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Abstract

Atomic Force Microscopy — Infrared Spectroscopy (AFM-IR) is a scanning probe-based nanoscale IR
technique that combines the resolution of an AFM with the chemical information provided by IR
spectroscopy. AFM-IR benefits from bulk IR spectroscopy’s long established spectra-structure
correlations to extract valuable information at a maximum resolution of 10 nm. Despite its potential
to obtain nanoscale chemical characterization of a broad range of samples, AFM-IR is still not widely
used to solve applied problems, particularly those involving interdisciplinary research. In this thesis,
AFM-IR was applied to the life and polymer sciences through a series of collaborative works with
both other research groups within TU Wien, as well as external companies. Additionally, a
perspective article was written on the application of AFM-IR to the life sciences, with the aim of
incentivizing future interdisciplinary collaboration between the two fields.

T. Reesei is a filamentous fungi used in industrial enzyme production due to its exceptional
production and secretion of cellulases, xylanases and endoglucanases. In this work, the intracellular
distribution of B-sheet containing cellulases and xylanases was mapped by combining contact mode
AFM-IR with fluorescence microscopy and chemometric analysis. This was possible through the use
of a fluorescent label (enhanced yellow fluorescent protein) which is produced in small amounts
under the same condition as the cellulases and is collocated with them. The resulting fluorescence
signal was used to calibrate a partial least squares model which is capable of predicting the
distribution of cellulases and xylanases intracellularly.

When applied to polymer science, the first step was the development of a reliable protocol for the
nanoscale characterization of polymer samples using AFM-IR. Particular emphasis was placed on
the sample preparation, which requires microtome sectioning at a temperature lower than the
glass-transition temperature of the material to prevent smearing, and subsequent artifacts and
increased measurement difficulty. The protocol was then followed for the analysis of four different
commercially available polymer samples, allowing the identification and mapping of not only the
major components of the blends, but also of their mineral fillers.

Finally, a commercially available post-consumer polyolefin recyclate blend was thoroughly
characterized at the nanoscale using tapping mode AFM-IR. The presence of an interface between
the polyethylene (PE) and polypropylene (PP) phases was detected using a gaussian mixture model
and identified as being ethylene propylene rubber, which potentially acts as a compatibilizer to the
polyolefin blend. Additionally, the presence of small PP droplets inside the PE phase was detected,
as well as the widespread distribution of non-polyolefin polymer contaminants. These results
showcase the usefulness of AFM-IR in the analysis of complex recyclate samples, where the
traditional nanoscale characterization methods (electron microscopies and AFM) do not offer direct
chemical information without the use of staining protocols.

Keywords: Infrared Spectroscopy e Atomic Force Microscopy ¢ Photothermal Infrared
Spectroscopy ¢ Polymer analysis ® Recyclates e Intracellular protein distribution e Fungi analysis
AFM-IR
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Kurzfassung

Rasterkraftmikroskopie - Infrarotspektroskopie (AFM-IR) ist eine auf Rastersonden basierende IR-
Technik, die die Ortsauflosung eines AFM mit den chemischen Informationen der IR-Spektroskopie
kombiniert. AFM-IR profitiert von den seit langem etablierten Spektren-Struktur-Korrelationen der
Bulk-IR-Spektroskopie und kann chemische Bilder mit einer Ortsaufldsung von 10 nm detektieren.
Trotz des Potenzials zur chemischen Charakterisierung eines breiten Spektrums von organischen
Materialien im Nanomalstab wird AFM-IR noch nicht in groBem Umfang in der angewandten
Forschung eingesetzt, insbesondere nicht in interdisziplindren Forschungsgebieten. In dieser Arbeit
wurde AFM-IR in den Bio- und Polymerwissenschaften durch eine Reihe von Kooperationen sowohl
mit anderen Forschungsgruppen innerhalb der TU Wien als auch mit Unternehmenspartnern
angewandt. Zusatzlich wurde ein perspektivischer Artikel (iber die Anwendung von AFM-IR in den
Biowissenschaften verfasst, mit dem Ziel, die zukiinftige interdisziplindre Zusammenarbeit mit
dieser Disziplin zuférdern.

T. Reesei ist ein filamentoser Pilz, der aufgrund seiner auflergewdhnlichen Produktion
und Sekretion von Cellulasen, Xylanasen und Endoglucanasen in der industriellen
Enzymproduktion eingesetzt wird. In dieser Arbeit wurde die intrazellulare Verteilung von
B-Faltblatt-haltigen Cellulasen und Xylanasen durch die Kombination von
Kontaktmodus-AFM-IR  mit Fluoreszenzmikroskopie und chemometrischer Analyse kartiert. Dies
war durch die Verwendung eines fluoreszierenden Markers (verstarkt gelb
fluoreszierendes Protein) moglich, der in kleinen Mengen unter den gleichen Bedingungen
wie die Cellulasen produziert und mit ihnen zusammengebracht wird. Das daraus
resultierende Fluoreszenzsignal wurde zur Kalibrierung eines Regressionsmodells der partiellen
kleinsten Quadrate (PLS) verwendet, das in der Lage ist, die intrazelluldre Verteilung von
Cellulasen und Xylanasen vorherzusagen.

Bei der Anwendung auf die Polymerwissenschaft war der erste Schritt die Entwicklung eines
zuverlassigen Protokolls flr die nanoskalige Charakterisierung von Polymerproben mit AFM-IR.
Besonderes Augenmerk wurde auf die Probenvorbereitung gelegt. Diese erfordert einen
Mikrotomschnitt bei einer Temperatur, die unter der Glaslibergangstemperatur des Polymers liegt,
um ein Verschmieren und damit verbundene Artefakte und somit erhéhte Messschwierigkeiten zu
vermeiden. Das Protokoll wurde dann fiir die Analyse von vier verschiedenen handelsiblichen
Polymerproben angewandt, was die Identifizierung und Kartierung nicht nur der Hauptbestandteile
der Mischungen, sondern auch ihrer mineralischen Fillstoffe ermoglichte.

SchlieBlich wurde ein handelsibliches Recycling-Polyolefin-Gemisch mit Hilfe von AFM-IR im
Tastmodus auf der Nanoskala griindlich charakterisiert. Das Vorhandensein einer Grenzflache
zwischen der Polyethylen (PE)- und der Polypropylen (PP)-Phase wurde mithilfe eines GauRschen
Mischungsmodells nachgewiesen und als Ethylen-Propylen-Kautschuk identifiziert, der
moglicherweise als Kompatibilisierungsmittel fir die Polyolefinmischung dient. Dariiber hinaus
wurde das Vorhandensein kleiner PP-Tropfen in der PE-Phase sowie die weite Verbreitung von
Verunreinigungen aus Nicht-Polyolefin-Polymeren festgestellt. Diese Ergebnisse zeigen die
Nutzlichkeit der AFM-IR-Methode bei der Analyse komplexer Rezyklatproben, bei denen die
herkdmmlichen Methoden zur Charakterisierung im Nanobereich (Elektronenmikroskopie und
AFM) ohne die Verwendung von Farbeprotokollen keine direkten chemischen Informationen
liefern.

Schlagworte: Infrarotspektroskopie . Rasterkraftmikroskopie . Photothermische
Infrarotspektroskopie ® Polymeranalyse ¢ Rezyklate ¢ Intrazellulare Proteinverteilung e Pilzanalyse
e AFM-IR
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1 Theoretical Introduction

Chapter 1 Theoretical Introduction

The work presented in this thesis is at the interface of several techniques which are introduced in
this chapter consisting of five main subjects: Mid-Infrared Spectroscopy (Section 1.1), Atomic Force
Microscopy (Section 1.1), Atomic Force Microscopy-Infrared Spectroscopy (Section 1.1),
Fluorescence Microscopy (Section 1.1), and Chemometric Models and Data Processing methods
required to analyze the obtained AFM-IR data (Section 1.1).

1.1 Mid-Infrared Spectroscopy

1.1.1 Principles

The following sub-chapter is based on the works by Peter J. Larkin', Peter R. Griffiths,? and James
M. Thompson.? For a more detailed description of vibrational spectroscopies, the reader is advised
to consult these publications.

Mid-infrared spectroscopy, like all spectroscopies, takes advantage of the interaction between
electromagnetic radiation and matter to obtain information about the latter. Within the
electromagnetic radiation spectrum, mid-IR corresponds to the range between 2.5 um and 25 um
(4000 cm™ — 400 cm™®). The energy of the photons in this range corresponds to that of molecular
vibrations, and is thus insufficient to break chemical bonds. This means that mid-IR spectroscopy is
part of the larger group of vibrational spectroscopies (together with near- and far- IR spectroscopy,
and Raman spectroscopy), and is non-destructive. According to quantum theory, the energy of a
photon (£,) is directly proportional to its frequency (v) times the Planck’s constant (h):

E, = hv (1.1)

The photon frequency is related to the wavenumber (v), and to the wavelength (1) by the following

expression:

v 1
Y (1.2)

(c/n) 2

Vv =

with ¢ being the speed of light in vacuum and n the refractive index of the medium. When the
energy of an infrared photon precisely matches the difference in energy between two molecular
vibration energy levels and it leads to a change in the dipole moment (), absorption occurs.

To understand what influences the frequency of molecular vibrations, a model based on classical
mechanics is commonly used. In this model, a molecule is constituted of two atoms with point
masses m;y and mzin grams that are connected by a spring (chemical bond) with a force constant
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2 Theoretical Introduction

Kin newtons-cm™ (corresponding to the bond strength). The frequency in wavenumber units (V) at
which the stretching oscillation occurs is given by:

2mc m; m, (1.3)
Eqg. 1.3 shows that the frequency of a molecular vibration is a function of:
o The force constant K, which represents the bond strength. For example, the higher the

bond order, the higher the frequency of the corresponding molecular vibration. In
addition to bond order, Kis also affected by intra- and intermolecular effects. These
include electron withdrawing or donating neighboring functional groups, hydrogen
bonds and other intermolecular forces, and changes in bond angles, for example, due
to steric constraints.

o The atomic masses m;and mof the bonded atoms. A bond consisting of lighter atoms
will vibrate at higher frequencies than if it was composed of heavier ones.

Molecules have several possible fundamental molecular vibrations, in which the atoms have
approximately harmonic displacements from their equilibrium positions at a characteristic
frequency.* A molecule constituted by n atoms has 3n degrees of motional freedom, as these can
move in the x, y, and z directions. However, three of these motional degrees of freedom correspond
to rotations around one of the axes for non-linear molecules (only two in the case of linear
molecules), and three others correspond to translational movements. This results in linear
molecules having 3n-5 fundamental vibrations, whereas non-linear molecules have 3n-6
fundamental vibrations. Whether or not all molecular vibrations allowed by this rule can be
observed depends on there being a temporary change in the dipole moment (u) of the whole
molecule during vibration (no change means no molecular vibration occurs), on whether or not all
the vibrations have unique energy values (are not degenerate), and on the sensitivity and range of
the instrument used. The intensity of IR bands is proportional to the square of the variation in the
dipole moment.

