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While electrostatic interactions often drive protein adsorption at biointerfaces, the
influence of the underlying secondary structure of the scaffold remains poorly
understood. In this study, we compare the adsorption of photoactive yellow protein
(PYP) onto three positively charged model protein surfaces: a rigid, planar B-sheet
scaffold, a three-dimensional a-helical scaffold, and their («f) mixture, by using
controlled pH and temperature adjustments to impose distinct secondary structures of
poly-L-lysine. Using chiral and achiral vibrational sum-frequency generation (VSFG) and
nano-FTIR spectroscopy, we demonstrate that the B-sheet surface promotes the
formation of a well-defined monolayer with a signature B-scaffold peak at 1627 and
1680 cm™. In contrast, the a-helical surface induces a multilayering effect, resulting in
a five-fold enhancement of the chiral signal and the emergence of a prominent broad
feature at 1654 cm™?, assigned to a chiral hydration network trapped within the protein
assembly. Our results reveal that the 3D ‘brush-like’ topography of the helical surface
provides superior orientational templating compared to the planar B-sheet, forcing the
PYP molecules into a near-perfect vertical alignment. This work highlights that the
conformational architecture of a biointerface is as critical as its chemical functionality in
governing protein orientation and hydration at the nanoscale.
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Introduction

Proteins rarely function alone. In the crowded, watery environment of a cell, they
encounter various charged interfaces formed by membranes, cytoskeletal fila-
ments, and supramolecular structures. At these boundaries, the physicochemical
conditions differ significantly from those in the surrounding bulk: electrostatic
fields, hydrogen-bond networks, and steric constraints establish unique orien-
tations and secondary-structure patterns that affect key biological processes such
as signal transduction, enzymatic catalysis, and complex assembly. Over the past
decade, increased awareness of protein misfolding disorders, including
amyloidosis and neurodegenerative diseases,” has emphasized the importance
of understanding how proteins interact with complex, heterogeneous, and
partially ordered environments. As a result, a detailed, site-specific characteriza-
tion of protein conformations and orientations at interfaces is crucial for both
fundamental biochemistry and the rational design of biomaterials, implants, and
optoelectronic devices. However, determining the secondary structure and
orientation of protein molecules in ultrathin interfacial films remains a signifi-
cant experimental challenge.

For protein layers approximately 10 nm thick supported on polymeric
substrates, many established structural probes either lack sufficient sensitivity or
are not inherently specific to interfaces. Scattering techniques such as neutron
and X-ray reflectometry offer valuable data on layer thickness, density, and
interfacial roughness, but do not provide direct information on molecular
conformation or vibrational signatures related to protein secondary structure.
Conversely, vibrational spectroscopic methods such as vibrational sum-frequency
generation (VSFG) spectroscopy, nanoscale Fourier-transform infrared (nano-
FTIR) spectroscopy, and polarization-modulated infrared reflection-absorption
spectroscopy (PM-IRRAS) can directly probe amide vibrational modes, thereby
revealing details of secondary structure and molecular orientation.

PM-IRRAS can also provide additional orientational insights. However,
applying it to protein films at air-dielectric interfaces is difficult because of the
low infrared reflectivity of dielectric substrates and the weak signals produced,
which often require careful optical modeling and limit sensitivity for ultrathin
layers. Additionally, on dielectric substrates, the vibrational band positions in
IRRAS are influenced not only by polarization and electrodynamic boundary
conditions but also by the oscillator strength of the vibration.® In contrast, VSFG
spectroscopy is uniquely interface-specific and well suited for ultrathin films,*
while nano-FTIR spectroscopy enables spatially resolved analysis on the nano-
metre scale.>® Additionally, chiral VSFG spectroscopy exhibits unique sensitivity
to molecular chirality”® and protein secondary structure,”*® comparable to other
chiroptical vibrational spectroscopic techniques, such as Raman optical activity"*
and vibrational circular dichroism."***

The photoactive yellow protein (PYP) of Halorhodospira halophila exemplifies
a well-characterised, water-soluble globular photoreceptor that is increasingly
considered for bioelectronic and integrated-optics applications'*** and is exten-
sively used as a model of PAS-family proteins. A 14 kDa, 125-residue protein, PYP
adopts the canonical PAS domain fold: a central B-sheet bounded by a-helical
connectors and hydrophobic cores. At the same time, its surface is decorated with
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alternating patches of positive and negative charge that mediate solvent inter-
actions. The light-responsive chromophore of the protein and its conserved a/
B scaffold render PYP an attractive model for studying signal transduction,
protein-protein interactions, and surface-induced conformational changes.
Despite extensive structural characterisation of PYP in the bulk by X-ray crystal-
lography and NMR,'>* the interfacial behaviour of the protein remains largely
unexplored.

Layer-by-layer (LbL)-assembled polyelectrolyte multilayers (PEMs) provide
a versatile platform for generating defined, tunable interfacial environments that
mimic biological interfaces.>*?* Poly-i-lysine (PLL)-based PEMs are particularly
attractive due to the pH-, ionic-strength-, and temperature-dependent secondary-
structure transitions of PLL, enabling systematic variation of interfacial charge
density, hydration, and mechanical stiffness. By integrating PYP into such
multilayer architectures, one can probe how subtle changes in the nanoscale
interfacial landscape modulate protein adsorption, orientation, and folding
pathways, yielding insights that are directly relevant to the design of protein-
based biomaterials, the understanding of protein aggregation in disease, and
the optimization of bio-optical devices. Moreover, the natural binding partner of
PYP remains unknown, providing further motivation to explore how PYP
responds to interfaces of varying structural order.

