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ABSTRACT: In quantum electrodynamics, matter can be hybridized to confined optical fields
by a process known as light—matter strong coupling. This gives rise to new hybrid light—matter
states and energy levels in the coupled material, leading to modified physical and chemical
properties. Here, we report for the first time the strong coupling of vibrational modes of

proteins with the vacuum field of a Fabry—Perot mid-infrared cavity. For two model systems,
poly(L-glutamic acid) and bovine serum albumin, strong coupling is confirmed by the

anticrossing in the dispersion curve, the square root dependence on the concentration, and a
vacuum Rabi splitting that is larger than the cavity and vibration line widths. These results
demonstrate that strong coupling can be applied to the study of proteins with many possible
applications including the elucidation of the role of vibrational dynamics in enzyme catalysis and

in H/D exchange experiments.

In the past few years, it has become clear that the light—
matter strong coupling'~’ can be employed to alter the
physical and chemical properties of molecular systems. Strong
coupling of the electronic transition between the ground and
first excited state can lead to modulation of photochemical
isomerization rates,”® work functions,"’ organic semiconductor
conductivity,'" and a perovskite phase transition.'” Vibrational
strong coupling, VSC, on the other hand, can be employed to
modulate the bond vibrations of specific functional groups
within a molecule."*™" The splitting of a vibrational state into
two new (vibro-)polaritonic states leads to a change in the
Morse potential and consequently in the (ground state)
reactivity of the entire molecule, which holds a great promise
for applications in the field of (bio)chemistry. We have recently
demonstrated that a basic deprotection reaction of an organic
alkynyl silyl compound can be totally modified under VSC in a
microfluidic infrared Fabry—Perot cavity.”

These effects of strong light—matter interactions are due to
the fact that fundamentally this quantum phenomenon involves
the hybridization of an electronic or a vibrational transition
with the modes of an optical cavity (illustrated in Figure 1A),
somewhat akin to the hybridization of s and p atomic orbitals
or the formation of molecular orbitals from atomic orbitals
during chemical bonding.”'~>* The results are the so-called
“dressed” states, which have a mixed light—matter character.
Strong coupling arises when a molecular transition is brought in
resonance with a photonic cavity mode and when the
interaction is faster than any loss mechanism. It is important
to note that, as theory predicts, the vacuum field of the optical
mode of the cavity (i.e, the zero point energy of the mode)
already gives rise to new light—matter states. In other words,
the light—matter hybridization occurs even in the dark. When
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Figure 1. Overview of strong coupling and of the experimental
approach. (A) Illustration of the principle of vibrational strong
coupling. (B) Schematic illustration of the measurement cell.

many molecules are present in a cavity, the resulting dressed
states encompass all of the coupled molecules. For a further
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Figure 2. FTIR spectra and dispersion data of poly(L-glutamic acid) in a cavity under strong coupling conditions. Deuterated PLGA was inserted
into a Fabry—Perot cavity (illustrated in Figure 1B) and measured with FTIR spectrometer. (A—C) Data for PLGA at 5% (w/v). (D—F) Data for
PLGA at 15% (w/v). (A)D) IR transmission spectrum for cavity tuned close to either the amide I’ or »-COO~ asymmetric stretching vibration of
PLGA. Green curves: resonance with the y-COO™ side-chain asymmetric stretching mode. Blues curve: resonance with the amide I' mode. Gray
curves: reference IR transmission spectrum of PLGA outside a cavity. (B,E) Data of the angle-dependent dispersion measurements. IR spectra were
recorded for incidence angles between 0° and 18°. (C,F) Dispersion curves with the peak positions of the polariton branches as a function of the
magnitude of the in-plane wave vector (k;). To avoid misinterpretations, strong couphng dispersion data is preferentially plotted against this
component of the wave vector (see Supporting Information for the conversion formula).”> The measured polariton peak positions are denoted with
dark blue open circles and the coupled oscillator model fit with a light blue solid line. The location of the amide I’ and y-COO™ modes are marked
with dashed lines. All measurements were performed in D,O.

discussion of the physics of quantum strong light—matter dissolved in solutions has been reported."*"”'**® Working
22,23

interaction, the reader is referred to one of the reviews or to with proteins at very high concentrations can lead to structural
a recenglperspective oriented toward molecular and material and functional alterations and even detrimental effects such as
science.