There are two main types of fundamental vibrations: stretching and bending. Stretching vibrations
occur when there is a change in the bond length and can be symmetric or asymmetric. Bending
vibrations correspond to changes in the bond angle both in-plane (rocking and scissoring) as well
as out-of-plane (twisting and wagging).? Stretching vibrations typically require the absorption of
higher energy photons than bending vibrations, and thus, assuming the same type of bond,
stretching vibrations will be present at higher wavenumbers in the IR spectrum.

The potential energy V;,, of the possible vibrational states of a molecule can be described using a
harmonic oscillator model:

1
_) Vi = 0,1,2,

Viv = hUi (Vi + 2

(1.4)
where his Planck’s constant, v; the fundamental frequency of the oscillator, and v;is the vibrational
guantum number. In this model (Figure 1.1, red lines), only transitions of £1 of v; are permitted,
which correspond to fundamental vibrations. A more complete model can be achieved when using
an anharmonic potential function (Morse-type), which offers a better description at high vibrational
quantum numbers and is depicted in Eq. 1.5 where x; is the anharmonicity constant:
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2

1 1
Viv = hUi <Vi + E) + hUl-xi <Vi + _)

2 (1.5)

In this model (Figure 1.1, blue lines), transitions with a A, > 1 can also happen. These transitions
are called overtones, and they are a type of non-fundamental vibration. Other non-fundamental
vibrations include combination and difference bands occurring at positions near the sum or
subtraction of fundamental vibrations, respectively.> Non-fundamental vibrations produce
generally weaker absorption bands and are less common in the mid-IR range than fundamental

vibrations.
Dissociation energy
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Figure 1.1: Potential energy diagram of a harmonic and Morse (anharmonic) type oscillator model for a diatomic
molecule.

1.1.2 Direct and Indirect Techniques

The interaction of mid-IR radiation with matter can be measured either by its direct effects on the
properties of light such as intensity and phase (direct spectroscopy), or by the effects that this
interaction causes in the sample or surrounding medium (indirect spectroscopy). The most
widespread bulk mid-IR spectroscopy technique is absorption spectroscopy based on transmission
measurements. In such setups, the wavelength-dependent intensity loss of the mid-IR is measured,
and can be used to obtain quantitative information about the sample through the Beer-Lambert
law, expressed as:

L;(v)

m) = S(ﬁ)Cd

A@) = ~log,o
(1.6)
where A is the absorbance, € the molar (decadic) absorption coefficient, d is the pathlength, I, the
intensity of light before passing through the sample, and I the intensity of light after passing
through the sample.® Attenuated total reflection (ATR) is another common absorption spectroscopy
configuration, and is further discussed in section 1.3.2. in the context of AFM-IR. Other types of
direct mid-IR spectroscopy include dispersion spectroscopy, which measures the phase shift of
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4 Theoretical Introduction

coherent light after interacting with matter,® and vibrational circular dichroism, which measures
the different absorption of left and right polarized light by chiral molecules.’

Changes in the surrounding medium’s temperature and refractive index are measured by
photothermal spectroscopy,®® whereas changes in pressure are in the realm of photoacoustic
spectroscopy.l® These two methods represent bulk indirect spectroscopic techniques.

1.1.3 Mid-IR Microscopy

In a standard Fourier transform infrared spectrometer (FTIR), the spectrum collected corresponds
to an average of the infrared spectra in the area irradiated by the IR beam. By contrast, infrared
microscopy yields spatially resolved infrared spectroscopic information which is of particular use in
heterogeneous samples. The spatial resolution can be achieved through three different types of
detectors: single point detectors (SPD), linear arrays (LA) or focal plane arrays (FPA):

o SPD: this method uses a single MCT detector to capture light from a location in the
sample with the help of an aperture and a motorized stage capable of making precise
movements from one measurement spot to the next. The process is repeated, until all
the defined locations have been measured, making this mode very time consuming in
the case of measurements with high spatial resolution (many points).!! The aperture
can be placed either before the sample (to confine the illumination beam to a smaller
area), or before the detector in a confocal setup and typically ranges in diameter from
100 to 20 um, with the lower limit being defined by the A of the light being used.?? The
smaller the aperture, the higher the spatial resolution, but lower the signal-to-noise
ratio (SNR). Apertures of the same size or smaller than the A of the IR light in use result
in significant loss of signal intensity due to diffraction.’® To overcome the limitation
caused by the aperture on the signal intensity, this setup is sometimes combined with

2 or external cavity quantum

high intensity IR light sources such as synchrotrons,!
cascade lasers (EC-QCLs).)* This type of technique can also be called FTIR
microspectroscopy.'?

o LA: in this method, an LA detector consisting of individual mercury cadmium telluride
(MCT) detectors in a row is typically employed. The image is collected one row/column
at a time, at which point the next one follows (raster scan in the second dimension).
Compared to SPD, using an LA results in a lower measurement time by a factor
corresponding to the number of individual detectors in the array.'® LAs are slower at
acquiring images than FPAs, and despite having an SNR advantage, this may not be
significant if several co-scans are averaged in the FPA system.?

o FPA: FPA detectors have MCT as the detector material and are composed of a grid of
pixels, with sizes from 64x64 to 128x128 being commonly available in commercial
instruments. FPA FTIR spectrometers collect a full-length spectrum at each of the points
(pixels) in the chosen area simultaneously, and thus, have a major time advantage
when compared to both SPD and LA instruments. On the other hand, the detector
sensitivity of each FPA pixel is lower than that of a single point MCT, and as the number
of pixels increases, a smaller number of incoming photons reaches each FPA pixel,*¢ in
practice leading to a 40x worse SNR.2 In most cases this can be partially mitigated by
increasing the acquisition time and/or the number of averages.’® The spatial resolution
of an FPA increases with the number of pixels of the array until the diffraction limit
(explained below) is reached, at which point further increase in pixel number has no
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effect.’

Mid-infrared microscopy finds broad use in a number of fields due to its non-destructive and label-
free nature. An example is the analysis of tissue sections, where infrared microscopy is often

combined with multivariate analysis with the ultimate goal of identifying pathological markers.'’2

22224 grtworks

Other applications include, but are not limited to the analysis of polymers,
(conservation),'®2>%6 and bacteria (detection of antibiotic resistance).?”?
Mid-infrared microscopy, like other microscopies that rely on optical systems for the detection of
the signal in the far-field (distance from radiating source > 2/), is diffraction-limited. For
microscopes, the Rayleigh criterion (Figure 1.2) defines the minimum distance between two objects
at which they can still be resolved as two separate objects, 4,, as dependent on the wavelength, A
and the numerical aperture of the lens, NA:

_ 0611 0.612

¥ NA nsinf (1.7)

with n being the refractive index and 6 the half-angle of the cone of light that is accepted by the
objective. In infrared microscopy, the typical values for the NA of the objective in air are =0.6,*2
which means that the best possible spatial resolution is approximately the wavelength of the
radiation being used.? In the mid-infrared region, the limit of resolution is thus approximately from
2.5 um to 25 um. This limit can be improved by the use of materials with a higher refractive index
than air and operating the microscope in the ATR. This allows for a maximum 4-fold improvement
of the achievable resolution when using germanium as the ATR crystal material, which nonetheless
leaves the resolution limit in the micrometer range (2-4 um).? Despite the improvement, the
analysis of samples such as intracellular structures within individual bacteria remains beyond reach,
and requires the use of other techniques.

Ax

ey N S

~_/

Resolved Rayleigh criterion

Unresolved

Figure 1.2: The minimum distance at which two separate objects can be resolved (Rayleigh criterion), occurs when the
central maximum of light intensity from one object corresponds to the first minimum of the second.3°
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1.2 Atomic Force Microscopy

The following sub-chapter and sub-sections are based on the book by P. Eaton and P. West.3! For a
more detailed description of AFM and its applications, the reader is advised to read this publication.
Atomic Force Microscopy, abbreviated as AFM, is a scanning probe technique that was first
described in 1986 by Binning, Quate, and Gerber.3? Scanning probe microscopes do not rely on the
focusing of photons or electrons on a surface to generate an image, like conventional optical and
electron microscopes do. Instead, a probe moving over the surface in a raster pattern is used to
obtain information about the sample’s surface. AFM produces topographic images of the sample’s
surface by mapping the height at each pixel, but it can also be used to measure mechanical,
electrical, magnetic, and thermal properties of the samples analysed. It should be noted that for
some of these imaging modes, specialized scanning probe tips are required. AFM topographic maps
can achieve resolutions of 1-5 nm in the x-y axis (lateral resolution), and up to = 1 A in the z axis
(vertical resolution).® This places AFM at the same level as transmission electron microscopy (TEM)
and above scanning electron microscopy (SEM) in terms of resolution.?! A further advantage of AFM
over these techniques is the much simpler sample preparation: no fixation, staining or sputtering is
necessary, the only requirement being a relatively flat surface. AFM also does not require operation
under vacuum, and can be measured at ambient conditions.3* Some disadvantages of AFM include
a poor depth of field when compared to SEM, and a longer measurement time than both TEM and
SEM.

1.2.1 Instrumentation

A typical AFM setup (depicted in Figure 1.3) consists of a cantilever held by a support at one end
and with a tip (the probe) at the other. The support can contain a piezoelectric element, which will
be responsible for oscillating the cantilever during taping mode measurements. The sample is
placed on a sample stage that can be moved in the x, y and z directions. In a sample-scanning
configuration, an x-y-z scanner, typically a piezoelectric material, is responsible for smaller and very
precise movements required for raster scanning. The changes in position of the cantilever
(deflection) are measured by an optical lever sensor that detects changes in position of a laser beam
reflected off the back of the cantilever (force transducer). In AFM this is often achieved by having a
laser beam reflected off the upper side of the cantilever, which is detected by a four-quadrant
photodiode detector. This configuration is highly sensitive to any changes in the cantilever’s
deflection angle due to the large distance between the detector and the cantilever. Other
components include a proportional-integral-derivative controller (PID) that works as a feedback
control circuit by regulating the position of the sample stage during the measurement, and an
integrated optical microscope to aid in finding the desired measurement location. The PID Is
governed by equation 1.8,*° where Z,,., is the error signal (the difference between the current tip-
sample interaction force measured by the cantilever deflection, and a defined set-point), and 2, /,
and D are terms manually set by the AFM user, with the goal of reducing Z,,.- as much as possible.

ZETT

Zy=PZy, +1X f Zoppdt + D (L3
Z,represents the signal output by the controller (in V), Pstands for proportional gain, and its value
affects the tracking of smaller details on the surface, whereas the integral (/) gain affects the
tracking of the overall sample surface. In AFM, only the P and | elements of the PID are taken into
consideration, the derivative gain (D) is not used.
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Figure 1.3: Simplified schematic diagram of the main components of an AFM setup and of how changes in the cantilever’s
deflection angle are picked up by the photodiode detector.