In this study, a multilayer LbL architecture was fabricated, with the terminal
PLL layer deliberately conditioned via controlled pH and temperature adjust-
ments to impose distinct secondary structures at the interface. Following the
adsorption of PYP onto this final layer, we aimed to elucidate how the protein
responds to these differing structural environments and to assess whether it
exhibits preferential orientation under specific conditions. To this end, we
employed a multiscale characterization strategy: atomic force microscopy (AFM)
to probe nanoscale morphology, VSFG spectroscopy to provide molecular-level
insight into the interface, and nano-FTIR spectroscopy with imaging to
examine protein structure with 25 nm spatial resolution. The secondary structural
contents of the bulk samples were also determined by circular dichroism (CD)
spectroscopy. All in all, these complementary approaches were designed to reveal
possible orientational changes and adsorption properties of PYP at model protein
interfaces induced by the underlying secondary structure of PLL.

Methods

The multilayers were prepared using the LbL method,* in which polymer solu-
tions were sequentially sprayed onto argon-plasma-cleaned CaF, windows for
VSFG studies and onto Si wafers for nano-FTIR measurements. As a polymer
multilayer separates the solid support from the protein film, protein adsorption,
orientation, and secondary structure are governed by the polymer's surface
chemistry rather than by the underlying CaF, or Si substrate. We note that while
the use of silicon as a solid support is well established and advantageous for
nano-FTIR measurements, this substrate choice results in a reduced sensitivity of
the nano-FTIR configuration to in-plane molecular vibrations compared to VSFG
measurements using CaF,.”®

Initially, five uL of branched polyethylenimine (PEI, Sigma-Aldrich, Mw: 600
000-1 000 000) at a concentration of 5 mg mL™" was applied to the substrates.
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After 5 minutes, the substrates were rinsed with Millipore water. Subsequently, six
pairs of layers of poly-t-glutamic acid (PGA, Sigma Aldrich, Mw: 50 000-100 000
with sodium salt) and poly-t-lysine (PLL, Sigma Aldrich >30 000 with hydro-
bromide), each at a concentration of 1 mg mL ™", were sequentially sprayed so that
a PLL layer followed the negatively charged PGA layer (Fig. S1). Previous studies
have demonstrated that polymer multilayers comprising six or more layer pairs
are needed to achieve a laterally uniform surface suitable for subsequent protein
adsorption.”**** Between each layer, a waiting time was required to ensure
stabilization and the polyelectrolyte's adsorption to the surface before washing
with water and proceeding to the next layer. For all purposes, Milli-Q ultrapure
water (18.2 MQ cm) was used, which was filtered through a 0.22 um Millipore
membrane filter before use.

For PLL, three distinct bulk samples, referred to as PLLg, PLL,, and PLL,g were
prepared under three different microenvironmental conditions: (i) pH 7, 23 °C;
(ii) pH 11, 23 °C; and (iii) pH 11, 60 °C, respectively. The o and B labels indicate
that the dominant secondary structures of the respective samples, as determined
by CD spectroscopy in the bulk phase using an available web server,**** are o-
helical and B-sheet, respectively. The pH of the PLL stock solution was adjusted
with 1 M NaOH using pH test strips, and the temperature of PLL,g was raised to
60 °C to promote B-like aggregate formation. In the multilayer assemblies, PLLg
was used for all PLL layers, except for the topmost layer, where the secondary
structure was varied by using PLLg, PLL,, or PLL,g. This approach enabled the
preparation of charged topmost PLL layers with varying secondary-structure
contents. At the same time, washing/rinsing maintained a near-physiological
PH on the surface of the topmost layer after its adsorption.

For the preparation of wild-type PYP (expressed in Escherichia coli), the method
described in the literature®*** was employed. The PYP layer was deposited on the
topmost PLL layer in the PEI(PGA-PLL)s assembly by pipetting 280 uM of PYP
stock solution, then washing it out after 5 minutes. On the three different PLL
topmost layers, three samples with PYP were prepared, named after the PLL
layers, i.e., PYP-PLLg, PYP-PLL,, and PYP-PLL,s. The samples were stored in
a custom-built sample holder to maintain a relative humidity above 50% and were
left to equilibrate for 1 hour before any measurements. The LbL method yielded
nanometer-scale layer thicknesses, both with and without PYP, as confirmed by
AFM measurements (Fig. S2 and S3 in the SI).

