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The nanoscale structure and dynamics of proteins on surfaces has been extensively
studied using various imaging techniques, such as transmission electron microscopy
and atomic force microscopy (AFM) in liquid environments. These powerful imaging
techniques, however, can potentially damage or perturb delicate biological material and
do not provide chemical information, which prevents a fundamental understanding of
the dynamic processes underlying their evolution under physiological conditions. Here,
we use a platform developed in our laboratory that enables acquisition of infrared (IR)
spectroscopy and AFM images of biological material in physiological liquids with nano-
meter resolution in a cell closed by atomically thin graphene membranes transparent to
IR photons. In this work, we studied the self-assembly process of S-layer proteins at the
graphene-aqueous solution interface. The graphene acts also as the membrane separat-
ing the solution containing the proteins and Ca’* ions from the AFM tip, thus elimi-
nating sample damage and contamination effects. The formation of S-layer protein
lattices and their structural evolution was monitored by AFM and by recording the
amide I and II IR absorption bands, which reveal the noncovalent interaction between
proteins and their response to the environment, including ionic strength and solvation.
Our measurement platform opens unique opportunities to study biological material
and soft materials in general.

nano-FTIR | operando spectroscopy | S-layer protein | self-assembly | solid-liquid interface

The structural and catalytic role of proteins is the foundation of living systems. Most
proteins organize into well-defined hierarchical architectures with dynamic interactions
(1, 2). Their assembly is governed by protein—protein interactions based on noncova-
lent hydrogen bonds, hydrophobic, and electrostatic interactions (3). The final form of
the protein assembly is sensitive to environmental factors such as pH, ionic strength,
and nature of the substrate (4-6).

The self-assembly of proteins has been widely used for biotechnological applications,
including sensors, biocatalysts, and in biomaterial synthesis (7, 8). Although substantial
effort has been spent to develop spectroscopy and microscopy tools to characterize pro-
tein assemblies, including X-ray crystallography, atomic force microscopy (AFM), fluo-
rescence microscopy, and cryo-electron microscopy (9-14), the invasive character of
these tools raises concerns about potential alteration of the native structure. Further-
more, these tools primarily offer mostly morphology or structural information, leaving
chemical properties and their dynamics largely unexplored. Infrared (IR) spectroscopy,
on the other hand, is a nondestructive probe that can reveal their molecular scale struc-
ture. In our research we use infrared nanospectroscopy (nano-FTIR), which is based on
the plasmonic enhancement of the IR field near the metallic tip of an AFM. This IR
near-field decays exponentially away from the tip apex with a characteristic length (in
x, y, and z) of the order of the tip radius (around 10-15 nm), thus providing spatial
resolution that is ideal to characterize proteins and other biological materials (15, 16).
Nano-FTIR has been previously applied by various groups to study biological macromo-
lecules and structures, such as the tobacco mosaic virus (TMV), ferritin, purple mem-
branes (PMs), and phospholipid domains (16-22). However, these studies were
petformed on dried material in air or with the biomolecules covered with graphene and
intercalated water. These nonnative environments can alter the secondary structure of the
protein through loss of water or accidental contact by the AFM tip. Bottom illumination
method has been used recently, in which the tip is submersed in a liquid cell, but they
suffer from strong damping of the tip oscillation due the liquid surrounding the tip and
from dragging of the biomolecules, factors that limit its general applicability (20).

We overcame these challenges by developing a liquid cell closed by a graphene
membrane that serves as substrate and infrared transparent window. The suspended
graphene separates the protein-buffer solution inside the cell from the AFM tip located
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over the membrane in a dry N, atmosphere. In this manner, sam-
ple damage by tip contact and contamination are eliminated.
Photon transparency of single layer graphene ensures minimum
attenuation of the tip-enhanced IR near field. The design and
fabrication of these cells are described in detail in previous
work (23, 24).