1.2.2 General Measurement Principles

Briefly, during operation in contact mode, the sample and probe are brought into contact with a
set force (usually in the order of 10° N or less).3! As the probe is moved across the sample’s surface,
changes in the force between sample and probe are detected by the cantilever, which acts as a
force transducer. These values are fed to the PID controller that determines if changes in the z
position of the stage (controlled by changing the voltage applied to the piezoelectric element) are
necessary to keep the force at the defined value. In the end of the raster scan, a topographic map
of the selected region is generated (typically called a height map). In addition to height maps, AFM
can also provide information on the sample’s mechanical (e.g. Young’s modulus, viscoelasticity),
magnetic, and electrical properties. AFMs can be operated in several modes, and one possible
classification is according to whether or not there is an oscillation of the cantilever during the
measurement (if yes, it is an oscillating mode, if not it is contact mode). The majority of the
experiments in this thesis were carried out in either contact mode or tapping mode (a type of
oscillating mode, where the cantilever is in intermittent contact with the surface).3® Further
examples of oscillating modes include frequency modulation (FM-AFM) and non-contact mode (NC-
AFM).

1.2.2.1 AFM Cantilever

The cantilever is the central element of an AFM and usually consists of a beam attached on one end
to a chip (in turn attached to the instrument) with a tip on the underside of the other end. The
following paragraphs will focus on rectangular beam-shaped cantilevers, as these were the type
used in this work, however, AFM cantilevers are not limited to this geometry.

A cantilever can be modeled as an elastic beam made of a single material and with a uniform cross-
section.?” Cantilevers have several vibration modes that occur at characteristic frequencies, the
natural (resonance) frequencies, without any external drive. These natural frequencies can be
calculated from the elastic beam model by applying different boundary conditions such as:

e The beamis clamped at one end with the remaining end free (mimicking an AFM cantilever
not in contact with the surface, Figure 1.4, (a));
e The beam is clamped at one end and the remaining end is coupled to a spring with a spring
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constant £* (mimicking an AFM cantilever affected by the tip-sample interaction forces
(further explained in section 1.2.3) that are present during measurement, Figure 1.4, (b)
and (c)).

The effect of having one end coupled to a spring in the resonance frequencies of a cantilever is
described by:*’

fres =
(1.9)

where f,..s is the resonance frequency of the spring coupled clamped cantilever, k. is the spring
constant of the cantilever, k* is the spring constant of the tip-sample interaction, and f; is the
resonance frequency of the clamped-free cantilever. k* varies with the sample’s mechanical
properties and the strength of the tip-sample interactions, the latter is subject to variations
throughout the measurement and results in shifts in the f..;. Figure 1.4 shows the effect of
increasing k™ in the vibration amplitude of the cantilever in the first three modes. As the tip-sample
interactions become stronger, the cantilever oscillations resemble more and more those expected
for a clamped cantilever with the other end fixed (Figure 1.4, (d)). In a real-life situation, an increase
in k™ can be expected as the tip-sample distance is reduced during the approach (section 1.2.3),
making the system move from a clamped-free state to a spring-coupled state.
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Figure 1.4: Effect of increasing tip-sample interactions (represented by an increase in k*, the spring constant) in the local
vibration amplitudes of the first three resonance modes (n=1,2,3). (a) local vibration amplitudes for a clamped-free
cantilever; (b, c) local vibration amplitudes for a spring-coupled cantilever with increasing tip-sample interactions; (d)
local vibration amplitudes for a clamped cantilever with the other end pinned to the surface. Reproduced with permission
from Rev. Sci. Instrum. 67, 9 (1996). Copyright 1996, American Institute of Physics.3?
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The above explanation using the elastic beam model is a representation of what happens during a
contact mode AFM measurement, however, in oscillating modes, such as the tapping mode or some
contact mode AFM-IR measurements, the cantilever is driven at one of its resonant frequencies
(section 1.2.4). The dynamic behaviour of the cantilever in oscillating modes is also covered by the
elastic beam model, however, the corresponding equations are fairly complex. Hence, to
understand this case, the simpler approximation of the system to a mass-spring oscillator can be
used.

When a periodic force (driving force), F(t) is applied to a system that makes it oscillate (forced
vibration), the amplitude of the resulting oscillation will be greatly amplified at its resonant
frequencies, owing to vibrational energy storage.® The mass-spring model assumes that the
cantilever can be modelled as a point mass, m attached to a linear spring with spring constant %,
subject to a forced oscillation caused by a driving force at frequency f. In the absence of damping,
the amplitude of the forced oscillation of the system when f is equal to the resonance frequency
fres increases to infinity. Under normal circumstances however, an AFM cantilever is subject to
damping, which dissipates the oscillation energy and reduces the amplitude over time. The
response of the cantilever is then described by:*®

x(t) = Xsin(2rft — ) (1.10)

where X is the amplitude and i is the phase angle. X is given by:
X

X =
VA —72)% + 41202 (1.12)

where X; is the static displacement of the mass if it was caused by a static force (Fy) Xy = Fy /k, r
is the ratio between f and f,..¢, and { is the damping ratio. The phase shift ¢ is defined as:

_ 1 20r
¥ = tan <(1 - r2)> (1.12)

The damping factor can be approximated in cases where the damping is small ({ «< 1) by the quality

factor Q, which is expressed as:
1

- f B n,—n (1.13)

Q

where r; and 1, are the frequency ratios corresponding to X = X,,,4,,/V2. The quality factor can be
easily determined from empirical measurements. A high Q factor means the cantilever loses energy
at a slow rate, whereas a low Q factor means that the oscillation will quickly be dampened. Figure
1.5 shows the amplitude and phase angle response of a cantilever with a resonance frequency of
265 kHz (similar to the tapping mode cantilevers used in this work) and a Q factor of 50 to a forced
oscillation. The phase angle and corresponding phase shift calculated during AFM-IR measurements
are used in the implementation of a phase locked loop (PLL), which is essential during resonance
enhanced contact mode AFM-IR measurements (explained later in section 1.3.3.1).
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Figure 1.5: Amplitude and phase angle of a forced oscillation with damping. r,=1 and represents the resonant frequency
of the oscillator (cantilever). The Q factor and respective damping ratio, { can be calculated from experimental values, as
depicted here.

1.2.3 Contact Mode

As the name indicates, in contact mode the cantilever and the sample are in contact, “touching”
each other during the whole measurement. Contact mode is the oldest and most straightforward
AFM mode.

At the beginning of a measurement, the tip of the cantilever (probe) and the sample are at a
distance where there is no interaction between them. As the tip approaches the sample, it enters
the “attractive regime”, where attractive van der Waals forces pull the tip towards the sample
surface and cause a bending of the cantilever which is picked up by the deflection signal.®® As the
distance decreases, the cantilever eventually snaps towards the surface and the two are now in
contact. Further decreases in the tip-sample distance lead to a “repulsive regime” where the tip
and sample apply opposite forces to each other which increase with decreasing distance (Figure
1.6). Once again there is cantilever deformation, this time in the opposite direction, which is
monitored by the deflection signal. Recording this information in addition to the reverse movement
(withdrawing the tip), leads to a force-distance curve which can be used for obtaining information
about interaction forces between the tip and the sample.®
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Figure 1.6: Force-distance curves for contact mode AFM. In blue the curve corresponding to the tip approach, and in
green the curve corresponding to the tip retraction.

For topographic imaging however, the tip is kept in contact with the sample in the repulsive regime
throughout the raster scan. In constant-force contact-mode AFM, the cantilever deflection is fixed
by the user at a value called the set-point, and the PID controller makes the necessary height
adjustments through the piezo element to ensure constant force.3® A lower set point corresponds
to lower tip-sample force in most AFMs, and a higher set point to a higher tip-sample force. As
explained before, the P and | values are adjusted by the user and affect how fast the feedback loop
reacts to changes in the sample’s height. Higher values lead to quicker reaction times, but may lead
to “ringing”. Settings that are adequate for samples with higher roughness, might already show
ringing in flatter samples. Hence, feedback needs to be adjusted for each sample. The height map
corresponds to the cantilever height adjustments made by the piezo element plotted versus
distance.

Due to the tip and sample being in contact throughout the whole measurement in the repulsive
regime, certain samples, especially softer ones, may be damaged by both the normal force as well
as the lateral forces that occur as the tip moves across the sample. The same applies to the tip,
which is also vulnerable to sustaining damage that could alter its shape and affect the
measurement.®® For example, a blunted tip will lead to a lower resolution, whereas if a particle
sticks to the tip it will often lead to artifacts in the images obtained. In addition to lateral forces,
capillary forces are also present when measuring in air due to the thin layer of water present
between the tip and the surface,® which adds to the force defined by the set-point.

All'in all, contact mode is a powerful technique which combines high resolution with ease of use.
However, care is needed when imaging soft samples to ensure that no damage is being incurred by
it. Nonetheless, imaging of soft samples such as microorganisms is possible.**? Perhaps the
greatest limitation of contact mode is the imaging of typically loosely adhered samples, such as
liposomes or bacterial spores. In these situations, the sample may simply be pushed around by the
tip, and no measurement can be performed.

1.2.4 Tapping Mode

Tapping mode, also called intermittent contact AFM (IC-AFM), is the most common type of
oscillating mode. In tapping mode, the cantilever is oscillated at one of its resonant frequencies
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with a constant amplitude. As the tip approaches the sample and begins to interact with it, changes
to the amplitude are monitored by the deflection beam. During each oscillation cycle, the cantilever
goes through the zero-attraction regime, then to the attractive and then repulsive, before returning
to the attractive and zero-attraction regime and repeating the cycle.3® When the attractive forces
(van der Waals forces) dominate, the resonance curve shifts to lower frequencies (Figure 1.7).** As
the repulsive forces (Pauli and ionic repulsion) begin to increase as the tip-sample distance
decreases, the resonance frequency shifts to higher frequencies.®® The transition between the
attractive and repulsive regimes can lead to discontinuous or smooth transitions between the two,

which can in turn lead to signal instability during imaging.**#

Amplitude

Attractive forces;, Repulsive forces

fl f’o I Frequency

Figure 1.7 Effect of attractive and repulsive forces on the resonance frequency of the cantilever. Compared to the free
resonance frequency (fo) attractive forces (pink) lower the resonance frequency (f1) whereas repulsive forces (purple)
drive it to higher numbers (f3).

During the times in the oscillation cycle when the cantilever is in contact with the sample surface
there is a reduction in the oscillation amplitude compared to the free amplitude (Figure 1.8). These
changes caused by topographic features are detected by the force transducer and fed to a feedback
loop similar to the one used in contact mode, that makes the necessary adjustments to the z piezo
to ensure a constant amplitude throughout the measurement.®® As in contact mode, the height
map corresponds to the cantilever height adjustments made by the piezo element plotted at each
pixel. The phase-shift of the oscillation is often recorded and used to distinguish between different
materials due to its sensitivity to several sample properties such as hardness, viscoelasticity, and
stiffness.***® Tapping mode measurements can also be conducted at higher order resonance modes
than the fundamental one, which can sometimes lead to increased image contrast.*
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Figure 1.8: Changes in the cantilever oscillation due to contact with the surface in tapping mode AFM. Surface contact
reduces the oscillation amplitude and leads to a phase shift.

The greatest advantage of tapping mode when compared to contact mode is the near absence of

lateral forces during the measurement, which makes tapping mode more indicated for delicate

and/or soft samples, or samples that are loosely adhered to the substrate.