Vibrational sum-frequency generation spectroscopy

A detailed description of the custom-built broadband VSFG spectrometer has
been reported elsewhere,**** so only a summary of the relevant experimental
details is provided here. A 100 kHz, 6 W Yb:KGd(WO,), laser oscillator-amplifier
system operating at 1028 nm powered the entire setup. The pump pulses were
split into two arms: one produced narrowband near-infrared (NIR) pulses at
1028 nm with a pulse energy of 0.55 pJ, and the other generated broadband mid-
infrared (IR) pulses tunable from 1000 to 2200 em™". For the current measure-
ments, the 1500-1700 cm ™' range was selected with a pulse energy of 0.22 uJ to
cover the amide I spectral region. To reduce atmospheric water vapor absorption
in the IR beamline, a laboratory-built purge box was used to maintain a dry
airflow. The IR and NIR beams overlapped in time and space at the interface, and
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the SFG signal was collected with a spectrograph fitted with a Peltier-cooled CCD
(Fig. 1). The spectral resolution was limited by the bandwidth of the narrowband
pulse, which had a spectral width of 5 cm™*.>* The VSFG spectra were obtained in
the SSP (achiral) and SPP (chiral) polarization combinations. For each polariza-
tion combination, data were collected from three independently prepared
samples for both systems (PLL alone and PYP adsorbed on PLL), with measure-
ments taken at 20 distinct lateral positions per sample. The acquisition times
were 40 s for SSP and 60 s for SPP, and the entire set of experiments was repeated
at least three times, all conducted at room temperature (23 °C).

After frequency calibration, the difference spectra were obtained by subtract-
ing the background spectrum recorded without IR excitation. A non-resonant
(NR) reference spectrum was measured on a gold (111) surface and normalized
to the applied infrared intensity. The corrected NR spectrum was then used to
normalize each difference spectrum for the respective polarization combination.
The calibrated VSFG spectra (effective |x*|?) were averaged and used for further
analysis. Next, the imaginary component of the effective x® spectrum was
retrieved using the maximum entropy method (MEM),***” which provided the
Lorentzian resonance frequencies and the likely relative signs of their amplitudes.
These parameters were then used as initial values to fit the normalized VSFG
spectra with a sum of Lorentzian functions:

2

0

I o | Ang € ! . 1
SNERPNE S g

The first term on the right expresses the frequency-independent nonresonant
(NR) contribution with amplitude Axg and phase @. The second term is a sum of
resonant Lorentzian terms associated with vibrational modes. Q, represents the
amplitude, w, is the frequency, and I', is the damping factor of the »-th Lorentzian
resonance. Fabry-Perot interference arising from thin-film effects was neglected
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X

Fig. 1 Schematic VSFG spectroscopic setup in the laboratory frame (X, Y, 2). L: lens, WP:
half-wave plate, P: polarizer, SPF: short-pass filter.
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in the data analysis, as the optical thickness of the samples was sufficiently small
relative to the laser wavelengths.

Infrared nanospectroscopy and imaging

The experiments were carried out at the IR-nanospectroscopy end-station of the
IR beamline at the BESSY II storage ring.*® The setup features an s-SNOM (nea-
Scope, Attocube GmbH, Germany) connected to the broadband infrared
synchrotron light (Fig. 2).** Measurements were performed using a Pt-Ir-coated
AFM probe with a tip radius of 25 nm operated in tapping mode, with
a tapping amplitude of approximately 70 nm and a resonance oscillation
frequency of about 266 kHz (Arrow™ NCPt, NanoWorld, Neuchatel, Switzerland).
For IR nano-imaging, the so-called white-light (zero-path-difference heterodyne)
imaging mode was employed, using broadband infrared synchrotron radiation
collected simultaneously with mechanical topography. The nano-FTIR spectra
were obtained by positioning the AFM tip at a designated point (see Fig. 4 and 6)
and recording spectra within the 800-2100 cm ™' range at a nominal spectral
resolution of =8 cm ™. The acquisition time was 12 minutes for a single spatial
location, during which 10 spectra were averaged, resulting in averaged spectra
from 12, 35, and 5 similar regions of interest for PLLg, PLL,, and PLL,g, respec-
tively. The same applies to the PYP case. A background spectrum was collected
from a clean Si wafer and averaged over 20 spectra, resulting in 42 minutes of
acquisition time.

The recorded interferograms were converted to phase and amplitude spectra
using an in-house script from the IRIS beamline, employing an asymmetric
apodization window based on the Blackman-Harris function. The measured
spectra were then referenced to a bare silicon surface and subsequently baseline-
corrected to determine the relative phase-shift spectra corresponding to the
infrared response of the molecular-layer assembly. The optical detector signal was
demodulated at the second harmonic of the AFM cantilever oscillation frequency
to reduce far-field background effects, thereby isolating the near-field amplitude
(024) and phase (O2P) used for image and spectral reconstruction.

detector

o S

<+—>
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beamline / Dl

'
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Fig. 2 Schematic representation of the nano-FTIR based on the s-SNOM technique.
Figure created using BioRender.
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Simultaneously acquired s-SNOM channels, including topography, mechanical
phase, and optical amplitude, were processed using Gwyddion.** All measure-
ments were performed at ambient temperature under continuous dry nitrogen
purging, with the s-SNOM instrument operated inside an acoustically isolated
enclosure.

Results and discussion

PLL interface with different secondary structural contents probed by VSFG and
nano-FTIR spectroscopy

Fig. 3 displays the measured chiral VSFG spectra of PLL recorded in the amide I
region and the topographic images recorded by AFM. The corresponding achiral
VSFG spectra are shown in Fig. S4a. Additionally, for each case, the imaginary
parts of the chiral VSFG spectra were retrieved using MEM (Fig. S5). Afterwards,
the VSFG spectra were fitted using eqn (1). A summary of the chiral VSFG band
assignments is shown in Table S1.