The S-layer protein SbpA of the insect bacterium Lysinibacillus
sphaericus was used as a model system to study biomolecular
assembly. SbpA and other S-layer proteins constitute the major
external cell component of many bacteria and archaea, serving as
exoskeleton and molecular sieve for nutrient uptake (8, 25, 26).
The formation is triggered by calcium ions that bind to SbpA
forming two-dimensional square lattices of tetrameric unit cells
13 nm in size (12, 27). The assembly process on various substrates,
including carbon-based materials such as carbon nanotubes, has
been studied in the past using imaging techniques, especially trans-
mission electron microscopy and AFM (10, 12, 28-31).

In this work, we demonstrate that the combination of nano-
FTIR spectroscopic imaging with the tip outside the liquid cell
and AFM topographic imaging with the tip inside the liquid
cell (Fig. 14 and B) provides structural and chemical informa-
tion of the proteins with high temporal and spatial resolution.
The amide I and amide II bands of the protein were recorded
during the assembly process, under different buffer conditions.
Their intensities grow nonlinearly vs. time and follow the
increase in the area of ordered protein domains obtained from
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AFM images. The spatial distribution of the amide bands intensi-
ties reveals inhomogeneities of the assembly that are not visible in
previously reported microscopy results.

Results and Discussion

Fig. 14 shows a schematic view of the liquid cell closed by the
graphene membrane, where the SbpA proteins adsorb forming
two-dimensional lattices, with the AFM tip located outside dur-
ing acquisition of nano-FTIR spectra. Fig. 1B shows a sche-
matic view of the cell for AFM topographic measurements in
the same protein-buffer solution, with the tip inside the liquid.

Nano-FTIR spectra of the SbpA protein assembly formed in
buffer solutions with different Ca®* concentrations are plotted
in Fig. 1C. The black trace corresponds to 5 mM Ca?™", the red
to 50 mM Ca®*. The blue is an attenuated total reflection
FTIR (ATR-FTIR) spectrum of dried assembled SbpA proteins
on graphene-coated Au films that serves as reference. Details of
data processing of the spectra can be found in the ST Appendix.
Fig. 1D shows AFM topography images of the graphene mem-
brane before (Lef?), and after (Right) being covered with SbpA.
An expanded image is inserted to show the square structure of
the self-assembled protein lattice. The bright features are due to
wrinkles in the graphene.

As shown in Fig. 1C, the nano-FTIR spectra contain two main
peaks, one around 1,660 cm™' and another around 1,550 cm ™.

B

AFM probe tip

LARALAAR T S AAAaadd AA LYY AL

50nm

0 AFM Height

Fig. 1. Schematic drawings of experiment, nano-FTIR spectra, and AFM topographic images of SbpA proteins forming assembly layer. (A) Schematic drawing

of the nano-FTIR experiment with the AFM tip situated over the monolayer graphene suspended across 1-pm diameter holes of a perforated SisN4 mem-
brane (only one hole is shown). The membrane closes the cell filled with SbpA proteins and Ca®* ions in a buffer solution. The proteins attach to the gra-
phene membrane (colored blue) and SisN, membrane (colored green) during assembly. Free proteins in the solution are shown in gray. (B) Schematic of the
high-resolution AFM imaging with the probe immersed in the same protein-buffer solution as in (A). (C) Nano-FTIR spectra of an assembled film of SbpA
proteins in a buffer solution of 5 mM Ca* (black), and in 50 mM Ca*(red), acquired 3 h after filling the cell (Top two graphs). The Bottom graph (blue) is an
ATR-FTIR spectrum of dried SbpA proteins assembled from a 50 mM Ca®* solution on a graphene-coated Au film on a Si wafer. The two nano-FTIR spectra
are averages of 120-150 spectra collected in different spots of protein-covered regions. (D) AFM topographic images of the graphene membrane prior (Left)
and after SbpA assembly (Right) acquired 1 h after filling the cell. The Inset is an expanded image showing the square lattice structure of the assembled pro-
teins. The scan size is 3 um for the large images and 90 nm for the Inset. The bright lines are due to wrinkles in the graphene. Protein domains form on
both the suspended and supported regions in AFM imaging experiments where the tip scans over the suspended as well as the supported graphene. In the
nano-FTIR experiments, only proteins on the suspended graphene can be observed unless damage or detachment of the graphene accidentally occurs.
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The first peak has a small contribution from the H,O bending
mode and a larger contribution from the amide I (C = O stretch-
ing) mode. The second peak is due to the amide IT (N-H bending
coupled with C-N stretching) modes. Other peaks are observed
below 1,400 cm ™! which are attributed to the amide III mode
(32), while peaks around 1,800 cm™! (positive for 5 mM and
negative for 50 mM) are of unclear origin. These spectra, while
overall similar, show several important differences:

First, the center of the amide I and II bands show different
red shifts, relative to the ATR reference spectra, as a function of
Ca”* concentration. In 5 mM solution, the shifts are 9 cm ™" for
amide I and 20 cm ™" for amide IL. In 50 mM buffer solution,
the shifts are 5 cm ™! for amide I and almost no shift for amide
II. This could arise from additional hydrogen bond formation
with water molecules (33, 34).

Second, the intensity ratio of the amide I and II band is
lower in 50 mM Ca”". This change can be explained by the
polarization of the IR near field, which is roughly oriented
along the normal to the surface and thus more sensitive to
vibration modes with transition dipole moments perpendicular
to the surface (35, 36). The lower intensity of the amide II
band might indicate a preferential orientation of the N-H
bonds vibration parallel to the surface, which correlates with a
stronger ordering of SbpA monomers during self-assembly.
Similar results have been reported for the purple membrane
(PM) of Halobacterium salinarum on silicon substrates and col-
lagen fibril on AuSi substrate by nano-FTIR (16, 18, 37). The
change of peak intensity and shifts of the amide bands provide
critical information about the protein structural rearrangement
during lattice formation (10). We will focus on the amide I and
IT band intensities and appearance in the following discussion.

Finally, a shoulder peak at higher frequency (near and above
1,700 cm™ '), is visible in the 50 mM Ca®* case, which could
be due to IR absorption bands of the protein side chains (33).
However, since the secondary structure of SbpA includes alpha
helices, beta sheets, and beta turns (11, 32), it is difficult at pre-
sent to assign these IR absorption peaks to different secondary
structures.

Assembly Dynamics. The dynamic assembly process of SbpA
can be followed from the nano-FTIR spectra on the scale of
minutes, the time required to collect one spectrum, while com-
plete assembly of the SbpA takes hours. The top color map in
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Fig. 24 shows the nano-FTIR spectra of SbpA in 5 mM Ca**
buffer solution collected from 0.5 h to 1.5 h after filling the
cell with protein solution. The bottom color map shows nano-
FTIR spectra acquired in a protein solution without calcium
ions. As can be seen, the calcium concentration strongly influ-
ences SbpA assembly. In 5 mM Ca®*, after 1.5 h the intensity
of the peak around 1,660 cm™" had increased by a factor of 4
compared to its value at 0.5 h and remained nearly constant
afterward. The same peak, however, decreased and redshifted in
the absence of Ca”", as shown in the bottom panel. The inte-
grated intensity of the amide I and II bands is plotted in Fig. 2B
as a function of assembly time (red dots, Right y axis). In parallel,
AFM images were used to follow the changes in the topography
and protein domain size, which is shown in the same Fig. 28
(black squares, Leff y axis). Three AFM images of the protein
domains are shown as insets, corresponding to the start, middle,
and near the end of the assembly process, respectively.