50-52
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1.3 Atomic Force Microscopy - Infrared Spectroscopy (AFM-IR)

The technique that came to be known as AFM-IR was first published in 2005 by researchers of the
University of Paris-Sud.>® Despite the many instrumental improvements it has been the subject of
since then, the basic principles remain the same. The most recent reviews of the field by Schwartz
et al.>* and Mathurin et al.> offer a comprehensive description of the method, its principles and
some recent applications, which the interested reader can consult.

A general AFM-IR, also called photothermal induced resonance (PTIR), setup is similar to an AFM
setup, with the addition of a pulsed tunable IR laser source. This pulsed IR laser is commonly either
an optical parametric oscillator (OPO), or a quantum cascade laser (QCL), the latter being the type
used in the experiments further described in this thesis. When comparing the two types of laser,
the main advantages of OPOs are their high output power and broad tuning range.>® On the other
hand, QCLs offer tunable repetition rates and pulse lengths, as well as a faster wavelength tuning
(>100 cm*s? compared to approximately 3 cm™s?® for external cavity OPOs). Regardless of the IR
laser source used, the beam is focused on to the area of the sample underneath the AFM tip. During
a measurement for a full spectrum at a certain location, the IR laser operates in pulse mode and
sweeps across its wavelength range, but it is also possible to scan a whole area for absorption at a
designated wavenumber and obtain an image. When the conditions for IR radiation absorption
described in section 1.1.1 are met (energy of an infrared photon matches the difference in energy
between two molecular vibration energy levels and there is a change in p), some of the laser light
is absorbed and the molecules move to an excited vibrational state. As the absorbed photons return
to their ground vibrational state, some of the energy is dissipated in the lattice through heat
transfer. This increase in temperature is in turn dissipated as mechanical expansion.>”*® The sample
quickly expands during the laser pulse, which is followed by a slower exponential relaxation during
the off phase of the laser cycle.®® Most cantilevers cannot directly detect these phenomena,
because their response time is too slow compared to that of the sample’s expansion and
contraction. Nonetheless, the fast changes in the sample kick the cantilever into oscillation, which
can be detected in the deflection signal.®® AFM-IR is thus a type of indirect spectroscopy, since it
detects the expansion as a consequence of thermal changes in the medium caused by the optical
absorption of radiation, and not the changes to the radiation itself (such as absorption or
dispersion) as in direct spectroscopy.® Regardless of the spot size of the IR laser, only the portion of
the sample directly below the tip contributes to the AFM-IR signal,®! thus enabling lateral
resolutions as small as 10 nm.®? The expansion detected during AFM-IR measurements is in the
nanometer scale and the sample quickly relaxes back to its original state in a matter of nanoseconds
(dependent on sample properties such as thickness and thermal conductivity) during the time in
between laser pulses.> Like in classical IR transmission spectroscopy, the signal obtained in AFM-
IR is proportional to the wavelength-dependent absorption coefficient, allowing for direct
comparison of the spectra obtained from both techniques, and access to the long established
spectra-structure correlations and databases available for FTIR spectroscopy.®’

1.3.1 AFM-IR Signal

A theoretical description of the AFM-IR signal has been developed by Dazzi et. al,>” which will be
presented here in the notation of Ramer et. al.%® For a more thorough understanding of the theory
behind AFM-IR signal transduction, the reader is advised to consult these publications.

The intensity of the AFM-IR signal, S,z IS proportional to the contributions of the different steps
in the transduction chain multiplied by each other:
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SarM-1r & HAFMHmchHopt(A)Iinc(/l) (1.14)

Of the five factors, two are wavelength dependent (H,,;(4) and I;.(4)), whereas the remaining
three are wavelength independent (Hy gy, Him, Hep). Of the wavelength independent factors, Hypy
is the contribution of the cantilever and is proportional to its properties such as resonance
frequencies, shape, modal stiffness, tip-sample interactions and deflection sensitivity. H,, is the
mechanical contribution and accounts for the influence of the sample’s thermal expansion
coefficient, sample thickness, and tip-sample contact stiffness. H;j, is the thermal contribution and
is proportional to the sample’s temperature during the measurement, as determined by the laser
pulse length and thermal properties of the sample. The wavelength dependent factors include the
laser incident power, I;,,-(4) at the wavelength A, which is measured in the separately acquired
background spectrum. Finally, the optical contribution, H,,.(4) is defined as its absorptance (the
fraction of incident light absorbed by the sample),®> which is the only term to include the complex
refractive index of the sample, 7i(1) (Eq. 1.15), the refractive index of the substrate, as well as the
polarization and angle of the incident IR laser beam. The complex refractive index of a material
7i(1) describes the interaction of light and an absorbing medium, and is defined as:

A1) = n(A) + ik (1) (1.15)

where k(A) is the index of absorption (imaginary part) and n(4), the real part, is the index of
refraction. k(1) is proportional to the attenuation of light, and consequently, to the absorption
coefficient, @ (A1) through the following relation:

4tk (1)

a@)=—3 (1.16)

The contribution of the real part of the complex refractive index, n(A) is negligible for sample
thicknesses up to 500 nm, meaning that in these cases, the AFM-IR signal is directly proportional to
the index of absorption k(1).% In the case of thicker samples (> 500 nm) and/or samples with a
high absorption coefficient, increasing peak shifts akin to those present in ATR spectroscopy are
present, demonstrating the effect of anomalous dispersion.®® Thus, the AFM-IR signal is directly
proportional to the absorbance through the absorption coefficient,®® and comparable to standard
absorption spectroscopies.

Therefore, the term H,.(A) alone is responsible for the form of the AFM-IR spectra, with the
remaining wavelength-independent terms contributing solely as scaling factors. Due to the
dependence of the Hypp Hpy Hep, on the mechanical and thermal properties of the sample and on
the cantilever used, the quantitative analysis of samples, particularly heterogeneous samples, is
challenging. This can be partly circumvented by the use of band ratios, which cancel out the

contribution of the scaling factors.®4%

1.3.2 lllumination Geometries

AFM-IR instruments can have two types of optical configurations: top or bottom illumination. This
refers to the placement of the IR laser relative to the sample and cantilever. Bottom illumination
configurations take advantage of attenuated total reflection (ATR) to measure the sample, which is
placed on top of a prism made of an IR-transparent material (most commonly ZnSe), or on top of a
thin slide of an IR transparent material, which is in turn placed on top of the IR prism (Figure 1.9).
The IR laser is then focused on to the IR prism, so that total internal reflection occurs at the face of
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the prism where the sample is placed. For total internal reflection of a light beam at the interface
between a material with high refractive index n, (the IR prism) and a material with low refractive
index n, (air or sample) to occur, the angle of incidence has to be larger than the critical angle,
Ocriticar Which is defined as:

. (M2

n (1.17)

In this case, only an evanescent wave passes the interface into the lower refractive index material,
whose intensity decays exponentially as the distance to the interface increases. The distance at
which the intensity of the evanescent wave is 1/e of its intensity at the interface is called the depth
of penetration, d,,.

g = A
P 2
2 ’ 2g _ (M2
mn,_|sin% 0 (n1) (1.18)

The d,corresponds to the distance over which the evanescent wave is considered to be capable of

effectively interacting with the lower refractive index material,? and it is usually of the order of
magnitude of the wavelength of the radiation being used (wavelength dependent). For radiation in
the mid-IR this would mean the dp is on the order of several micrometres, however, due to the loss
of linearity of the AFM-IR signal for samples thicknesses above 500 nm,% samples are usually kept
below this threshold. This short depth of penetration of the evanescent wave allows for the use of
a large range of cantilevers with mid-IR absorbing materials (such as silicon and silicon nitride), and
also for measurements in liquid, due to the reduced background contribution of the environment
(e.g. water) to the AFM-IR signal.®®

Deflection laser
Photodiode

detector

Cantilever

Sample

v

. ¢
\\ IR transparent prism
\\ p

Pulsed IR laser

Figure 1.9: Schematic representation of an AFM-IR setup with a bottom illumination configuration. Sourced under the
terms of CC BY 4.0 license from ref.67 (Publication IV).
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Alternatively, measurements can also be conducted using top illumination (Figure 1.10), where the
pulsed IR laser beam comes from above the sample. In this configuration there is no need for an
internal reflection element (the IR-transparent prism), which allows for more flexibility in the choice
of substrates and thus of sample preparation protocols. In addition to mid IR-transparent materials
such as ZnSe, ZnS, and CaF,, other substrates such as silicon and gold-coated substrates (silicon,
mica) can also be used.®® Moreover, there is no limitation on the depth of penetration of the IR
laser beam, which is no longer an evanescent wave when in contact with the sample. Since the
cantilever is now directly in the path of the IR beam, it must be coated in metal (typically gold) to
avoid interference with the AFM-IR signal from the sample due to absorption of light by the
cantilever. The use of gold-coated cantilevers or substrates separately, or in combination allows for
near field electromagnetic enhancements of the optical field intensity (“lightning rod” effect) to
take place, which lead to AFM-IR signal enhancements of up to 8-fold.®*%® However, the signal
enhancement obtained when using a reflective gold-coated substrate is wavelength-dependent,
and can thus lead to artifacts due to optical interference between the incident and reflected light,
which become more pronounced with increased sample thickness in the range between 90 nm and
3000 nm.”®

Photodiode
detector

Deflection laser 4

Pulsed IR laser

Metal-coated
cantilever

O S Sample

Substrate

Figure 1.10: Schematic representation of an AFM-IR setup with a top illumination configuration. The substrate can now
be either IR-transparent (ZnSe, ZnS, CaF,) or IR-opaque (gold-coated substrates, silicon). Sourced under the terms of CC
BY 4.0 license from ref.67 (Publication 1V).