As shown in Fig. 3a, PLLg displays fibrillar structures characteristic of both o-
helices and B-sheet structures. However, the VSFG spectrum (Fig. 3d and e,)
indicates that PLLg forms a well-ordered B-sheet structure, which resulted in the
B2 mode at 1625 cm™ ' and the B1 mode at 1676 cm . The chiral O-H bending
mode at 1648 em ™' is visible throughout the entire measurement range. While
the amplitude of the chiral amide II vibrational mode is minimal, a notable

10 nm b) 12 nm
s 10
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0 0
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7781 H ‘ ‘

7 &2
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el
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Fig.3 AFM topography images of 2 x 2 um? areas of multilayer structures with a topmost
layer of (a) PLLg, (b) PLL,, and (c) PLL,g. Scale bars: 200 nm. Tip radius of the AFM: 10 nm.
(d) Chiral VSFG spectra of PLL with their respective fitting curves (dashed lines, based on
egn (1)), acquired at an acquisition time of 60 seconds in each case. (e) Component
Lorentzian bands of the VSFG spectra, where the bands are exemplified by colored curves.
The rectangle is used to illustrate a zoom in the B; mode. Numbers 1, 2, and 3 on (e)
indicate the topmost PLL layer as PLLg, PLL,, and PLL,g, respectively.
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contribution was obtained in the achiral VSFG spectra (Fig. S4a), which can be
attributed to the presence of a partial B-fibril structure. Our results are similar to
those obtained by Strazdaite et al. in the amide II region for B-fibrillar structures.*!
It is noteworthy that our CD experiments (Fig S6) show that in the fully charged
state of PLL at pH 7 (PLLg), ~48% of the polypeptide chain is characterized by B-
sheet secondary structure, ~15% forms turn structures, and the remaining ~37%
of the chain remains unfolded. Based on earlier observations, this ratio in the PLL
secondary structure is related to the strong electrostatic repulsion between
neighboring charged groups, which forces the polypeptide to elongate rather than
to form a fibrillar structure.*»** In contrast, oligomeric and fibrillar structures of
PLL were previously observed only at pH levels above 9.** These results highlight
how polymer behavior can change when adsorbed onto a surface, with differences
that may differ from those in the bulk phase.

Importantly, when the pH was increased to 11 in the bulk (PLL,), the topog-
raphy of the film changed sharply, as shown in Fig. 3b. Under these conditions,
PLL predominantly forms spherical structures with an average diameter of about
50-80 nm. Based on VSFG spectra (Fig. 3d and e,), these changes can be linked to
the presence of a-helices at 1644 cm ' and B-sheet structures (B2 mode at
1628 cm ™', and B1 mode at 1679 cm™ ). To the best of our knowledge, this work
reports the first observation of a chiral VSFG band associated with a helical
secondary structure. The amplitude of the Lorentzian fit for the a-helical band at
1644 cm ™' (E1 mode) indicates a high percentage of this structure at the interface.
Likewise, the CD spectrum of PLL, (Fig. S6) shows that the a-helix is the dominant
secondary structure (25.8%) in the bulk phase. This strong chiral VSFG signal for
helices can be expected only if the surface organization breaks in-plane symmetry,
i.e., directional or chiral packing, as suggested by the topography image (Fig. 3b).
It should be noted that the O-H bending mode exhibits a slight blue shift in the
presence of helical structures in comparison to PLLg. This behavior indicates that
interfacial water molecules near the helices remain strongly hydrogen-bonded,
but changes in surface charge cause a shift in peak position. This observation
appears to be linked to the positively charged side chains of PLL, which strongly
modulate the hydrogen-bond strength of interfacial water. In contrast, strong
broadening of the O-H bending mode was obtained for PLL,, which reflects
a broader range of chiral hydration motifs. We attribute this broadening to the
mixed orientational distribution of the chiral O-H bending mode of a-helices and
B-sheet structures.

When PLL,; served as the topmost layer, as shown in Fig. 3¢, we observed the
formation of smaller spherical aggregates with diameters below 40 nm compared
with the PLL, sample, and these aggregates were more widely spaced across the
surface. Examining Fig. 3d and e, we noticed a slight shift of the B2 (1633 cm™")
mode of the antiparallel B-sheet to higher wavenumbers, and a substantial
downshift to 1640 cm™ " and peak narrowing of the O-H bending mode. We also
observed a new band at 1655 cm ™. Although turn structures exhibit a charac-
teristic amide I vibrational frequency near 1660 cm™ ", their contribution to the
chiral VSFG signal is expected to be negligible. The CD spectrum of bulk PLL,g is
in good agreement with the chiral VSFG results, indicating a high content of -
sheet conformations, but it also reveals the presence of a-helical structure (~21%)
in a larger proportion than turn structures (7.7%). However, our data do not
support the formation of fibrillar aggregates with an a-helix-rich conformation
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under the environmental conditions employed to prepare the bulk solution, as
previously inferred from FTIR and TEM measurements.** Notably, both the
interface VSFG and the bulk CD spectra of PLL showed an increased abundance of
parallel sheets (19%), whose spectral signatures were observed at 1621 and
1655 cm ™" in both chiral and achiral VSFG spectra. These two peaks, character-
istic of a parallel sheet, were also previously observed in hIAPP aggregates.*®