aggregation.27_30 Here, we demonstrate the vibrational strong
coupling of poly(L-glutamic acid) (PLGA) and of bovine serum
albumin (BSA) under conditions where the native fold of the
latter is largely preserved. The PLGA peptide homopolymer

Although electronic strong coupling of biomolecules has
been demonstrated,””** VSC has not yet been achieved to the
best of our knowledge.l3’14’20’21 The main challenge in

performing VSC of proteins is the 2 orders of magnitude

smaller extinction coefficient of vibrational transitions com- and serum protein are attractive model systems because they
pared to those of electronic transitions, which necessitates the are both well characterized, highly water-soluble, and exhibit
use of very high sample concentrations. To date, the VSC of one or more intense infrared absorption bands (PLGA, amide I
pure molecular liquids, polymer films, and organic substances and y-COO~ asymmetric stretching; BSA, amide I).””*"*
4160 DOI: 10.1021/acs jpclett.6b01869
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Deuterium-exchanged PLGA dissolved in D,O under the
conditions used here (¢ = 2.5—-15% (w/v), measured pD =
7.6—7.8) displays an intense amide I’ and y-COO™ asymmetric
stretching bands at 1647 and 1565 cm™, respectively (Figure
2A and D gray curve). To achieve vibrational strong coupling,
Fabry—Perot cavities were fabricated consisting of two parallel
ZnSe windows coated with a reflective Au thin film and
separated by a spacer (schematically shown in Figure 1B). The
transmission spectrum of such an empty cavity exhibits a typical
progression of transmission peaks representing the optical
modes generated by the cavity (see Supporting Information).
After introducing a 5% (w/v) PLGA solution and tuning the
cavity resonance close to the PLGA y-COO™ mode, the spectral
signature of strong light—matter coupling is observed. The
transmission spectrum of the sample (shown in Figure 2A,
green curve) displays two peaks symmetrically spaced around
the peak position of the PLGA y-COO™ mode. These two
peaks are the spectral signature of the two new polaritonic
states (conventionally denoted [P+) and IP—)). However, in
itself this observation does not constitute sufficient proof of
strong coupling because a similar splitting can be generated
simply by an absorber overlapping with a transmission mode.

For a further confirmation of the presence of strong light—
matter coupling, the an§1e-de1pendent dispersion of the sample
needs to be examined.””'**"** Polaritonic states inherit the
dispersive properties of the empty cavity with a characteristic
anticrossing at the intersection with the absorbing transition
resulting in the two polaritonic branches.”' ~>* To observe this
behavior, the IR spectrum of the sample is measured at different
incidence angles of the probe beam in the FTIR. The spectra
for PLGA recorded between 0° to 18° are displayed in Figure
2B. The dimensions of the sample holder prohibit investigation
of higher angles. As the angle of incidence is varied, the lower
branch shifts to higher wavenumbers up to a limiting value and
loses intensity. At the same time, the upper branch gains in
intensity and disperses to higher wavenumbers.'>'* When the
locations of the peak positions are plotted as a function of the
magnitude of the in-plane wave vector (k;) of the incoming
light (Figure 2C), an anticrossing is indeed observed. Fitting
this data with the coupled oscillator model’' > allows the
extraction of the vacuum Rabi splitting, which is the energy
difference between the two new vibro-polariton states at exact
resonance. The vacuum Rabi splitting amounts here to 55.4
cm™", which corresponds to about 3.5% of the transition energy
of the PLGA y-COO™ mode. Finally, the strong coupling
regime requires that the line width of the bare molecular
transition and the cavity mode are both less than the vacuum
Rabi splitting.”' ~** This is indeed the case here since they are
estimated to be 45.2 and 48.9 cm ™, respectively. Therefore, the
strong coupling conditions are all met for this system.