1.3.3 Contact Mode AFM-IR

The first implementation of AFM-IR was in contact mode, with bottom illumination and signal
detection through the cantilever ringdown.>? In this type of measurement, laser pulse durations can
be anywhere from 0.1 ns to 500 ns, although the most common laser type used are OPOs, with
characteristically short pulse lengths of < 10 ns.”* Several of the cantilever modes are excited, and
the amplitudes of the cantilever oscillation induced by the expansion is directly proportional to the
wavelength-dependent absorption coefficient of the sample,” which allows for the direct
obtention of infrared spectra at the nanoscale. Despite the mechanical expansion quickly relaxing
back in a matter of nanoseconds, the oscillation of the cantilever takes longer to subside
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(> 500 ps),>® and the amplitude decrease over time produces the “ringdown” pattern that gives the
name to this type of AFM-IR measurement (Figure 1.11). Ringdown measurements have reached
lateral resolutions down to = 20 nm’* and >1 um of probe depth.”?
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Figure 1.11: Time domain (1) and frequency domain (2) of a typical AFM-IR ringdown measurement, showing the
characteristic ringdown pattern (1) and the simultaneous excitation of all the cantilever’s mechanical resonance modes
(2). Adapted from Kurouski, D.; Dazzi, A.; Zenobi, R.; Centrone, A. Infrared and Raman Chemical Imaging and Spectroscopy
at the Nanoscale. Chem. Soc. Rev. 2020, 49 (11), 3315-3347 with permission from the Royal Society of Chemistry. 73

1.3.3.1 Resonance-enhanced contact mode AFM-IR

In 2011, Lu and Belkin reported a new type of contact mode measurement that has since been
called resonance-enhanced contact mode AFM-IR.”* This mode offers superior SNR and spatial
resolution, and lower acquisition times when compared to ringdown measurements. In resonance-
enhanced AFM-IR, the pulse rate of the IR laser is tuned to match one of the cantilever’s free
resonance frequencies. This is possible through the use of QCLs as the laser source, which can reach
the high laser repetition rates required (a typical contact mode cantilever such as the ContGB-G
model from Budget Sensors will have several contact resonance frequencies around for example
60 kHz, 200 kHz, 300 kHz, 500 kHz, 800 kHz, and even further). When the thermal expansion due to
absorbance of the IR laser occurs at a mechanical resonance of the cantilever, the kinetic energy
transferred by the expanding sample will be stored exclusively in the corresponding mechanical
resonance mode (Figure 1.12), instead of resulting in the simultaneous excitation of all the
resonance modes (ringdown measurements). The continuous excitation of the cantilever at its
resonance frequency leads to a storage of the oscillation energy between pulses, keeping the
cantilever in a continuous wave oscillation while in contact mode. This amplifies the deflection
amplitude proportional to the Q-factor of the resonance mode being excited, which for
commercially available cantilevers corresponds to up to a 100-fold increase of the deflection
amplitude.®! The AFM-IR signal itself is amplified by a factor of Q/27.>° It is possible to use any of
the cantilever’s resonance modes for the signal enhancement: the higher the frequency of the
chosen mode, the higher the achievable spatial resolution.”
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Figure 1.12: Time domain (1) and frequency domain (2) of a typical resonance-enhanced AFM-IR measurement, showing
the preferential excitation of only one of the cantilever’s mechanical resonance modes (2). Adapted from Kurouski, D.;
Dazzi, A.; Zenobi, R.; Centrone, A. Infrared and Raman Chemical Imaging and Spectroscopy at the Nanoscale. Chem. Soc.
Rev. 2020, 49 (11), 3315-3347 with permission from the Royal Society of Chemistry. 73

Resonance-enhanced measurements require additional care to ensure that the pulse rate matches
the cantilever’s resonance frequency throughout the measurement: if this does not happen, then
there will be a signal decrease due to the mismatch, and not due to a reduction in the thermal
expansion. As the contact resonance frequencies are influenced by the mechanical properties of
the sample, heterogeneous samples will easily lead to significant resonance peak shifts, particularly
during imaging. In general, softer materials will lead to a resonance peak shift to lower values,
whereas harder materials will lead to shifts to higher frequencies.”® This problem can be tackled in
three different ways:

e By measuring off resonance, which negates the resonance-enhancement.”’

e By chirping the laser pulse repetition rate within an estimated range around the resonance
peak and picking the frequency with the maximum amplitude (resonance frequency),’®
which sacrifices some of the improved sensitivity.

e Byimplementing a phase locked loop (PLL), which tracks the changes in phase angle instead
of the amplitude (Figure 1.13). In the beginning of each measurement, the user defines a
setpoint corresponding to the phase angle at the contact resonance in that location and a
frequency range in which the variation is expected to occur. The PLL will then use a PID to
track the changes to the phase angle and make the necessary adjustments to the laser pulse
rate to ensure constant resonant excitation.

Resonance-enhanced AFM-IR can reach down to = 20 nm of lateral resolution,®® at least >430 nm

of probe depth,”® and monolayer sensitivity when using gold coated cantilevers and substrates.®?

79-82 83-85

Some examples of areas of application include the life sciences, polymer science, material

86,87

science,®®®” and geology,®® to name a few.
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Figure 1.13: (1) Effect of scanning a harder spot of a heterogeneous sample on the contact resonance frequency of the
cantilever. At the beginning of the measurement the laser frequency was set to fisser, but due to the shift of the resonance
frequency to higher numbers, part of the signal enhancement is lost, leading to imaging artifacts. (2) The PLL tracks the
changes in the resonance frequency in real-time and makes the necessary adjustments to ensure the laser pulse rate
matches the cantilever resonance frequency.

1.3.4 Tapping mode AFM-IR

Tapping mode AFM-IR (Figure 1.14) was first described in 2018 by Tuteja et al.®® In this
measurement mode, as in tapping mode AFM, the cantilever is oscillating at one of its mechanical
resonance frequencies, and is in contact with the sample intermittently (see section 1.2.2). The
AFM-IR signal is detected through a heterodyne detection scheme where the cantilever is oscillated
at e.g., its first resonance frequency, f; and the signal is demodulated at the second resonance
frequency, f, through the use of a lock-in amplifier. A lock-in amplifier takes the measured signal
(input), which consists of several frequency components, and outputs only the signal at the desired
frequency. It achieves this by multiplying the input signal by a reference sine wave at a reference
frequency (in this case, this frequency is provided by the laser trigger) and applying a low pass filter
to the result.”! The lock-in amplifier can also provide the amplitude of the signal at the reference
frequency and the phase of the signal relative to the phase of the reference signal, which can be
used for the implementation of PLLs. The cantilever can also be driven at the second resonance
frequency, with the signal detection taking place at the first resonance frequency, which produces
higher quality spectra,®® but can be prone to signal instability. The laser repetition rate, f; is set
tof, — f1, so that the sum of the laser repetition rate and the oscillation rate of the cantilever
correspond to another of the cantilever’s mechanical resonance frequencies. Depending on the
cantilever used the f;, will usually be between 250 kHz and 1500 kHz,%%%* thus requiring the use of
a laser type with tunable repetition rate, in addition to wavelength tunability, such as QCL. Tapping
mode AFM-IR takes advantage of the non-linear interactions that occur during a measurement
when there is IR radiation absorption: the oscillation corresponding to the cantilever tapping (e.g.
first mode) and the oscillation provoked by the thermal expansion mix and generate amplitude
signal changes at a frequency that also corresponds to a resonance mode (e.g second mode), which
results in signal amplification.®® This effect can be seen by first considering the position of the tip, z
as it varies in time during a tapping mode AFM-IR measurement, which is described by:

z(t) = Xpip COS(ZT[fmpt) + X;g cos(2mfigt) (1.19)

where X is the amplitude due to either the tapping drive or the IR absorption, fi4y, is the frequency
at which the cantilever is tapping, and f;z is the frequency of the IR laser pulse. The force between
the tip and the sample during the oscillation cycle can be approximated using a Taylor expansion:

phase back
to setpoint
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Fis(z) = ag + a;Az + a,Az? + -+ (1.20)

0)
where a; are Taylor coefficients —tsi('ZO), Zy the tip-sample distance around which the tapping tip

moves, and Az = z — z,, which corresponds to:
Az = Xy cos(antapt) + X;r cos(2mfigt) (1.21)

The term a,Az? in Eq. 1.20 is the lowest order term that permits mixing and hence, only this term
will be considered. By inserting Eg. 1.21 into this term the following is obtained:

2
a [Xtip COS(Zﬂftapt) + Xir COS(ZﬂﬁRt)] (1.22)
which in turn can be expanded to:

2
a, [Xtipz[cos(anmpt)] + 2XeipXir COS(ZTTfmpt) cos(2mfigt) + X,Rz[cos(an,Rt)]z] (1.23)

and using cos(a) cos(B) = %(cos(a —B) + cos(a + B)) the term highlighted in orange can be

rewritten as:

XiipXir [cos(anmpt + 27rf,Rt) + cos(27rfmpt - 27Tf,Rt)] (1.24)

leading to additional oscillations at the sum and difference frequencies fiq, + fir and fiap — fir,
i.e. mixing the two frequencies. To detect either of these additional oscillations in the tip-sample
force in tapping mode AFM-IR the laser pulse frequency is chosen so that fiqp + fir OF frap — fir
coincides with a mechanical resonance frequency of the cantilever, thus resulting in signal
enhancement (Figure 1.14).

The demodulated cantilever oscillation amplitude, Z detected at the second mode contains
information on the sample’s thermal expansion due to the IR radiation absorption. This relation is
presented in the expression below, which was developed by Mathurin et al.,* and is presented
here as an adaptation of the simplified form of Schwartz et al.:>

faemoa = frap

Z x Xs 72ftadeemodHopt(/1)1inc (’1)
demod (1.25)

where y, is the non-linear material elasticity, and femoq is the frequency at which the signal is
detected. Q4emoq is the Q-factor of the mode at which the signal is detected, and most importantly,
Hype (1) is the IR absorptance, and I;;,.(4) is the laser incident power, at the wavelength A. Thus,
harder cantilevers with higher resonance frequencies will produce higher tapping mode AFM-IR
signals.

Tapping mode AFM-IR can reach down to = 10 nm of lateral resolution®® (due to the reduced
interaction time between the tip and the sample),>* and 50 nm of probe depth (an effect of the
superficiality of the non-linear mixing interactions).>® This mode inherits all the advantages of
tapping mode AFM when it comes to the measurement of soft, easily damageable, rough, or loosely
adhered samples and allows for the extension of the possible applications of AFM-IR. It has been
applied to the analysis of drug-loaded nanoparticles,®*%* oil paint,®*°> bitumen,*® as well as to
polymer samples,®®®” which will be discussed further along in this thesis. Furthermore, since the
resonance frequency of the cantilever has a lower susceptibility to changes in the sample’s
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mechanical properties,®® tapping mode AFM-IR does not require frequency tracking as is the case
for resonance-enhanced AFM-IR, although it can benefit from it in extreme cases. The reduced tip-
sample interaction and subsequent benefits do come at the cost of requiring a higher IR laser
power, which must be handled carefully, so as not to cause thermal damage to the sample.