Finally, it is essential to note that the film thickness depends on the secondary
structure of the topmost PLL layer. For example, the PLLg layer is thinner than the
PLL, layer (Fig. S2a and b), indicating that the side chains of the polyelectrolytes
are fully ionized, and a very thin monolayer of PLL is formed on the topmost
surface of the multilayer structure. As the pH increased in the bulk, the formation
of an unordered, gauche-rich hydrocarbon side chain likely induced a-helical
conformations (PLL,) that adsorbed onto the film surface, accompanied by
a thickening of the adsorbed layer (Fig. S2b). However, PLL, regained its ionized
state, likely due to the introduction of highly ordered trans-rich hydrocarbon side
chains, which adopted parallel and antiparallel B-sheet structures (Fig. S2c),
resulting again in the formation of a monolayer of PLL.

Fig. 4 presents the white-light optical images, the nano-FTIR spectra covering
the 900-1760 cm ™" spectral range for films with differently prepared PLL topmost
layers, along with the corresponding second derivative spectra. As shown in the
near-field optical amplitude image (Fig. 4a), the PLLg sample exhibits a surface
morphology characterized by a worm-like structure with a distinct near-field
scattering distribution. The spectral data show that the amide I (1600-
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Fig. 4 Near-field optical amplitude demodulated at the second harmonic of the tapping
frequency (O2A) images retrieved for (a) PLLg, (b) PLL,, and (c) PLL,s. Image area: 1 x 1
um?2. Scale bar: 100 nm. The blue dots represent where the data was collected. (d) Cor-
responding nano-FTIR spectra of PLL and their respective (e) second derivatives and band
assignments. Tip radius was 25 nm.
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1700 cm™ ') and amide II (1510-1580 cm ') spectral features are the most
prominent, and a strong peak around 1400 cm ™' (symmetric stretching mode of
COO7) is also characteristic of each sample.

In Fig. 4e, the second derivative spectrum of PLLg is shown at the bottom of the
graph, with the corresponding vibrational band assignments summarized in
Table S3. The spectra reveal the presence of the NH;" groups of the charged side
chain group of PLL (1525 and 1620 cm '), a-helices (1658 cm™ %), as well as turn
structures (1671 cm '), and antiparallel B-sheet formations (1632 and 1688 cm™").
Compared with the VSFG spectra acquired for the same sample, only slight
frequency upshifts are observed. However, a key difference is the detection of a-
helical and turn features, which were not resolved in the VSFG spectra recorded
using the SPP and SSP polarization combinations. We attribute these differences
to (i) film dehydration effects during the long measurement times, which can
cause helix formation, as was observed earlier for intrinsically unordered proteins
using FTIR spectroscopy,*® and (ii) detection of turns with chiral VSFG spectros-
copy requires a very high degree of interfacial orientational order, which is usually
rare in polyelectrolytes. Furthermore, the ~10 cm ™" shifts in wavenumber can be
attributed to differences in the molecular response functions probed by VSFG
(hyperpolarizability) and FTIR (dipole tensor). Similar shifts have previously been
observed for amino acids using surface-enhanced Raman versus hyper-Raman
spectroscopy, where the selection rules of the two methods also differ.*” In
contrast, the amide II modes acquired with nano-FTIR showed no shift in their
spectral position. These observations can also be attributed to the intrinsic
sensitivity of the nano-FTIR technique to out-of-plane vibrational modes.*® In
contrast, VSFG spectroscopy yields in-plane (SSP polarization) modes and chiral
secondary structural features only under conditions of high structural ordering.

The second-derivative spectrum of PLL, (Fig. 4e) reveals NH;" vibrational
modes at 1527 and 1624 cm ™', and B-sheet structures at 1636 and 1687 cm ™', with
frequencies that show almost no shift relative to the PLLg sample. In contrast, the
amide I and amide II modes (turns and o-helices) display much higher ampli-
tudes than in PLLg. The O2A image (Fig. 4b) shows large, closely packed spherical
aggregates, similar to those visible in the AFM image (Fig. 3b). Notably, the nano-
FTIR spectral features are consistent with the corresponding VSFG spectra.
Additionally, for PLL,, the band at 1658 cm ™' exhibits the highest amplitude,
indicating the highest helical content, in agreement with the VSFG results.

In the final case, PLL,g, B-sheet features (1632 and 1696 cm ') dominate the
spectrum (Fig. 4e), with only a slight blueshift of the antiparallel B1 mode relative
to PLLg, while the other amide I and II modes remain at the same positions. The
image in Fig. 4c shows spherical aggregates again, with a more noticeable
difference in near-field scattering between the granulates. In summary, these
results demonstrate that the combination of chiral VSFG and nano-FTIR spec-
troscopy can be used to identify nanoscale secondary structural contents of
adsorbed macromolecules at biointerfaces.

PYP on different secondary structures of PLL using VSFG and nano-FTIR
spectroscopy

After establishing the properties of the three thin multilayer films with various
PLL topmost layers, we now describe how PYP adsorbs differently on those layers.
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Fig. 5 shows the topography measured by AFM, and the corresponding chiral
VSFG spectra of PYP adsorbed on the topmost PLL surface in the amide I region.
The related achiral VSFG spectra are displayed in Fig. S4b. The imaginary parts of
the VSFG spectra for each condition (Fig. S7) were retrieved using MEM, and the
VSFG spectra were fitted using eqn (1). A summary of the chiral VSFG band
assignments is shown in Table S2.

