 3, details in Supporting Information and Fig. S8).

We observe substantial brightness fluctuations when the PLL adsorbates are in contact
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with a pH=7 buffer — up to a 45% increase in detected counts. In high pH buffer much

smaller fluctuations are observed (< 20%).
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Figure 3. Trends in time-resolved photoluminescence of adsorbed FITC-PLL on
ITO as a function of voltage and pH show that changes in hydration and chain
conformation are related to brightness fluctuations. Brightness trends for FITC-PLL/ITO
as a function of interfacial voltage while submerged in a pH=7 buffer (left column), or a

pH=11 buffer (right column). In each panel, bars represent brightness, black squares are
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the fluorescence lifetime, and red circles are rotational diffusion time. Both buffers have

an ionic strength /=1.5 M.

It is informative to consider the correlation between brightness and the parameters
extracted from time-resolved fluorescence and anisotropy traces (Fig. S9). As expected
from the trends in Fig. 3, brightness fluctuations are strongly correlated with fluorescence
lifetime. At pH=11, FITC-labeled PLL displays relatively low fluorescence intensity with a
shorter and mostly constant decay lifetime of 1.5 ns. At pH=7, FITC-labeled PLL switches
between the dim state observed at pH=11, and a brighter state with a longer fluorescence
lifetime of 2 ns. A similar increase in fluorescence lifetime upon solvation of FITC dyes
has been also observed in core-shell porous silica nanoparticles.*® Time-resolved
fluorescence anisotropy measurements allow us to monitor the rotational diffusion
lifetime. The rotational diffusion dynamics do not depend strongly on pH or voltage, with
a rotational diffusion lifetime of ~240 ps. Moderate variations in rotational diffusion lifetime
(fastest is ~100 ps, slowest is ~400 ps) are not correlated to the brightness. A positive
correlation between brightness and long-time asymptotic value of fluorescence

anisotropy — r(«) — is also observed.

Microenvironment within an adsorbed polypeptide layer at an electrified solid-liquid

interface. We interpret the photophysics of FITC-PLL in relation to changes in the local
environment of dry or partially hydrated polypeptide adsorbates atop an electrified surface
in contact with high ionic strength electrolyte solutions. It is remarkable that these electric
field effects are observed for electrolyte solutions with large ionic strengths and
correspondingly short electrostatic screening lengths (x ~! < 1 nm). However, it should be

noted that solution properties can be markedly different in the bulk vs. at the interface

10
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where the partially hydrated polypeptides exist.#445 Additionally, effective electrostatic
screening at very high ionic strengths can affect the diffusive properties of charged
polypeptides and could be an important contributor to the dynamics observed in this

work.46

In aggregate, our photophysical observations are reflective of three coupled processes:
1) changes in the solvation state of FITC labels as a result of the overall hydration of the
PLL chains, 2) changes in the concentration gradient of ions, and 3) the extension of
charged PLL chains. These processes rely on collective motions of polypeptide chains

that depend on solution pH and are modulated by the interfacial electric field.

At pH=11, FITC labels are primarily enclosed within dehydrated PLL adsorbates and are
thus in a dim state, display a short fluorescence lifetime, and do not exhibit large dynamic
changes associated with molecular motion. However, an increase in brightness is
observed as the interfacial potential is increased (Fig. S10), likely because the interfacial
electric field modifies the concentration of H* ions within the extended boundary layer at
the surface of the dehydrated adsorbates.**#% The dependence of FITC emission on H*
concentration makes it a common pH sensor, and the field-dependent brightness and
lifetime at pH=11 (Fig. S11) are consistent with FITC bulk properties. However, when
considering buffer pH, the overall trends measured here are opposite to what would be
expected in bulk solution. The lower fluorescence brightness and shorter fluorescence
lifetime in pH=11 (vs. pH=7) suggest that solvation state of the PLL film is the leading

determinant of FITC photophysics at the interface.

At pH=7, FITC chromophores are embedded in partially hydrated adsorbates, as

observed with SPR experiments. In their solvated state, PLL chains are able to

11
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experience local and collective morphological transformations, which result in large
fluctuations in the microenvironment experienced by FITC labels attached to them. These
fluctuations in fluorescence brightness and lifetime are primarily due to variations in local
solvation. The interfacial electric field does not have a large effect on the average
brightness (Fig. S10), but a moderate reduction in the brightness fluctuations and a small
change in the overall thickness of the film are present at the extremes of the applied
surface potential range. These small electric field effects are due to the higher H*
concentration and the relatively small Debye length compared to a larger portion of the

adsorbed layer that is hydrated and contains mobile ions.

The local environment near an electrode surface experienced by adsorbed polypeptide
chains and chromophores covalently linked to them is considerably dynamic (i.e., large
fluctuations) if they exist in a partially hydrated state in a high ionic strength electrolyte.
However, the properties of such a dynamic environment have little dependence on the
interfacial electric field because extended polypeptide chains are much longer than the
Debye screening length. When the polypeptide chains are not hydrated, they experience
a substantially less dynamic environment (i.e., low amplitude fluctuations) but are more
sensitive to changes in the interfacial properties as a result of an applied electric field. If
the solution atop the FITC-PLL layer is replaced with a lower ionic strength aqueous
electrolyte (50 mM vs. 1.5 M, Fig. S$S11-12) the amplitude of the fluctuations is low
irrespective of the peptide’s hydration state, but a similar behavior for electric-field

dependence of interfacial properties is observed.

12
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Conclusions

Electrified interfaces are a complex environment where electrode surfaces, solvent
molecules, ions, and free and surface-bound species interact on multiple time scales. The
microenvironment at this interface is a critical component in biomedical sensing and
therapeutic devices, but also relevant for analytical separations as well as energy
conversion and storage. With a combination of plasmonic and fluorescence spectroscopy
probes, we gain detailed information on the molecular-scale changes in local environment
and conformation at an electrified interface. The broad applicability of these tools is
enabled by an instrumental platform with wide material compatibility and optimized

spectral, electrical, and morphological properties.

We observe correlated changes in the reflectivity of mid-IR surface plasmon resonances
and time-resolved brightness, fluorescence lifetime, and fluorescence anisotropy
dynamics that probe poly-L-lysine chains at the interface of an ITO electrode. These
observations reveal the interplay between solvent-dependent hydration state and
collective rearrangement of adsorbed polypeptides, as well as the electric field-mediated
ion concentration at the interface. A noticeable dependence of interfacial properties on
applied electric field is observed at a high pH value for which dehydrated polypeptide
adsorbates cover the electrode, and these properties are largely static over time. On the
contrary, substantial fluctuations in the local solvation environment are observed for
partially hydrated peptides at high ionic strength, but with minimal perturbations due to
electric fields. A variable layer thickness is also observed upon hydration. Given that
implantable bioelectronic devices are often surrounded by large ionic concentrations and

at close to neutral pH (e.g., in neural tissue or blood), the presence of large fluctuations

13
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in their interfacial properties can have sizable effects on device performance and stability.
The ability to follow coupled changes in interfacial properties enables studies where the
contribution of multiple processes (e.g., solvation, chain motion, quenching) can be

understood, exploring their co-dependence on external stimuli such as electric fields.
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