(1) (2)
fir-ftap fir+ftap
Amplitude

(a.u)

A

frap(f1) fiR f2 Fre(i:en;cy
z

Figure 1.14: (1) Schematic representation of tapping mode AFM-IR with a top illumination configuration. (2) Frequency
domain of a tapping mode AFM-IR heterodyne detection. In the case depicted the cantilever is driven at its first resonance
frequency, fi= fiap and signal detection takes place at the second resonance frequency, f.. The fir is calculated as the
difference between f, and f;.
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1.4 Fluorescence Microscopy

Fluorescence microscopy is a type of optical microscopy technique characterized by the use of
fluorophores to obtain high contrast (in most cases only the fluorophore is responsible for the
signal, everything else is part of the background) and sensitivity. The wide range of fluorophores
available with varying absorption and emission spectra, as well as possibility of selective targeting
within cells, make this technique one of the most widely used microscopy techniques in cell and
molecular biology. As a type of optical microscopy, fluorescence microscopy is diffraction-limited
to a resolution dependent on the wavelengths used, which is typically around 200 nm.*® However,
several techniques have been developed that make use of fluorophores and are capable of
obtaining better resolutions, such as confocal microscopy. More recent techniques, called super-
resolution fluorescence microscopies, are based on fluorescence microscopy but circumvent the
diffraction limit, such as stimulated emission depletion microscopy (STED), structured illumination
microscopy (SIM), stochastic optical reconstruction microscopy (STORM), among others. These
techniques will not be described in this thesis, however, the following review on the subject is
suggested to the interested reader.®

The following paragraph is based on a publication by Lichtman and Conchello,*®

as well as book
chapter by Dobrucki and Kubitscheck.* To understand the phenomenon of fluorescence one must
first look at the energy levels electrons can occupy in a molecule, commonly depicted in a Jablonski
diagram. There are three types of energy: electronic, vibrational, and rotation levels. Each
electronic level has multiple vibrational levels, which in turn have multiple rotational levels, as
depicted in Figure 1.15. Fluorophores are molecules that after absorbing a photon of a certain
frequency emit a photon of a lower frequency than the one absorbed (red-shift). For absorption to
occur the incoming photon must have an energy which at least the energy difference between the
ground state and the first excited electronic level. In cases where the photon energy is above this
required level, the photon will still be absorbed, and the electron in question will transition to one
of the higher vibrational levels of the S;, or to one of the higher electronic levels. The range of
wavelengths that can lead to excitation of a fluorophore is called the excitation spectra. Excitation
spectra have a sharp cutoff on its lower end, corresponding to the minimum energy required to
transition from So to Si, but a gentler slope on the lower wavelengths. Once a photon with
appropriate energy is absorbed, an electron transitions to an excited state. As stated above, this is
often a transition not only to a higher electronic state, but also to a higher vibrational state. The
absorption of a photon with these characteristics thus leads to molecular vibrations with changes
in internuclear distances. The vibrational energy is lost rapidly in collisions with solvent molecules,
or with other molecules, resulting in vibrational relaxation, a non-radiative process that brings the
energy of the electron to the lowest vibrational state of the excited electronic state in which it is
found. In fluorescence, the excited electron will return to the ground state through the emission of
a photon with energy that corresponds to the difference between S; and So. This photon has less
energy than the corresponding absorbed photon, which is key of fluorescence microscopy’s
sensitivity. The whole cycle described above of excitation, non-radiative relaxation and photon
emission takes places in a nanosecond time range.
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Figure 1.15: Jablonski diagram of the fluorescence process. Electronic levels (singlet and triplet) are displayed as black
horizontal lines, vibrational levels as grey horizontal lines. Non-radiative processes are shown as dashed arrows and
radiative processes as full arrows. In both fluorescence and phosphorescence, a photon of lower energy than the
excitation photon is emitted, the difference between the two being the amount of time spent in the excited state (S; or
T1). HOMO stands for highest occupied molecular orbital and LUMO for lowest unoccupied molecular orbital.

The emission spectrum of a fluorophore is, however, not limited to one single wavelength. The
shape of an emission spectrum has a sharper cutoff at lower wavelengths (corresponding to the
drop from the lowest vibrational state of S; to So, see Figure 1.16), and a smoother drop at higher
wavelengths (corresponding, for example, to transitions from higher vibrational states to the
ground state, or even from higher electronic states S or higher, see Figure 1.16). The gap between
the peak of the excitation and emission spectra is called the Stokes shift. A larger Stokes shift has
the advantage of allowing for a better separation between incoming (excitation) and outgoing
(emission) photons by the microscope’s filters. Fluorescence is not the only process through which
an excited electron can return to the ground state, but it should be the preferred one in
fluorophores. Other relaxation paths are intersystem crossing and non-radiate decay. In
intersystem crossing, the excited electron changes its spin during the excitation, and is thus found
in a triplet state, with a lower energy than the excited state, S;. Returning to the ground state means
once again changing the spin. Since both these transitions are spin-forbidden, the probability of
two of them happening to the same electron is rather low, and triplet states are long lived
(microsecond range), contributing to a smaller population of fluorophore molecules in the ground
state. Additionally, triplet states can be more chemically reactive, contributing to bleaching and
potential cell toxicity. Triplet states can relax back to the ground state via phosphorescence, a
phenomenon similar to fluorescence, but that occurs over a much longer time scale, or through
non-radiative decay.
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Figure 1.16: Absorption and emission spectra of FITC (fluorescein-5-isothiocyanate) with the corresponding electronic
transitions responsible for them. Arrow colour gradient corresponds to the energy of the photon involved. Adapted with
permission from Springer Nature, Nature Publishing group, Nature methods, Fluorescence Microscopy, Lichtman, J. W.;
Conchello, J.-A. ©Nature Publishing Group (2005).

Fluorophores can be relatively small organic molecules, such as fluorescein, but also larger
biomolecules, such as proteins. The latter one has the huge advantage when studying cellular
systems of allowing for studies where target genes can be tagged with the sequence belonging to
a fluorescent protein, thus allowing for highly specific monitoring of protein expression and location
within the cell.’®2 The most prominent example of such protein is the green fluorescent protein
(GFP), whose discovery and development was the subject of the 2008 Nobel Prize in Chemistry.
Since then, many other fluorescent proteins have been discovered and optimized through protein-
engineering,® such as in the case of the enhanced green fluorescent protein (EGFP).1%
Fluorophores typically have conjugated m systems (double or triple bonds) that absorb in the UV or
visible area due to the relatively small energy gap between the it (ground state, the HOMO orbital)
and the * (LUMO) orbitals characteristic of such systems.%

An important indicator of fluorophore performance is the quantum yield, ¢ defined as the ratio
between the number of photons emitted and the number of photons absorbed.®® A high quantum
yield means that fluorescence is the dominant relaxation process, whereas a low quantum yield can
be indicative of the predominance of non-radiative processes. When using lasers or other high
intensity light sources, the quantum yield alone can be used to measure the maximum intensity
that a fluorophore can achieve.'® However, for non-laser excitation light sources, the molar decadic
absorption coefficient & a measure of how efficiently a sample absorbs light at a given
wavenumber, also plays an important role in the maximum intensity that a fluorophore can
achieve.'®

1.4.1 Epifluorescence Microscopes

A fluorescence microscope has all the components of a conventional optical microscope with the
addition of an excitation source, emission and excitation filters, and often a dichroic mirror. The
arrangement of the components has historically evolved,'®” and nowadays the most common one
is the epifluorescence microscope. In an epifluorescence microscope (Figure 1.17), the exciting light
and the emitted light travel through the same optical path. This type of arrangement reduces the
amount of excitation light reaching the emission filter, because only the excitation photons that are
reflected by the sample (a small fraction of the total amount) travel in the same direction (inside of
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the microscope) as the emitted fluorescence photons (emitted in every direction).® The key
element of an epifluorescence microscope is the dichroic mirror, which reflects certain wavelengths
(excitation light) and transmits others (emitted light). Additionally, an excitation filter that selects
only the part of the light coming from the excitation source which corresponds to the fluorophore’s
excitation spectra, and an emission filter which only lets through wavelengths corresponding to the
fluorophore’s emission spectra.'®® These three elements are often combined in a filter cube, which
is a replaceable part of the microscope optimized for a particular fluorophore.

Sample

Objective

Excitation
................... Filter

Dichroic
mirror Light
source
Emission
Filter

Detector

Figure 1.17: Light path in an epifluorescence microscope. Light emitted by the light source passes through the excitation
filter which selects the correct wavelength for fluorophore excitation. Exciting light is then reflected by the dichroic mirror
towards the sample. Emitted light by the sample then travels in the opposite direction and is transmitted by the same
dichroic mirror, finally passing through the emission filter and reaching the detector.
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1.5 Chemometric Models and Data Processing

Chemometrics is defined by the journal Chemometrics and Intelligent Laboratory Systems (Elsevier)
as “the chemical discipline that uses mathematical and statistical methods to design or select
optimal procedures and experiments, and to provide maximum chemical information by analyzing
chemical data”. Chemometrics is often used to facilitate the extraction of information from large
datasets, where it can help to reveal trends otherwise hidden to the “human eye”. For instance, a
single AFM-IR spectrum contains around 1000 wavenumbers, as well as the signal intensity for each
of them. Additionally, spectra can be collected in different locations, which adds to the complexity
of the dataset. In the case of chemical images collected at a resolution of, for example, 200 x 200
points at a several wavenumbers, the total number of data points can easily reach hundreds of
thousands. In such cases, the field of chemometrics known as multivariate analysis is particularly
useful, almost mandatory. Virtually all the multivariate analysis relies on computers using machine
learning to build models that fit the data. There are two important classes of machine learning
methods: unsupervised and supervised. Unsupervised machine learning uses unlabeled (without
extra input by the user) raw data to generate a model whose goal is to find patterns or structures
in the dataset, which can then be interpreted by the user. Some examples of unsupervised machine
learning methods include clustering (hierarchical cluster analysis, k-means clusters, among others),
and dimensionality reduction algorithms (principal component analysis, factor analysis,
independent component analysis).® Supervised machine learning on the other hand, requires the
input of labels in addition to the raw data, which can have discrete or continuous values. The models
that result from this type of machine learning have a predictive value, that is, they can be applied
to data previously unseen by the model, which will make a prediction about which class each new
point belongs to (in the case of discrete variables). Examples of supervised machine learning
methods include k-nearest neighbor, linear discriminant analysis (LDA), and support vector
machines (SVM).1%°

1.5.1 Hierarchical Cluster Analysis (HCA)

HCA is a type of cluster analysis, which in turn is a type of unsupervised machine learning. In any
type of cluster analysis, the algorithm, divides the dataset into a number of classes (defined by the
user) which contain objects judged to be similar. Hierarchical means that once a point has been
assigned to a cluster it will not be reassigned in further iterations.*° Similarity is measured by the
distance between each data point in an n-dimensional space (n being the number of dimensions),
with short distances meaning higher similarity. Distance can be measured in several ways such as
Euclidean, Manhattan, Hamming, and Mahalanobis distance. The most commonly used distance
measure is the Euclidean distance, which is defined as:

d= \/((11 —b1)? + (ap — by)? + -+ +(an — by)? (1.26)

where d is the distance between two points, a and b, in an n-dimensional space with coordinates
(x1,%3, ...Xy), X = a,b. Euclidean distance (as well as Manhattan and Hamming) is strongly
affected by data scaling, and thus requires corrective data scaling (e.g. normalization) before
application.!*12 Furthermore, correlations between the variables can also lead to distortions of
the calculated distances and consequently of the obtained final clusters.’? In datasets where this
is an issue, the Mahalanobis distance can be used instead, which accounts for these characteristics.
For data that has been properly corrected for outliers and correlation, both distances will give the
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same result.!?

