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SUPPLEMENTARY NOTE 1

SHORT PULSE AND Low POWER ORS-NANOIR

In our work, we aimed at unravelling the physical interaction between the gold probe, substrate
and the soft biomolecules to develop a more accurate and sensitive AFM-IR mode (Figure
la,b) to acquire IR absorption chemical spectra and maps at the single molecule nanoscale
from soft biological samples, such as a single protein molecule.

We first studied the thermomechanical response of the cantilever on the bare gold substrate
as a function of the power and the pulse width of the incident IR source (Figure 1c,d). Current
commercially available AFM-IR systems typically exploit quantum cascade lasers (QCL) to
use the resonance enhanced mode and increase the sensitivity of the measurement, with a
typical power of the laser between 10-500 mW.! We found that when the tip is placed close by
the gold substrate, already at very low laser power (~0.3 mW, ~0.1% of commercial IR sources)
and pulse of 100 ns, the enhancement of the field can cause non-linearity and instability of the
AFM-IR signal (Supplementary Figure 3). In order to reduce the instability, we added a mesh
filter (product number 51-0507-01, 100 LPI, Industrial Netting, USA) in front of the laser exit
to reduce the power on the sample of one order of magnitude. After the introduction of the
mesh filter, the laser power varied between approximately 0.05-0.25 mW in the protein spectral
range (Supplementary Figure 1). The mesh filter was placed in a fixed manner to simply
reduce the power of the laser and access the linear and stable region of measurement. The laser
power was hold constant as a function of laser pulse change. With 100 ns pulse width, we found
a linear relationship between the laser power and the IR amplitude signal only below ~0.35
mW at 100 ns pulse width. Above this threshold the strong enhancement of the field causes
non-linearity and instability (blue points, in Figure 1d and Supplementary Figure 3). Then,
we measured the laser beam size (~60 um) and we could calculate an intensity of illumination
of I=4-10° mW-um=,

As the intensity of the field and of the IR amplitude signal are also determined by the
duration of the laser pulse at each cycle of measurement of the thermomechanical response
(pulse width in Figure 1b), we then studied the effect of the pulse width on the IR amplitude
signal at a laser power of 0.2-0.22 mW. As now expected, we found that the IR amplitude
signal increases linearly as a function of power until reaching a threshold of ~160 ns, causing
again instability and non-linearity of the cantilever detection (Figure 1d).

We performed the characterisation of the linear regime of thermomechanical response by
analysing the stability of the thermomechanical response at wavenumbers corresponding to the
maximum of absorption of protein (1655 cm™) and substrate (1730 cm™), as well as to the

maximum power of laser (Supplementary Figure 3). As a general approach to demonstrate
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the stability of the signal, it is sufficient to observe the stability of the IR amplitude signal as a
function of time, as shown in the Supplementary Movies 1-2. In these videos, we show that
the IR amplitude is stable as a function of time at a power of 0.2 mW and a pulse width of 40
ns, while when the pulse width is increased to 200 ns, the signal is highly unstable; even if the
saturation of the IR amplitude signal has not occurred. Thus, we can conclude that we measure
in the linear and stable regime within all our spectral range, independently from the wavelength
of interest.

Then, we studied the thermomechanical response on the protein and the substrate as a
function of the frequency of the pulsed laser. The frequency contact resonance is the frequency
of oscillation of the sample and cantilever in contact. Since the stiffness of the cantilever is
fixed, a lower contact resonance corresponds to a softer sample, while a higher contact
resonance to a stiffer sample. The IR amplitude can be maximised if the frequency of the pulse
of the IR laser is matched with the mechanical contact resonance frequency between the sample
and the tip by selecting a laser pulse frequency leading to the maximum of the IR amplitude
signal (black dashed line in Figure 1e).? In Figure 1e, we show the IR amplitude as a function
of the frequency of the pulse of the IR laser, at a laser power of 0.22 mW and at 1655 cm™
(amide band I of protein) when the tip is placed on the top of a single protein (blue curve) and
on the top of the bare gold substrate (orange curve). The contact resonance curve of the stiff
gold appears at higher frequency of the softer protein. We start from the observation that the
two IR amplitude curves on the protein and on the gold substrate are partially superimposed,
thus the signal arising from the cantilever and the substrate significantly contributes to the
signal measured for the protein. This effect demonstrates that when measuring an object with
a diameter smaller than the typical diameter of the AFM tip (~60 nm), the cantilever is also
excited by the probe and substrate, an effect which diminishes the sensitivity to the sample
itself. To quantify this effect, we defined the signal-to-noise ratio on a single protein as the
ratio of the signal on the protein and that on the gold (protein/gold signal). Then, we studied
the protein/gold signal as a function of the selected contact resonance frequency (off-resonance,
resofr) from the frequency corresponding to the maximal IR amplitude. We did not find a
monotonic trend (Figure 1f), but instead that the maximal protein/gold signal increases linearly
when measuring few kHz at lower frequency than the contact resonance frequency maximum,
corresponding to the maximum of the IR amplitude (red dashed line in Figure 1e). Then, as
expected, the signal to noise ratio decreases when measuring too far from the maximum of the
contact resonance. The maximum protein/gold signal is found at a resess ~ - 1-2 kHz (Figure
1f).