Several important factors deserve further discussion: first,
although both the H,O bending and amide-I vibration modes
contribute to the peak around 1,660 cm™', the peak intensity
increased more than four times during assembly. This increase is
due exclusively to the ordering of proteins units, indicating that
the bending mode of water contributes less than 25% of the
overall peak intensity. The attenuation of the water bending
mode will be discussed more thoroughly after the isotopic sol-
vent exchange (H,O by D,O) experiments shown below. Sec-
ond, there are two factors that potentially contribute to the
increase of amide I band over time: (i) more protein molecules
adsorb on the graphene substrate, and (ii) gradual ordering of
the adsorbed protein forming the crystalline phase, which orients
its dynamic dipole more perpendicular to the surface. Since the
adsorption (not the crystallization) took several minutes to com-
plete, well before the nano-FTIR measurements, it is unlikely
that increased adsorption is the major contribution (10, 12).
Third, the area of assembled protein, obtained from the AFM
topography images, shows a larger percentage of ordered domains
at later times, indicating a good agreement between these two
measurements.

Spatially Resolved Chemical Mapping During Protein Assembly.
Calcium ions are essential for driving and stabilizing the crystal-
lization of the S-layer protein monomeric units (5, 11, 27). The
evolution of the SbpA protein self-assembly process therefore
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Fig. 2. Temporally resolved assembly process of SbpA protein. (A) Color map representation of the time evolution of the nano-FTIR spectra during SbpA
protein assembly on the graphene membrane in a buffer solution of 5 mM Ca** (Top), and without Ca®* (Bottom). The tip location was fixed during the mea-
surement. (B) Percentage of area covered by assembled protein from AFM images in 5 mM Ca®* buffer solution (black squares, Left y axis). Integrated inten-
sity of Amide | and Amide Il bands (red dots, Right y axis) from the spectra shown in the top panel of (A). The three circular insets are AFM images showing
SbpA domain growth on the graphene membrane as a function of time. Time 0 corresponds to the introduction of the protein/buffer solution into the cell.

The suspended graphene boundary is marked by black dashed circles.
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depends on the Ca®" concentration, as shown in Fig. 3. Fig. 34
and C show images of the total near-field IR amplitude scattered
by the tip as it scans over the graphene-covered holes and
surrounding regions. The intensity increases when the probe is
outside the suspended graphene window because of the strong
scattering of all wavelengths by the underlaying gold. Nano-
FTIR spectra acquired along the lines marked by the red arrows
in (A) and (Q) are presented as color maps in Fig. 3B and D. In
both cases, the spectra were collected 3 h after start of the assem-
bly process, when the assembly process is nearly complete and the
amount of SbpA monomers in the solution has been depleted. In
both 5 mM Ca** and 50 mM Ca®* solutions, the intensity of
the amide I/II bands vary as the tip scans over domains formed at
the graphene-solution interface. At least three different domains
are visible in the 5 mM case and two in the 50 mM case,
(marked by red segments). The size of these domains is a few
100 nm, close to the domain size measured in AFM topography
images (Fig. 2B). The differences in spectra between different
domains, especially in the amide II band, suggest structural varia-
tion between domains. For example, the weakening of amide II
band in domain II in 50 mM (Fig. 3D) is in line with the reor-
ientation of protein lattice units discussed above.

Effect of Solvent Replacement. Hydrogen-deuterium exchange
experiments have been used widely in biological research to
probe the folding pathways and conformational changes of pro-
teins and their interactions (38—40). We therefore studied the
effect of deuterium substitution on the protein assembly by replac-
ing the 5 mM Ca** H,O buffer solution in the liquid cell with

5 mM Ca®* D,O buffer solution 3 h after completion of the
assembly process. Fig. 44 is an AFM topographic image of a region
showing a graphene-covered hole, after replacing the H,O solution
with a D,O solution using a gente slow flow of the solution to
avoid turbulence or high shear flow. Fig. 4C corresponds to
another experiment using an energetic rinse with a 5 mM
Ca’*D,0 solution. The corresponding nano-FTTR spectra along
the red line arrows are shown as color maps in Fig. 45 and D.