Compared to PLL, PYP exhibits a different topography. In Fig. 5a, when PYP is
adsorbed on PLLg, larger and relatively homogeneous PYP islands are evenly
distributed across the surface, with very few observable aggregates. These
aggregates are probably due to a-helices in the PYP structure, as indicated by
Lorentzian bands seen in Fig. 5e; and their VSFG spectra in Fig. 5d. The Lorenzian
band profiles in Fig. 5e; reveal a high abundance of B-sheet structures, with B2
and B1 amide I modes at 1627 cm™ ' and 1679 cm ™, respectively, along with o-
helices at 1660 cm ™", which differ significantly from PLLg alone. Based on our
bulk CD spectroscopic results (Fig. $6), the structural composition of PYP is ~10%
helical content, 33% sheets, 15% turns, and the remaining part is other/
unordered. Given the typical uncertainties of CD deconvolution (+5-10% per
category, especially for B-rich, chromophore-containing proteins), our CD values
are broadly consistent with the known structure of PYP based on the protein data
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Fig. 5 AFM topography images of 2 x 2 um? areas of PYP on the surface of (a) PLLg, (b)
PLL,, and (c) PLL,g. Scale bars: 200 nm. Tip radius of the AFM: 10 nm. (d) Chiral VSFG
spectra with their respective fitting curves (dashed lines) of PYP adsorbed on PLLg, PLL,,
and PLL,g surfaces. Acquisition time for cases PYP-PLLg and PYP-PLL,g: 60 s; for PYP-
PLL,: 15 s (this curve is divided by 4 to maintain the scale). (¢) Component Lorentzian
bands for each of the VSFG spectra, where the bands are exemplified by colored curves.
The rectangle is used to illustrate a zoom in the B; mode region of the graphs. Numbers 1,
2, and 3 on (e) indicate the topmost structure of PLLg, PLL,, and PLL,g, respectively, on
which PYP adsorbed.
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bank (PDB) entries PDB 1NWZ and 3PHY. It is noteworthy that the chiral VSFG
signal from the a-helical regions of PYP is observed only when PYP is adsorbed on
the PLLg surface, as seen in SPP polarization. In contrast, the VSFG spectrum
recorded in SSP polarization combination (Fig. S4b) shows band shifts within the
range of 1640-1650 cm ™" and an amplitude increase at 1660 cm ™' compared to
the PLLg surface, likely because of the presence of helical units in PYP, and/or
a change in the nonresonant contribution.” While Yan et al. reported that o-
helical structures do not give rise to a chiral amide I band,* Ishibashi and co-
workers observed a small but significant chiral amide I mode for bovine serum
albumin (BSA).”* Our results further suggest that chiral VSFG modes associated
with helical units can be detected when a PAS-family protein and its subunits are
highly oriented at surfaces.

When PYP is adsorbed on the PLL,, surface, the topography in Fig. 5b indicates
elongated aggregates where PYP accumulates, forming large islands with lateral
dimensions exceeding 200 nm. Simultaneously, the surface heterogeneity and the
peak-to-valley height variations observed in the AFM topography and phase
images are significantly reduced following PYP adsorption, as evidenced by
comparison of Fig. S8c and d with Fig. S9c and d. As shown in Fig. 3d and e,, these
large aggregates are characteristic of o-helix formation, indicated by the band at
1644 cm ™' (E mode of the helix), which is also detected for PLL,, but with a much
smaller amplitude. In addition, B-sheet structures remain clearly discernible
through the B1 (1680 cm™ ') and B2 (1630 cm™ ') modes, with their amplitudes
increasing following PYP adsorption on the PLL,, surface. At the same time, the O-
H bending mode at 1654 cm ™' narrowed relative to that of PLL, alone, which can
be attributed to the more restricted secondary and tertiary structure of PYP,
causing a more ordered and homogeneous chiral water structure than that
associated with PLL,,.

Previous studies have shown that water molecules can organize into chiral
assemblies around proteins, with the handedness of the hydration structure
reflecting the biomolecule's intrinsic chirality’*** Moreover, chiral VSFG spec-
troscopy has been demonstrated to be a unique approach for selectively probing
the vibrational signatures of water in the first hydration shell at biomolecular
interfaces.> Given that random coil and turn motifs are not expected to generate
measurable chiral VSFG responses, and that the 1650 cm ™" band decreases in
amplitude upon PYP adsorption while all amide I features increase, we assign this
resonance to a hydration-related interfacial contribution rather than to protein
backbone vibrations. The pronounced narrowing of this band upon adsorption,
i.e., the linewidth changed from 160 to 60 cm ™', suggests a reorganization of the
chiral hydration structure at the interface, consistent with a more uniform
hydration environment associated with the adsorbed protein layer. The reduced
linewidth and amplitude of this band relative to the PLL-only case indicate a more
homogeneous and constrained hydration environment, consistent with water in
the protein hydration shell.