When PLGA at a concentration of 10 or 15% (w/v) is
inserted in a cavity near resonance with either the amide I' or y-
COO~ asymmetric stretching mode of poly(L-glutamic acid),
three new bands appear instead of just the two branches
expected for the coupling of a single molecular vibration with
one cavity mode (see Figure 2D for the data for 15% w/v; see
Figure S$2D for the data for 10% w/v). Angle-resolved
measurements reveal the dispersive behavior of the three
branches as shown in Figures 2E—F and S2E—F. The dispersive
behavior of the different curves is explained by the
simultaneous, independent coupling of both vibrational
modes to the cavity vacuum field. This is a common effect
when two transitions are close in energy and couple to the same
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optical mode."*"”**7* Vacuum Rabi splittings associated with

both vibrations are consequently the minimal energy differ-
ences between the respective branches.”' ~>* Because these Rabi
splittings are high compared to the energy difference between
the two (bare) transitions, simultaneous coupling occurs even
when, for instance, the cavity is blue-detuned with respect to
the higher-lying amide I’ transition. Comparison of the Rabi
splittings with the line widths of the coupled cavity mode and
molecular vibrations again confirms that the strong coupling
regime is reached. The values are summarized in Table 1. It

Table 1. Overview of the Cavity Parameters and Measured
Vacuum Rabi Splittings

bare cavity vacuum
vibration mode line Rabi

line width  concentration width splitting

mode  species (em™) (% w/v) (em™) E)cm’l)
y-COO~ PLGA 48.9 2.5 22.8 41.4
S 19.3 558.3
10 32.0 85.6
15 S1.5 96.9
amide I’  PLGA 46.2 10 32.0 81.6
15 SL.S 80.1
BSA 48.8 10 189 67.1

should be noted that the reasons that no secondary splitting is
observed at 5% (w/v) PGLA (Figure 2A and B) is due to the
fact the coupling was tuned to the y-COO™ and that the Rabi
splitting is so small that the higher vibro-polariton branch does
not reach the amide 1’ band within the angular range of our
experiment. This exemplifies the sensitivity of the observation
of strong coupling to cavity detuning.

As the concentration is lowered to 2.5%, a weak branch
splitting and a dispersive anticrossing of the y-COO™ mode can
still be observed for PLGA, but now the polariton splitting
energy becomes comparable with the bare absorption band line
width (Figure S2A and Table 1). However, this is no longer the
case for PLGA at a 1% (w/v) concentration (Figure S2G).
Plotting the measured values of the y-COO™ mode vacuum
Rabi splitting as a function of the square-root of the
concentration a straight line is obtained (Figure 3) as expected
from theory and previous experimental observations.'”'®'**"**
This constitutes a definite proof that strong coupling regime
has indeed been reached. Because the amide I’ band is less
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Figure 3. Concentration dependence of the vacuum Rabi splitting of
the y-COO" stretching mode of poly(L-glutamic acid). The vacuum
Rabi splitting for the strongly coupled y-COO™ asymmetric stretching
modes of PLGA in the four tested conditions are plotted against the
square root of the corresponding sample concentration. Linear
regression is performed with an R* value of 0.985.
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intense than the y-COO™ stretching band, the threshold for the
strong coupling regime will be higher for the former than for
the latter.

Although poly(L-glutamic acid) is an adequate polypeptide
model sharing many important characteristics with natural
proteins (e.g, a-helix and f-sheet formation),>"** we repeated
the coupling of the amide I’ vibration with bovine serum
albumin which models the properties of a typical globular
protein. BSA consists mainly of a-helical structures and coiled
regions, resulting in an amide I’ band with a peak observed here
at 1646 cm™ (in D,0 at pD = 7.21). After insertion into an IR
cavity and tuning the latter into resonance, the typical spectral
features of strong light—matter interaction are again observed
in the IR transmission spectrum, as can be seen in Figure 4.
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Figure 4. FTIR transmission spectrum of bovine serum albumin in a
cavity under strong coupling conditions. A 10% (w/v) solution of
deuterated BSA in D,0 was inserted into a Fabry—Perot cavity
(iltustrated in Figure 1B) tuned to resonance with the amide I’ mode
of BSA at 1646 cm™".