After the gentle solution replacement, most of the self-
assembled protein remained at the graphene-solution interface,
although with a substantial change in the amide II band in the
nano-FTIR spectrum. The amide II band is sensitive to H/D
exchange because of the conversion of NH bonds to ND bonds,
which have a lower frequency (33, 41, 42). As a result, the
decoupled amide-IT band shifted to 1,450 cm ™", which is mostly
due to the CN stretching mode, as seen in Fig. 4B. The bending
mode of D,0 (around 1,220 cm™ ", visible in Fig. 4D), however,
is very weak or not observed in the nano-FTIR spectrum. This is
because the nano-FTIR technique only probes vibrations within
the decay length of the IR near field, which is usually 10-15 nm
(i.e., roughly the tip radius of curvature or our tip) (16). Thus,
the penetration of the IR near field through the protein assembly
layer plus graphene, approximately 10 nm, is very small, shading
the underlying D,O, which did not intercalate between self-
assembled protein domains and graphene.

However, the turbulent D,O rinse altered the structure of the
graphene window, first by detaching it from the surrounding gold
support which allowed intercalation of water between the two
(Fig. 40). It also removed a large amount of protein, as shown in
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Fig. 3. Spatially resolved chemical mapping of SbpA protein assemblies. (A and B) Images of the total scattered optical amplitude of suspended graphene
and surrounding area in the cell filled with SbpA proteins, in 5 mM Ca®* buffer solution in (4) and 50 mM Ca** solution in (C). Total optical amplitude
increases substantially when the probe is over the gold substrate. (B and D) Corresponding color map representations of the nano-FTIR spectral intensities
(arbitrary units in the color scale) of the amide | and Il mode regions of the SbpA proteins. The nano-FTIR profiles were acquired at positions along the red
arrows in (A) and (C). The amide | and Il modes are only visible when the tip is located over the suspended graphene region in contact with the solution. The
hole boundary is marked by the horizontal dashed lines. The position of two self-assembled domains in (D) is marked by the vertical red segments. (E) Sche-
matic drawing of the tip-sample junction showing exponential the decay of the IR near field away from the tip apex. A SbpA lattice is drawn for comparison.
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Fig. 4. Effect of solvent replacement on SbpA proteins. (A) AFM topographic image of an area containing a graphene covered hole in the cell filled with SbpA
proteins after gently substituting 5 mM Ca?* H,O solution for 5 mM Ca®* D,O solution. (B) Color map representation of the nano-FTIR spectra along the line
marked by the red arrow in (4). The D,O bending mode at 1,220 cm ™" is very weak indicating that D-O did not intercalate between the protein domain and gra-
phene. (C) AFM topographic image after a turbulent rinsing with D,O that perturbed both the protein layers and the graphene membrane. (D) Color map repre-

sentation along the direction of red arrow in (C). The appearance of an intense D,O bending mode at 1,220 cm

~1, along with the weaker amide peaks in the

graphene-covered hole region after the energetic rinsing, indicates that D,O replaced H,O and largely removed the initial protein layer covering the graphene. In
addition, the D,0 peak is also visible even outside the suspended region due to intercalation between graphene and the surrounding Au film. The negative band
around 1,270 cm™' (dark blue) in both cases is due to contamination of the AFM cantilever and tip with PDMS, which has a characteristic peak in that region.

the nano-FT1R line profile (Fig. 4D), leaving only small protein
domains on the surface, as evidenced by the intensity profile of
the amide-I band. These line scans further demonstrate the prom-
ising application of our platform to resolve biological nanostruc-
tures and their chemical changes down to tens of nanometers.