In addition to the distance measure, the linkage method is another adjustable parameter of HCA,
which defines the criterion according to which the datapoints, and later on the different clusters,
will be joined into larger clusters (until the number of clusters defined by the user has been
reached). Examples of linkage methods include single linkage, centroid linkage, average linkage,
and Ward’s method.!? In the beginning of the clustering process, all datapoints are considered to
be an individual cluster. Once the distance is calculated, two clusters will then be merged according
to the linkage method and be considered as one in the next iteration. This is called an agglomerative
approach, as opposed to the divisive approach which begins with one single cluster containing all
the data points and then breaks it down.'!® In single linkage, clusters are joined according to the
closest minimum distance. Ward’s method, also called the minimum variance method, merges
clusters with the lowest error sum of square values (ESS), which is the sum of the squared deviations
of each object in a cluster to the cluster centroid. The resulting new cluster is that which leads to
the smallest possible increment of variance within itself.’'® The distances between the objects and
corresponding clusters can be visualized in a dendrogram (Figure 1.18).
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Figure 1.18: Dendrogram obtained in a hierarchical cluster analysis of AFM-IR spectra taken in grid format. The y axis
represents the calculated distance between two points and the horizontal lines the distance at which the two were joined
into the same cluster.

1.5.2 Principal Component Analysis (PCA)

PCA is a type of unsupervised algorithm where the data matrix, D is decomposed into two matrices
of a lower dimensionality: the loadings matrix and the scores matrix, according to

D=TL"+E (1.27)

where T is the scores matrix, L is the loadings matrix, and E is the error matrix (Figure 1.19). PCA
can be understood as establishing a new coordinate system, where the dimensions are chosen
according to the amount of variance within the dataset. Often the most important information
contained in a high dimensional dataset can be visualized using only the few directions where the
variance is highest (the principal components).!*® The scores matrix contains the coordinates of the
data in the new coordinate system, whereas the loadings matrix contains the weights of each
variable to each principal component.1® A large weight indicates that a certain variable has a large
contribution to the latent variable in question, which can be positive or negative.




Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Chemometric Models and Data Processing 29

Thus, PCA reduces a high-dimensional dataset to a few major components, which simplifies the
finding and interpretation of data structures. The number of principle components is fewer than or
equal to the original n dimensions of the dataset. However, for interpretation, only the first few
components are used, so that we can benefit from the dimensionality reduction. Ideally the data
which is excluded (error matrix, E) has low variability, and corresponds to the noise in the dataset.
PCA is particularly useful in datasets where the predictor variables have correlations among
themselves, as it allows the explanation of a larger portion of the dataset’s variance using a smaller
number of PCs. Additionally, the new variables (components) generated are uncorrelated to each
other (orthogonal to each other in the new space).!'° This makes PCA a useful pre-treatment of the
data before a regression (often affected negatively by collinearities between variables) is applied.
For example, in principal component regression (PCR) the independent variables are subject to a
PCA, creating a new, reduced dataset which will then be the basis of a regression model.10%112
However, the PCA does not take into account any relationship with the target variable, only the
directions of maximum variance within the predictors (which may not be the ones explaining the

variations in the target variable).1°
D T L E
— X +
data matrix scores loadings error

Figure 1.19: Original data matrix D and the three resulting matrices, T, L™ and E from the PCA according to the relation
presented in equation 1.27.

1.5.3 Partial Least Squares (PLS)

PLSis a supervised machine learning algorithm which is based on two steps: first, the dimensionality
of the data is reduced and second, a regression on the reduced dataset is calculated. The
decomposition of the data matrix is applied to both the predictor (X ) and the response (Y)
variables, creating a new, reduced dataset, which will then be the basis of a regression model. What
sets PLS apart from PCR, is that the decomposition of the predictor dataset takes into account
response data, so that the obtained latent variables (similar to the principal components in PCA)
are chosen to maximize covariance between the resulting X loadings matrix and the Y matrix
vector.!* This is in contrast with the simpler PCR, where only the independent variables are subject
to decomposition. In addition to a scores and loadings matrix, a third matrix called the error (or
residual) matrix, £or Fis also generated:

X=TPT+E

Y=UQT +F (1.28)

where T and U are the scores matrices of X and Y respectively, and P and Q are respective the
loadings matrices.!'4

The most important parameter in a PLS is how many latent variables will be used in the establishing
of the regression model. This is usually determined by cross validation, where the dataset used to
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train the model is split into two datasets, one larger and one smaller. The model is then trained on
the larger dataset and tested on the smaller dataset, and the result is recorded. The process is
repeated with a different split of the data until all the data has been used as the test group. The
process is repeated for each number of components defined and the model with the best result is
chosen.

The performance of the model is measured by the root mean squared error (RMSE), which is a
measure how different the predicted value the model outputted (on the test set) is from the actual

value observed. It is defined as:
RMSE = ’—?“(ai — bo*
n (1.29)

where n is the number of objects in the test set, a is the predicted value, and b is the actual value.
PLS is particularly indicated for datasets where there is large number of collinearities among the
predictor values, such as is the case in spectral data.

Understanding which variables contributed the most to a PLS model can provide useful information
about the dataset being analysed. The selectivity ratio (SR) provides such information and is
calculated as the ratio between the explained and unexplained variance for each variable.?*> A high
SR value means that the variable in question has a high contribution to the model and is correlated
to the target variable. To set a cut-off between statistically relevant and irrelevant variables, an F-
test can be performed with the null hypothesis being that the explained and residual variances of a
variable are the same. If the SR is higher than the calculated F value at a set confidence level (usually
90 or 95%), then the null hypothesis is rejected, and the variable in question has a high
discriminatory ability.!®

1.5.4 Gaussian Mixture

Gaussian mixtures are a type of unsupervised machine learning, that can be used to divide a larger
population of data points into subpopulations based on their similarity (similar to cluster analysis).
The dataset is assumed to be composed of a mixture (weighted sum) of n Gaussian probability
densities, each corresponding to a subpopulation (Figure 1.20). The probability density function of

the data, x is defined as:
n

p(xl.ul T, 71') = Z TTJG(,L[], Tj_l)

j=1 (1.30)

where pis the mean of the Gaussian, 7 is the inverse variance, and rtis the influence of the Gaussian
on the mixture.*’

In a fully unlabeled dataset, the algorithm does not have any starting point for which subpopulation
each observation should belong to. This can be addressed using an expectation-maximization
algorithm, which makes random assumptions for an initial subpopulation distribution and
calculates the likelihood of each observation belonging to the subpopulation it has been randomly
assigned to. Using these values, it will make adjustments to the subpopulation’s parameters to
improve the results. It will then repeat these steps in an iterative fashion until a local maximum has
been reached.®
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A

Density

H X
Figure 1.20: Representation of a Gaussian mixture applied to a one-dimensional variable, X. The observed values are
represented by the dashed line, which is decomposed as several sub-populations with normal distributions.

Gaussian mixture models have been applied in multiple fields,*'*-2! but of particular interest is their

use for the classification of pixel distribution in (hyperspectral) images.1227124

1.5.5 Savitzky-Golay Filter

The Savitzky-Golay (SG) filter, first proposed in 1964,'%° is a smoothing algorithm that works by
fitting a polynomial function to the dataset within a small window which is then moved along the
dataset until all new points have been found. The partial least squares method is used to compute
the polynomial fit, and the two adjustable parameters are the polynomial degree and the window
size. An SG filter acts not only as a smoothing algorithm, but also as a low-pass filter by removing
the contribution of higher frequencies, which often correspond to the noise in the dataset.
Additionally, when the parameters are chosen appropriately, it preserves the band features such
as relative maxima, minima, as well as width and height.'?®* The window size chosen should be
smaller than the width of the bands in the spectrum but larger than the noise, and the polynomial
degree should be chosen according to the characteristics one is interested in: smooth features such
as bands are better preserved by a lower order polynomial, whereas high frequency features will
benefit from higher order polynomials.

The SG filter is routinely applied to infrared spectra, where due the characteristics of the bands,
which are the feature spectroscopists are interested in, increasing the window size or decreasing
the degree of the polynomial leads to a smoother spectrum (Figure 1.21). These parameters need
to be adjusted carefully to achieve a balance between noise reduction and preservation of
important spectral features: too high window values lead to distortions such as band height
reduction, particularly in narrower bands (Figure 1.21, (2) compared to (4)).
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Figure 1.21: Effect of the window and polynomial parameters on the smoothing from a Savitizky-Golay filter. (1) raw AFM-
IR spectrum of polypropylene; (2) spectrum (1) after SG filtering with window =5 and polynomial 1; (3) spectrum (4) after
SG filtering with window = 9 and polynomial =4; (5) spectrum (1) after SG filtering with window =19 and polynomial =1;
(5) spectrum (1) after SG filtering with window = 9 and polynomial =1.
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Chapter 2 Results and Introduction to the publications

In this chapter the publications on which this thesis is based are introduced, and their results and
conclusions presented. Section 2.1 introduces publications | and IV in which AFM-IR was applied to
the life sciences and a perspective was written on the topic. Publication | deals with the problem of
using AFM-IR to map the intracellular location of a specific group of proteins within Trichoderma
reesei, and is the subject of section 2.1.1. Section 2.2 introduces publications Il and Ill, in which
AFM-IR was applied to the field of polymer science. First, a protocol for the tapping mode
measurements of polymer samples using AFM-IR is presented (section 2.2.1), followed by the
analysis of a post-consumer recycled polyolefin sample using tapping mode AFM-IR (section 2.2.2).

2.1 AFM-IR in life sciences (Publications | and IV)

In publication IV a concise summary of the working principles and operation modes of AFM-IR, as
well as its recent key applications to the life sciences are presented. Additionally, relevant
limitations were discussed, as well as potential future areas of research. This perspective was
written with the aim of presenting the technique to readers of life science backgrounds, ultimately
hoping to foster more interdisciplinary cooperation. Publication | is an example of such cooperation
and is introduced and discussed in the following section.

2.1.1 AFM-IR for the localization of intracellular protein distribution (Publication I)

Proteins are biomolecules constituted of amino acid residue chains (>30 residues), which are linked
together by amide (peptide) bonds. The structure of a protein is determined by the amino acid
sequence that constitutes the peptide chain (Figure 2.1),'*” and the resulting interactions of the
residues’ side chains with each other.

0]
Side Chain R 0"&% Carboxylic Group

Figure 2.1: General structure of an L-a-amino acid in its zwitterionic form (the form present at physiological pH).
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There are several levels of protein structure: primary, secondary, tertiary, and quaternary. Primary
structure simply refers to the amino acid chain sequence, bound together by peptide bonds.
Secondary structures are the regularly repeating structures that the polypeptide chain forms at a
local level, of which there are two main types: a-helix and B-sheet. Whether a polypeptide chain
will form one or the other type of structure depends on the side chains of its amino acid sequence
and the resulting steric constrains, which results in favorable or unfavorable combinations of the
rotational bond angles phi and psi (Figure 2.2).1%’

HNANW

Figure 2.2: A small polypeptide (four residues) with the three peptide bonds highlighted in green. Phi (¢) and psi () are
the two major bond angles describing the peptide bond which are determinant of the secondary structure of a chain.

&

wllll

In an a-helix, the residues are arranged in a coil structure, so that the side chains protrude from the
helix, and the main chain forms the core of the helix, which is stabilized by hydrogen bonds between
the amino group of a residue in position number n and the carbonyl groups of residue n-4. B-sheets
on the other hand, are composed by two or more B-strands (unfolded chain, with certain degree of
freedom of psi and phi) side by side, linked together by hydrogen bonds between the amine and
carbonyl groups of the backbone. B-sheets can be parallel, when the B-strands follow the same
direction), or anti-parallel, which has an effect on the hydrogen bonding pattern between
residues.'®” B-turns are a common type of secondary structure where there is a reversal in the
direction of the chain.'?’