The vacuum Rabi splitting is estimated at about 67.1 cm™,

which amounts to 4.1% of the bare transition energy. The
splitting energy is larger than either the bare transition or cavity
mode line width (values listed in Table 1), confirming the
presence of strong light—matter interaction. However, the
concentration employed here is much higher than either those
in typical serums (35 to S5 mg/mL) or those used in most
applications.”” ™’ Studies on protein crowding point out that
the effect of BSA on the conformational stability of itself or
other proteins is neutral to mildly destabilizing.”””” Aggrega-
tion and gel formation can also be enhanced in very
concentrated BSA solutions.” Investigation of BSA in D,O at
the concentration used for strong coupling and a lower
reference concentration (1.6% w/v) using 1D 'H and 2D 'H-
TOCSY NMR reveals the preservation of the overall structure
(spectra shown in Figure S3). As for aggregation, the shape of
the bare amide I band of BSA does not indicate any significant
P-sheets formation or aggregation, neither does the NMR data.
Finally, all BSA solutions remained clear during experiments. In
summary, strong light—matter interaction regime with BSA can
be reached while the protein remains in a near native
conformation.

We anticipate that being able to hybridize molecular
vibrations of proteins with optical cavity modes is likely to
have profound implications for biochemistry and molecular
biophysics. Many methods used to study the structure—
function relationships of proteins and enzymes often rely on
perturbing their chemical composition. A classic example is the
use of site-directed mutagenesis or chemical protein synthesis
to incorporate single (or multiple) amino acid substitutions
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into an existing protein sequence to investigate the effect of
substitutions on folding, stability, conformational dynamics or
function (e.g, binding or enzymatic activity).**~*' Our group
has recently shown that the ground state reactivity of an organic
compound is altered by strong coupling of the molecular
vibrations connected to bond being broken.?® Further studies,
both theoretical and experimental, will be necessary to
understand the underlying change in the reactivity landscape.
Nevertheless, strong coupling of the amide I' bond may also
result in a modification of reactivity of amide backbone bonds
(e.g, in peptide bond formation, proteolysis reactions, etc.),
enzyme catalyzed or otherwise. In addition, strong coupling of
amide I’ transition can be exploited for H/D exchange to
interrogate protein folding dynamics.” For enzyme-catalyzed
reactions, vibrational strong coupling studies are likely to
provide new insights into the vibrational dynamics and energy
relaxation involved in such reactions. Previously, molecular
bond vibrations in proteins were perturbed by heavy element
substitutions and resulted in reduced enzymatic turnover
rates.””** VSC could complement such an approach by
improving the tunability and selectively of the perturbation.
Going beyond reactivity, the amide protons of the peptide
bond take part in noncovalent hydrogen-bonding that stabilizes
secondary structures such as a-helices and ff-sheets.**™*' Amide
I band vibration revolve predominantly around stretching of the
amide carbonyl,** which is an acceptor in such bonding, Similar
to deuterium substitution effects on hydrogen-bonding,* the
hydrogen-bonding interactions with neighboring moieties
might also be affected under VSC. Such methodology could
then be utilized in studies aiming to modulate the secondary/
tertiary/quaternary structure of proteins and enzymes. These
examples illustrate how many unexplored possibilities still lie
ahead for strongly coupled biomolecular systems which merit
further studies.

B EXPERIMENTAL METHODS

Poly(r-glutamic acid) and bovine serum albumin were
purchased from Sigma-Aldrich (GmbH, Germany) and
deuterated by dissolution in deuterium oxide and lyophilization.
All solution pD’s were measured by determining the solution
pH applying the correction pD = pH + 0.4." NMR spectra of
BSA in D,0 were measured on a 600 MHz Bruker Avance III
spectrometer. Fabrication of a Fabry—Perot cavity was done as
described in refs 7 and 12. All IR measurements were
performed on a Nicolet 6700 FT-IR (Thermo-Fisher Inc,
U.S.A.). For each spectrum, 256 inferograms were measured
with a 0.964 cm™ resolution. Extraction of the polariton peak
positions was done by manually fitting of the polariton bands
with a Gaussian model. Fitting of the dispersion curves was
done with the coupled oscillator model with either 1 or 2
independent excitons in order to retrieve the vacuum Rabi
splitting energy. Additional experimental details and informa-
tion on the data analysis can be found in the Supporting
Information.
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TOCSY NMR spectra BSA and examples of curve fitting
results for polariton peak extraction. (PDF)
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