Conclusion and Summary

It is clear then that our graphene-based platform combined
with AFM and nano-FTIR makes possible in vitro studies of
the structural and chemical evolution of biological material,
exemplified here by the study of the self-assembly of SbpA pro-
teins on graphene. The growth of amide I and II band intensi-
ties of SbpA protein follows a nonlinear behavior vs. time, in
good agreement with the dynamical information obtained from
AFM topographic images. After assembly, the amide band line
profile unambiguously reveals the structural response of protein
to environmental factors, including ionic strength and solvent,
which is hard to access by AFM. We have shown that the
dynamical evolution of the protein substructure depends on the
environment. We have also shown the interaction existing
between proteins and matrix. Finally we have shown that the
protein-substrate and protein-water interactions can be studied
using our approach. The nm spatial resolution, chemical sensi-
tivity, negligible radiation damage, and environmental capabili-
ties of our platform open many opportunities to study other
complex soft materials and nanostructures.

With the advance of fabrication technology, the spatial reso-
lution, which is correlated to the tip apex radius, can be further
increased, and we anticipate that dynamic IR spectroscopic

PNAS 2022 Vol.119 No.32 2200019119

study of a single protein or DNA molecule during the execu-
tion of its biological function will be possible in the future.

Materials and Methods

Wild-Type SbpA Expression and Purification. Detailed expression and puri-
fication procedure of wild-type SbpA can be found in previously published work
(27, 43). In general, Lysinibacillus sphaericus CCM2177 cells (ATCC No.4525)
were inoculated from glycerol stock and grown in a 20 mL SVIII culture medium
at 32 °C overnight. Then the overnight culture was expanded to 500 mL SVIII
medium at 32 °C for 6-7 h (0Dggo = 0.7-1.0, OD refers to optical density). After
reaching the desired OD, the cells were harvested by spinning down in JLA 8.1
centrifuge rotor at 15,000 x g for 20 min at 4 °C. The cell pellets were resus-
pended in cold 50 mM Tris HCI buffer at pH 7.2. An EmulsiFlex-C3 homogenizer
(Avestin) was used to lyse the suspended cells at 20,000 psi. A JA-20 rotor was
used to pellet cell walls at 28,000 x g for 15 min, and the upper, lighter pellet
(the cell walls) was collected by a plastic spatula. The lower, darker pellet (unbro-
ken cells) was again suspended in Tris buffer, ultrasonically treated, and spun
down. This procedure was repeated four times. The crude cell-wall preparations
(collected pellets) were extracted with 250 mL of 0.75% Triton X-100 to remove
contaminating plasma membrane fragments and stirred for 10 min at room
temperature (22 + 2°C). Subsequently, the cell-wall fragments were sedi-
mented at 40,000 x g for 10 min. The extraction step was repeated three times.
The purified cell wall fractions were denatured using a solution of 50 mM Tris
HCl pH 7.2, and 5 M guanidine hydrochloride for 30 min. ShpA was dialyzed
extensively into Milli-Q water (EMDMillipore, Billerica). Aggregated protein was
removed by a final centrifugation at 100,000 x g at 4 °C in an Optima L-100XP
ultracentrifuge (Beckman Coulter) using the SW41 Ti rotor. Protein concentra-
tions were determined through Beer's law using the calculated molar extinction
coefficient at 280 nm of 78,940 M~"em™" or the weight extinction coefficient
of 0.6 (mg/mL)_1 e, Purified SbpA was present as a monomer with a

https://doi.org/10.1073/pnas.2200019119 5 of 7



hydrodynamic diameter of 11.7 + 0.5 nm, and upon addition of Ca**, the protein
crystallized into a porous, square lattice with a cell spacing of 13.2 + 0.2 nm.

Graphene Membrane. The details of graphene membrane fabrication can be
found in previous work (23, 24). In brief, commercial single-layer graphene
grown on Cu foil (Graphene Factory) by chemical vapor deposition was used as
base material. Residual graphene on the other side of the foil was removed by
0, plasma. An adhesive Al foil frame window was stuck to the untreated side
and then floated on a Cu etchant solution (~90 mL 0.2 M sodium persulfate).
After etching out the Cu, the graphene with Al window frame was transferred to
a deionized water reservoir (~500 mL) to remove salt residues. The transfer pro-
cess to the water reservoir was repeated twice to ensure complete salt removal.
A Cr (2.5 nm)/Au (25 nm)-coated SiN membrane (100 nm thickness) perforated
with an array of 1,000 nm or 500 nm circular holes (Norcada) was placed in the
reservoir underneath the graphene and carefully lifted up from the air/water
interface to complete the graphene transfer. After this the membranes were
annealed in vacuum (lower than 10° torr) up to 573 K to increase the adhesion
between graphene and Au.