When PYP is adsorbed onto PLL,g, as shown in Fig. 5c, smaller aggregates can
be observed. While Fig. 5d and e; show almost no shift in the amide I region, the
band at 1644 cm ™' detected for PYP-PLL,, disappears, and a new feature emerges
at 1655 cm ' for PYP-PLL,5. When comparing PYP-PLL,z with PYP-PLLg, the
bands characteristic of the amide I B modes of B-sheets and the O-H bending
mode exhibit very similar features. However, PYP adsorbed on the PLL,g surface
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shows an increased B-sheet contribution, which is probably due to the underlying
PLL surface rather than to the protein.

To obtain additional spectral information from highly localized areas, nano-
FTIR measurements were performed across the 800-2700 cm™ "' spectral range
at specific positions on the nanoscale films, i.e., those selected in the white-light
images (Fig. 6a-c). A detailed analysis of the spectra in the 900-1750 cm ™' region
was then conducted, and its second derivatives in the amide I and II regions were
determined to identify PYP-related features. Fig. 6 presents nano-FTIR spectra of
PYP on PLL with different secondary-structure contents. In Fig. 6a, the O2A image
of PYP on PLLg reveals the presence of large aggregates that stand out from the
homogeneous surface, on which only a few small aggregates are visible. Their
corresponding nano-FTIR spectrum is shown in Fig. 6d, and the second derivative
spectrum in Fig. 6e provides insight into their vibrational bands. As seen, the
symmetric bending of the NH;" group (1529 cm™ '), amide II bands (1546 and
1561 cm™ '), amide I of B-sheet (1637 and 1688 cm™ '), and turns (1664 cm ') are
present. The spectra show contributions from the symmetric bending of the NH;"
group (1529 cm™ '), amide II bands (1546 and 1561 cm™'), amide I modes of f-
sheets (1637 and 1688 cm ™ '), and turn-related features (1664 cm ™). In contrast to
PLLg alone, the signature of helices is absent, and the vibrational modes between
1500 and 1700 cm ™' show only negligible shifts. In contrast, the amide III modes
of PYP-PLLg exhibit a characteristic shift from 1303 to 1315 em ™', associated with
helices, and a new band at 1343 cm™ " upon PYP adsorption on the surface.
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Fig. 6 Near-field optical amplitude demodulated at the second harmonic of the tapping
frequency (O2A) images retrieved from nano-FTIR for PYP on the surface of (a) PLLg, (b)
PLL,, and (c) PLL,g. Images of 1 x 1 pum? area. Scale bars: 100 nm. The blue dots represent
where the data was collected. (d) Nano-FTIR spectra of PYP adsorbed on PLLg, PLL,, and
PLL,s surfaces and their respective (e) second derivatives and band assignments. Tip
radius: 25 nm.
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Furthermore, as shown in Fig. 6b, PYP adsorbed on PLL, exhibits a more
significant contribution from large aggregates distributed across the surface. This
observation is consistent with the VSFG spectroscopy and AFM topography results
discussed above, suggesting that this a-helix-rich surface supports the formation
of a thicker PYP layer. Importantly, as seen in Fig. 6e, the symmetric and asym-
metric bending modes of the NH;" groups are absent. This can be a sign that PYP
adsorption involves electrostatic interactions with the PLL moieties. However, the
helix (1646 cm™") and B-sheet (1632 and 1693 cm ') components continue to
contribute significantly, along with turns (1662 cm ™). The decreased intensity of
the helical features may be due to reorientation of the protein, such that PYP
adopts a tilted orientation at nearly 45° relative to the surface. In contrast, the B2
mode associated with B-sheets increased in intensity compared with the other
PYP layers. In addition, in the amide III region, the bands at 1322 and 1343 cm ™"
observed for PLL, disappear, while a strong, broad feature emerges at 1305 cm
upon PYP adsorption. This broad band may characterise the combined vibrations
of the helical segments of PYP and their structural heterogeneity.

Furthermore, when PLL exhibits mixed secondary structures (PLL,), as shown
in Fig. 6¢, PYP adsorbs efficiently onto the PLL surface. This surface resembles the
topography presented in Fig. 5¢c, exhibiting small and large aggregates distributed
across the surface, along with fewer larger aggregates. The second-derivative
spectrum again shows significant contributions from the NH;* band
(1525 ecm™'), B-sheet modes (1632 and 1692 cm™ '), and the o-helical band
(1654 cm™'), along with a turn-related band (1671 cm™'). However, when
comparing PYP-PLL,g with PLL,g, the vibrational modes in the amide I, II, and III
regions are almost identical, except near 1600 cm ™. In contrast, in the fingerprint
region between 900 and 1100 cm ™', all surfaces with a PLL topmost layer show
characteristic bands at 930, 1040, and 1078 cm ™', which can be assigned to
skeletal C-C, side-chain C-N, and skeletal C-C stretching modes, respectively.