SUPPLEMENTARY NOTE 2
PROTEIN SPECTRA AND SECONDARY STRUCTURE QUANTIFICATION

The amide band | of thyroglobulin showed an amide band | peaked at about 1660 cm™, but
with an additional shoulder at approximately 1640 cm™. The analysis of the AFM-IR spectra
by the deconvolution of the amide | band, by second derivatives and the integration of the
structural contribution in the amide I band (Supplementary Figure 11) shows now three major
peaks corresponding to intramolecular -sheets (31+£5%), a-helix and random coil (54+5%),
and B-turns (15+£5%), which is again in excellent agreement with bulk quantification by FTIR
(Figure 4g), to CD (Supplementary Figure 4) and previous results in literature by bulk
approaches.®> The spectrum of apoferritin exhibited a sharp amide band | centred at
approximately 1660 cm™ and only a major component at the same frequency in the second
derivative. The deconvolution of amide band I and the integration of the area of the convolving
structural contributions confirmed that the protein is characterised by an extensive a-helix
secondary structure (81+5%), plus residual contributions from random coils and B-turns, which
is in excellent agreement with the bulk FTIR (Figure 4f) and CD measurements we performed
(Supplementary Figure 3), as well as we the know structure of the proteins.*

The major difference between the spectra was observed in the ratio between the Amide 11 band
intensity, which was anyway not used for structural determination. Even if we normalised the
spectra by the QCL emission profile (Supplementary Figure 1), the smaller value of the
Amide Il mode is related to the low laser power in this region. The laser power in the Amide
Il is three times lower than in the Amide I, as well as the Amide Il is absorbing IR light
approximately twice less than the Amide I, thus the detection of Amide Il is at the limit of
instrumental sensitivity. While, it has been recently reported that for ordered biomaterials the
lower absolute value of this band could be attributed to polarisation effects,® we believe

polarisation effects are not likely for isotropic proteins.



SUPPLEMENTARY FIGURES
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Supplementary Figure 1. QCL laser power and beam size. (a) Profile at 7% and 100% (100 ns) of
laser maximum power after introduction of the mesh filter. The laser profile shows lower power in the
regions of amide bands | and I, thus leading to lower signal to noise ratio when measuring a single
protein. (b) The beam size of the QCL laser at the probe, in contact with the substrate, has a FWHM of
60 + 10 um and a 1/e2 of 60 + 10 um in the spectral range between 1800-1400 cm?, in good agreement
with previous reports.2 The beam size is measured at a laser power of ~0.2 mW (1730 cm™!), ~0.22 mW
(1654 cmt) and ~0.1 mW (1450 cm?) with laser pulse of 100 ns. In order to operate in linear regime of
AFM-IR thermomechanical response (Figure 1), we could calculate a maximum allowed laser intensity
I=4-10° mW-um Source data are provided as a Source Data file.
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Supplementary Figure 2. Characterisation of the template-stripped gold substrate. (a) AFM
morphology map acquired by the AFM-IR system on commercial gold substrate (Platypus technologies,
USA) with nominal root mean squared roughness (RMS) of 0.36 nm. (b) Example of the roughness of
a profile line of the map. (c) The measurement of the root mean square (green square, RMS) roughness
of the surface in 5 different surface areas (average + (s.d. + ~0.1 nm electrical noise) is in excellent
agreement with the nominal value. (d) AFM-IR map of IR absorption on gold shows a uniform response
at 1730 cm™. (e) IR amplitude as a function of frequency pulse for signal on gold and on a thyroglobulin
molecule at a laser power of 0.22 mW and at 1655 cm™. Source data are provided as a Source Data file.