ATR-FTIR. The S-layer protein was assembled in buffer solution with 50 mM
Ca®* on graphene coated 70 nm Au/Si (using the same graphene transfer
method described above) and dried under nitrogen flow. The ATR-FTIR measure-
ments were conducted by a Thermo Nicolet iS50 FTIR spectrometer with a dia-
mond crystal ATR module. The spectra were collected with 4 cm™" resolution in
the spectral range from 4,000 cm ™" to 400 cm ™" averaging over 64 scans and
normalized to the light intensity.

AFM in Liquid. In situ atomic force microscopy was performed on an Asylum
Cypher AFM equipped with a fluid cell using soft tapping mode in liquid. The
AFM probe consisted of a sharp silicon tip on a silicon nitride cantilever (BioLever
mini, BL-ACA0TS) with a spring constant of 0.09 N/m. In a typical SbpA assembly
experiment, WT SbpA stock solution (4 mg/mL) in pure water and assembly
buffer solution (100 mM NaCl, 10 mM Tris, 5 mM CaCl,, pH 7.2) were mixed
(1:20 ratio), and the mixed solution was delivered into the AFM liquid cell using
a syringe pump. The assembly reaction was monitored at room temperature for
4 h. AFM images were collected at line frequencies of 0.5-1 Hz.

Seal and Rinse. The protein solution and assembly buffer solution (1:20 ratio)
were mixed and sealed in the graphene liquid cell just before experiment
started (time 0). For solvent change experiment without turbulence rinse, the lig-
uid cell was disassembled and the liquid inside the cell was replaced by 5 mM
Ca®* in D,0 solution. The membrane was kept wet during the solvent exchange.
For solvent change experiment with turbulence rinse, the membrane was
washed by 5 mM Ca®* in D,0 solution several times before sealing. The cell
was then sealed again for experiment.
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Nano-FTIR. Nano-FTIR measurements were performed at beamline 2.4 and 5.4
of the Advanced Light Source, at the Lawrence Berkeley National Laboratory. The
infrared light was focused onto the Pt-coated AFM tip in a neaSNOM (Neaspec)
system. Tapping-mode operation was performed at the fundamental resonance
frequency of the cantilever (250-350 kHz) with a free oscillation amplitude rang-
ing from 70 to 90 nm and an amplitude setpoint of ~80%. The scattered near-
field signal is retrieved by a lock-in amplifier tuned to the second and higher
harmonics of the cantilever oscillation to eliminate the far field nonlocal scat-
tered background. The complex-valued nearfield spectrum is derived from a
Fourier transform of the interferogram. The Fourier components are presented as
real spectral amplitude “A" and phase ", normalized to reference spectra
obtained with the tip outside the hole: A;(v) =A™ (v) JArerer () and
0;(v) = 0™ (v) — geerence () where v is the wavenumber. Reference spec-
tra were taken on samples with flat spectral responses, either Au-coated Si or gra-
phene on the Au-coated SiN membrane. The spectra displayed throughout the
paper is the phase ¢, of the scattered signal at the second harmonic of the canti-
lever oscillation frequency, which has been shown to be in good agreement with
traditional FTIR absorption measurements. A third order polynomial background
has been subtracted from each nano-FTIR absorption spectrum. The negative
band around 1,270 cm ™~ (such as that in Fig. 4) in both cases is due to contam-
ination of the AFM cantilever and tip with polydimethylsiloxane (PDMS), which
has a characteristic peak in that region.

Data Availability. All study data are included in the article and S/ Appendiix.
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