Upon PYP adsorption, new vibrational bands emerge (Fig. 7d): a C-C
stretching or out-of-plane C-H bending feature (949 cm '), C-C stretching of
chromophore or aromatic ring breathing modes (996 cm ™), aromatic ring modes
(1018/1028 cm™"), and chromophore skeletal C-C or backbone C-O stretching
modes (1093 cm ™). Although these bands are typically associated with skeletal
vibrations, we assign them to the p-coumaric acid chromophore, whose highly
delocalized electronic structure can give rise to substantial changes in dipole
moment.
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Fig.7 Isolated Imx'® spectra of PYP adsorbed on (a) PLLg, (b) PLL,, and (c) PLL,g using the
MEM algorithm and Lorentzian fit.
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Finally, the PYP film thickness depends on pH, consistent with the trends we
previously observed for PLL alone. For example, when PYP is adsorbed onto PLLg,
the resulting thickness is =20 nm, much lower than that of the other samples
(Fig. S3). In contrast, the film thickness increases with the rise of a-helical content
of PLL on the surface but decreases with increasing B-sheet formation. A densely
packed and ordered PYP layer on PLL,-terminated films is expected to result in
a net positive surface charge, leading to further protein adsorption. This buildup
process can thus repeat, forming a thick protein layer, as was previously reported
for BSA adsorption on polyallylamine-terminated surfaces.>® A very similar effect
was observed when cells were attached to PLL top layers prepared at pH 10.4. The
high adhesion of films formed under such conditions was attributed to the
secondary structure and binding conformation of PLL*® arising from its higher side-
chain charge density. This approach therefore provides a rational design pathway
and a model system for studying water-soluble protein adsorption at interfaces.

Unlike the homodyne intensity, Iyspg o |x®|?, which contains cross-terms from
interference (¢f eqn (1)), the imaginary part of the second-order nonlinear suscep-
tibility is additive.>”*® Therefore, the vibrational properties of the protein film can be
isolated through subtraction of the spectrum retrieved for the bare PLL top layer
from the spectrum extracted for the combined PLL-PYP layer assembly: Im[xpyp®'] =
Im[xa&er(Z)] — Im[xbefore(z)]. The validity and accuracy of this subtraction depend on
several conditions and assumptions. As the thickness of the protein layer is much
smaller than the coherence length of VSFG and the index of refraction of the LbL
layer assembly is close to that of the PYP layer, no multiple reflections complicate the
spectrum and the local field corrections (Fresnel factors) are unchanged during
protein adsorption. Furthermore, the chiral handedness of the molecules making up
both the LbL layer assembly and the PYP layer are known and identical. Therefore,
the sign ambiguity in the MEM analysis due to the negligible nonresonant chiral
background signal from CaF, can be resolved by forcing the a priori known sign of
amide I modes in the retrieved imaginary parts. Finally, it must be assumed that the
topmost PLL layer keeps its structural integrity upon PYP adsorption—a requirement
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Fig. 8 Correlation between protein secondary structure and vibrational signatures on
poly-L-lysine surfaces with different secondary structures.
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that applies equally when using heterodyne-detected VSFG. The difference spectra,
shown in Fig. 7, reveal distinct interfacial behaviour of PYP. The signature of the B,
mode near 1620 cm™ " suggests that the protein exhibits an ordered anti-parallel p-
sheet structure on PLLg (¢f Fig. 7a). The characteristic antisymmetric derivative-like
lineshape in Fig. 7b indicates that PYP adopts a long-range, excitonically even more
strongly-coupled B-sheet on PLL, than on PLLg. This transition confirms that the
‘soft’ helical interface facilitates superior orientational templating. The emergence of
a prominent broad feature at 1654 cm ™" (Fig. 7b) is assigned to a chiral hydration
network trapped within the protein assembly. The observation that PYP on PLL,g
maintains a small but positive feature across the amide I region, but shifted to
somewhat lower wavenumbers, is consistent with parallel B-sheet content and their
reorientation toward a more parallel geometry with respect to the surface.

Conclusions

We have presented an integrated analytical approach that provides a rational
framework for elucidating the adsorption behaviour of water-soluble and globular
proteins at biointerfaces. The main findings are summarized in Fig. 8. Interfacial
organization and protein secondary structure at model protein-protein interfaces
were investigated using a combined spectroscopic strategy integrating AFM, VSFG,
and nano-FTIR spectroscopy, together with near-field optical imaging. Layer-by-
layer (LbL) assemblies terminated with PLL layers of tuneable secondary-
structure content were employed as model platforms, with PYP serving as the
target protein. Chiral VSFG spectra of PLL reveal pH- and temperature-dependent
variations in secondary-structure composition within the amide I region, which are
further corroborated by nano-FTIR measurements. By combining chiral and
achiral VSFG spectroscopy with MEM analysis and peak fitting, chiral amide I E
modes associated with helical units, B modes corresponding to antiparallel B-sheet
structures, and both B and A modes characteristic of parallel B-sheet conforma-
tions were resolved. Upon adsorption of PYP onto PLL, and PLLg surfaces, distinct
changes are observed in both the VSFG and nano-FTIR spectra, reflecting
structure-dependent interactions at the protein-protein interface that manifest
across the amide I, II, and III regions as well as the fingerprint region. In contrast,
adsorption of PYP onto the PLL,g surface results in no significant changes in the
amide regions. Furthermore, the thickness of the adsorbed PYP layer is approxi-
mately 10 nm on PLLg and PLL,g surfaces, while increasing the a-helical content of
PLL leads to thicker PYP films and enhanced B-sheet formation. Overall, this
methodological advance establishes a robust foundation for the precise charac-
terization required to address complex problems related to interfacial protein
structure and function in materials science and biomedical applications.
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