Suface Roughness (nm)
o
[}

o
N
e

-

o
o

IR Amplitude (V




2.0 T . T . T T T 20n :
a) 18 ——0.085 mwW b) 18 60 ns
or ——0.145 mW| | T ——100 ns| |
16 ——0.20mW | 4 16+ ——140 ns| -
> 031 mW < ——160ns
E 14} . E 141 C oons!
o 120 o 12°F .
pe] [1H]
o
2 10} 2 10} ]
E o8| £ o8| ]
<
¥ 06} x 06 1
04} 04F ]
02t 02 1
0.0 T 00 BT L
170 175 180 185 190 195 200 205 170 175 180 185 190 195 200 205
Frequency (kHz) Frequency (kHz)
C 09
) - 40 ns
B
=05
(=}
£
=y
— o 1 \ .
0 | 1 1 ]
0 200 400 600
Frequency (kHz)
& 0.4
B 200 ns
=
- 0.2
% \
= /N | SRRl b
0 T == T
0 200 400 600

Frequency (kHz)

Supplementary Figure 3. Stability of AFM-IR signal as a function of power and pulse width of
the laser. (a) IR Amplitude signal at 1730 cm™ as a function of laser power showing instability of the
cantilever response already at 0.31 mW and pulse width of 100 ns. (b) IR Amplitude as a function of
pulse width of the laser at 1730 cm?, at a constant power of 0.20 mW, showing instability of the
cantilever response already at 200 ns. (¢) Frames of the Supplementary Movies 1-2 of the cantilever
response at 40 ns and 200 ns with a laser power of 0.2 mW.
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Supplementary Figure 4. Structures of thyroglobulin and apoferritin. Structures of: (a)
thyroglobulin® and (b) apoferritin. CD measurements of: (c) thyroglobulin indicating presence of
random coil and B-sheets, and (d) apoferritin indicating a-helical conformation. Bulk FTIR spectra of:
(e) thyroglobulin and f) apoferritin, and (g,h) their 2" derivatives, which show the presence of major
contributions from intramolecular 3-sheet and a-helix. Source data are provided as a Source Data file.
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Supplementary Figure 5. Comparison of the roughness of the gold substrate and protein detection
before and after protein deposition. (a-b) AFM morphology and detail of the freshly stripped gold
substrate before and after protein deposition for AFM-IR analysis. (c) Cross-sectional profiles of the
AFM maps (coulored orizontal lines). Even if protein deposition causes increase of surface roughness,
single proteins are significantly discriminated above the roughness of the surface. (d) Comparison of
roughness measurements before and after the deposition of the proteins on gold. In particular,
apoferritin is in a 50% glycerol solution, causing an increase of the surface roughness after deposition.
The error is the SD from the average of the roughness of 5 indipendent regions in the map plus the
electrical noise of the AFM system of ~0.1 nm. Source data are provided as a Source Data file.
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Supplementary Figure 6. Protein species measured by AFM-IR are single apoferritin and
thyroglobulin molecules. (a) Convolution effect in AFM-IR causes an overestimation of the lateral
dimensions and of the volume of the protein.® (b) Hydrodynamic radii of apoferritin (~6 nm) and
thyroglobulin (~8 nm) and their crystal structures were used to estimate their volumes.>* (c-f) AFM
maps and cross sectional profile lines (left), measurement of the 3D cross-sectional dimensions (middle)
and the deconvolution of the lateral dimensions of each single protein (right) was used to calculated the
deconvoluted volume measured by AFM for (c-d, right) apoferritin and (e-f, right) thyroglobulin. The
deconvoluted volume measured by AFM-IR is consistent with the volume of a single monomeric
protein in both cases, in addition the measure volume is significantly smaller than the volume of two
protein clustered (termed dimer). Thus the species observed in the morphology maps can be only single
monomeric proteins. The error on the volume of each single protein is calculated by varying the nominal
radius of the tip between R=30-40 nm. Source data are provided as a Source Data file.
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Supplementary Figure 7. Measurement of the volume of a thyroglobulin protein molecule by
high-resolution AFM on mica substrate. (a-b) AFM morphology map and detail of thyroglobulin
with the lines indicating where the cross-sectional profiles were acquired. (c) Cross-sectional
dimensions of three selected proteins and (d) Statistical analysis of the cross-sectional height of the
protein species. The lateral cross-sectional profiles are sharper since we used tip with smaller radius (~8
nm) than gold coated probes for AFM-IR (~30 nm). (e) The analysis of the deconvoluted volume on
three example proteins by high-resolution AFM is in excellent agreement with the results obtained by
AFM-IR (Fig. 2 and Supplementary Fig. S6). The deposition on mica, similarly to gold deposition,
shows the presence on the surface of monomeric thyroglobulin as well as species with smaller volume,
similar to the volume of the thyroglobulin subdomain alone. The error on the volume of each single
protein is calculated by varying the nominal radius of the tip for deconvolution between R=8-12 nm.
Source data are provided as a Source Data file.
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Supplementary Figure 8. Dynamic light scattering of thyroglobulin and apoferritin. Both proteins
have a broad distribution of hydrodynamics radii varying approximately between 4-10 nm and peak (a)
at ~8 nm for thyroglobulin and (b) at ~6 nm for apoferritin. The measurements demonstrate the
monomeric state of the protein samples and they are in excellent agreement with previously reported
data. Furthermore, these measurements confirm that the monomeric state in solution is at equilibrium

with smaller sub-protein species as observed by AFM and AFM-IR. Source data are provided as a
Source Data file.
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Supplementary Figure 9. AFM-IR Lateral Spatial Resolution. (a) AFM-IR infrared absorption map
and (b) horizontal cross-section of the IR amplitude response. (c) To estimate quantitatively and more
accurately the spatial resolution, we performed a first derivative of the section, we fitted we measured
its full width at half maximum (FWHM). This quantity is intimately related to the sharpness of the
transition and to our spatial resolution, which was in the best case ~10 £ 2.5 nm, where the error is
determined by the pixel size on the X direction.
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Supplementary Figure 10. Infrared absorption spectroscopy of individual thyroglobulin
molecules. (a-c) AFM morphology maps of individual thyroglobulin molecules and their deconvoluted
volume. (d) Spectra acquired on the proteins (blue crosses) and on the substrate (black cross), (e) their
average with standard error (s.e.) and the smoothed spectrum by Savitzky-Golay filter (2" order, 13
points). The error on the deconvoluted volume of each single protein measured is calculated by varying
the nominal radius of the tip between R=30-40 nm. Source data are provided as a Source Data file.
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Supplementary Figure 11. Infrared absorption spectroscopy of individual apoferritin molecules.
(a-c) AFM morphology maps of apoferritin and their deconvoluted volume. (d) Example of spectra
acquired on the protein (red crosses) and on the substrate (grey cross). (e) Subtracted spectra of the
proteins, and (f) their average with standard error (s.e.) smoothed by Savitzky-Golay filter (2™ order,
13 points). The error on the deconvoluted volume of each single protein measured is calculated by
varying the nominal radius of the tip between R=30-40 nm. Source data are provided as a Source Data
file.

15



T T Thyroglobulin
a) 1.0r . IR Amplitude
—Fit
- Baseline
s 08f 1 ptum
“q‘; a-helix + coil
g 06l p-sheet
=
£ o4} :
x
0.2 g
00 I I 1
1700 1675 1650 1625 1600
Wavenumber (cm-1)
0004 T T T T
b) ——AFM-IR
]
o
2
=
£
<
o
= 0.000 - g
=
o
[m)]
z B-turn
™ Native
a-helix B-sheet
-0.004

1700 1680 1660 1640 1620 1600
Wavenumber (cm-1)

Supplementary Figure 12. Secondary structure evaluation method. We first considered the
baselined amide band I of the protein of interest (a), and calculated its second derivative (b), which we
used to de-convolve the band and finding the number of structural contributions and their chemical
position. We fix these parameters (number of contribution and wavenumber) to fit the measured
spectrum of the amide band I. The relative area of each structural contribution over the whole area of
the peak is used to calculate the final percentage of the structural contributions, which has been assigned
as widely accepted in literature and in previously published studies.”®
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