The next level of protein structure is the tertiary structure, which is the overall structure of the
protein (one entire polypeptide chain) and the interactions of residues that are distant from each
other in the chain. Tertiary structure is highly influenced by the environment (hydrophilic or
hydrophobic) in which a protein is found, e. g. a membrane protein will often have its hydrophilic
groups either forming a pore on the inside, or in contact with the aqueous environment on either
side of the membrane, whereas hydrophobic groups will interact with the hydrophobic tails of
membrane lipids.??® In aqueous environments (such as the cytoplasm), the hydrophobic effect plays
a major role in the tertiary structure.'?”” Other interactions between residues side chains that
contribute to the tertiary structure are van der Waals interactions (such as hydrogen bonds), ionic
bonds, and disulphide bridges. Finally, quaternary structure refers to the interactions and spatial
arrangement of multiple polypeptide chains which come together to perform their function as
multimers.'?’

The structure of a protein is intimately related to the function it will perform,? which can range
from structural, to metabolic, to signaling, etc. Of particular interest in this work are enzymes,
proteins which act as highly specific catalysts to enable countless reactions under the organisms’
ambient conditions. Nowadays, enzymes are no longer confined to their roles within biology, and
are part of numerous industrial processes such as biofuel®*® and pharmaceutical production.3!
Thus, it is of great value to be able to monitor a protein’s structure and location, as this can give
valuable information on cellular processes. Protein location within a cell is generally investigated

132,133

through the use of imaging techniques, most commonly electron and confocal

microscopy,**13° but also the more recently developed super resolution microscopy techniques,
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STED, SIM, PALM, and STORM.3¢713% Degpite the great potential of super resolution microscopy,
and its numerous important insights provided, these techniques suffer from the extensive sample
preparation required, limited availability of fluorophores, long sampling times, required
postprocessing of the obtained data and the susceptibility to artifacts.14%-142

The structure of a protein is usually determined by either X-ray crystallography, nuclear magnetic
resonance (NMR) spectroscopy, or cryo-electron microscopy (cryo-EM). X-ray crystallography is
usually the preferred technique, due to its capability to determine the 3D position of the atoms that
constitute a protein, thus providing information on the secondary and tertiary structures. This
technique however, requires isolation and crystallization of the protein of interest, which is often
challenging (and for some complexes, not possible)** and means that the protein will always be
observed in isolation from its native environment (e.g. the cell) and conditions (aqueous).*** NMR
spectroscopy, particularly 2D-NMR has also been used to elucidate protein structure, however it is
mostly restricted to smaller sized proteins and requires the preparation of concentrated protein
solutions.1* %> More recently, cryo-EM has emerged a powerful tool for the full structural
determination of protein structure, capable of determining protein structure with resolution
comparable to X-ray crystallography.'*® Cryo-EM the samples are vitrified, thus preserving their in-
solution structures, with the main downside being the labor intensive nature of cryo-EM
measurements.’*® The three previously mentioned techniques are the state of the art for protein
structural elucidation, however, when only the secondary structure of a protein is required, other

147,148 149 3re able to

techniques, such as vibrational circular dichroism and infrared spectroscopy,
provide this information in a quicker and easier manner.

The mid-IR spectrum of a protein is dominated by two features: the amide | and amide Il bands,
and to a lower extent, the amide lll band (Figure 2.3). The amide | band derives mainly from the
stretching vibration of the C=0 group in the amide bonds, and from smaller contributions from out
of phase C-N vibration, C-C-N deformation, and N-H in-plane bend.*® This band is usually found
centered around 1650 cm™ and ranging from 1600 cm™ to 1700 cm?, and it is of particular interest
due to its sensitivity to protein secondary structure owing to the effect that the varying
arrangements of hydrogen bonds, dipole interactions, and geometric constrains (with
corresponding bond angles) have on the energy at which the vibrations responsible for the amide |
band occur.’®® Thus, a-helical structures have their band center at 1654 cm™ and B-sheets at
1633 cm™ and 1684 cm™.1%9 Amyloid aggregation states, characterized by the increasing presence
of intermolecular B-sheets, can also be identified due to their predominant absorption at lower

wavenumbers (1620 cm!). 149151
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Figure 2.3: FTIR spectrum of bovine serum albumin, highlighting which secondary structure is prominent in the different
areas of the amide | band.

The amide Il band is centered at around 1550 cm™ and is the result of the in-plane N-H bending and
C-N stretching vibrations, with minor contributions from the stretching vibrations of C-C and N-C
and the in-plane bend of C-0.1*° This band is also sensitive to protein secondary structure, albeit to
a much lesser extent than its amide | counterpart.’>? Lastly, the amide Il band is found over a region
from 1400 cm™® to 1200 cm™, and it combines contributions from not only the protein backbone,
but also from the residues’ side chains, which complicates its interpretation to obtain secondary
structure information.*
FTIR spectroscopy is thus a useful method for the analysis of protein structure and activity in
solution, which suffers however, from the fact that water has an absorption band in the same region
as the amide | (1645 cm™®). To prevent total absorption due to water shorter pathlengths are used,
which in turn require highly concentrated protein samples.’? This issue has been recently tackled
by the use of QCLs as light sources, which allow high SNRs at concentrations as low as 0.05 mg mL
1153-155 However, when spatial resolution is required, IR microscopy is plagued by the diffraction
limit problem described in section 1.1.2, and it is in these situations that AFM-IR can be of use.
There are several examples in literature of AFM-IR applied to the study of intracellular protein
structure and location, one of the earlier studies being the work by Baldassare et al.,”® where the
distribution of proteins in both E. coli and human Hela cells was mapped by imaging the amide |
band. Another study, this time by Quaroni et al.'>® focused on the identification of cytoskeleton
filaments in fibroblasts, whereas Perez-Guaita et al.»>’ made use of unsupervised machine learning
methods (cluster analysis) to detect areas with high hemoglobulin content within P. falciparum
infected red blood cells. Furthermore, AFM-IR has been able to locate functional amyloids within
bacteria and archaea,'*® and, in another study, Liu et al.8% investigated the effect of the environment
on the proteins expressed by macrophages. The authors were able to differentiate between the
two cell groups, and to detect a marked shift in the proteins expressed. Additionally, nanoscale
chemical imaging using the tapping mode revealed a heterogeneous distribution of the expressed
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proteins according to their secondary structure, allowing for the identification of node-like
structures rich in antiparallel B-sheet protein in the extremities of the cells exposed to LPS.

All the studies mentioned above were conducted in a label-free manner, exploiting the fact that no
staining is required in order to obtain signals from proteins in the mid-IR region, an advantage in
terms of the complexity of sample preparation when compared to other microscopy techniques
such as electron microscopy. However, this advantage can also turn into a disadvantage when only
a specific protein or group of proteins is the target of a study since in the mid-IR all the proteins will
contribute to the obtained signal. In publication I, a novel approach to this problem was pursued
through the use of a supervised machine learning method to detect a specific group of proteins
within the organism being studied.

To demonstrate this approach the organism chosen was T. reesei, a filamentous mesophilic
ascomycete which is exceptional at degrading cellulose thanks to its efficient enzymatic secretory
system.30159 Several industrial processes in the biofuel, 3% textile,'®? pulp,®? food and animal
feed ' and recombinants protein production® industries take advantage of the high secretion of
cellulases and hemicellulases by T. reesei, making the fungi a relevant target for protein location
studies. The secretory pathway of T. reesei has been the object of several studies, often with the
ultimate goal of improving protein production yields. T.Reesei's genome has been fully
sequenced,®® and several studies were conducted on the regulation of both gene expression©¢-168
and secretory pathways'®® involved in protein production and secretion. Furthermore, electron
microscopy®32133170 and confocal microscopy!’*'’? have given important insights into the
ultrastructural features and spatial distribution of the secretory pathway components of T. Reesei.
In this work, the goal was to demonstrate the capability of AFM-IR to provide high-resolution
information on the intracellular location of the major cellulases and xylanases produced by T.
Reesei. To achieve this goal, a special strain named QM6a SecEYFP was used, in which an expression
cassette for the enhanced fluorescent yellow protein (EYFP) has been fused to the N-terminal

1181 whose expression is controlled by

secretion signal peptide of the main cellobiohydrolase, CBH
the cbhl promoter. In this strain the expression of EYFP occurs when the expression of other
proteins controlled by the cbh1 promoter also occur, and since the EYFP is fused to the secretion
signal peptide it can be expected to be colocalized with the cellulases and xylanases, thus yielding
a proportionality between the fluorescence signal and latter’s abundance. Thus, by combining
fluorescence images with AFM-IR measurements obtained in the same locations, it was possible to
obtain a PLS model that connects the fluorescence intensity with the presence of B-sheet-
containing proteins in that location.

Sample preparation consisted solely of depositing parts of the mycelium on CaF, windows and
freeze-drying the sample to quickly remove its water content. The samples were then first analyzed
under a fluorescence microscope to search for areas with varying fluorescence intensities where
the model might be trained. Once such areas were identified, several images with different
magnifications were recorded in both fluorescence and brightfield mode (Figure 2.4), to facilitate
the search for the same location in the AFM-IR instrument (equipped with a single 10x objective
and the AFM itself). The sample was then transferred to the AFM-IR, and once the measurement
spot had been re-located, several AFM-IR spectra were recorded in contact mode. The images and
respective spectra locations were aligned using python once the measurements were completed,
and the spectra were preprocessed prior to model training (Figure 2.5).
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Figure 2.4: (1) Fluorescence image of a hypha of T. Reesei of a similar sample to the one used in publication I; (2) Bright
field image of the same location and at the same magnification as (1); (3) and (4) are brightfield images of the same
location as (1) at lower magnifications.
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Figure 2.5: Aligned fluorescence (a), brightfield (b), and AFM (c) images a T. Reesei hypha. (c) shows the location where
AFM-IR spectra were recorded and the corresponding fluorescence intensity at that location; (d) AFM-IR spectra obtained
in the locations in (c) and respective fluorescence value as the line colour. Sourced under the terms of CC BY 4.0 license
from ref.” (Publication I).
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Using the dataset in Figure 2.5, a PLS model was trained using the RMSE as the metric to evaluate
the goodness of fit. The optimized model scored an 11% average error of fit for training dataset.
Most interestingly, the SR was used to determine which wavenumbers contributed the most to the
PLS model at a 90% confidence level (Figure 2.6). The highest contributions come from
wavenumbers associated with B-sheet secondary structures, as well as lipids (CH; stretching
vibrations).
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Figure 2.6: Selectivity ratio for each wavenumber used in the model. Wavenumber groups above the 90% confidence
level are identified according to the group or secondary protein structure associated with those spectral regions. Sourced
under the terms of CC BY 4.0 license from ref.”® (Publication I).

Despite the structure of EYFP being mostly composed of B-sheets arranged in a B-barrel
configuration, it is unlikely that the fluorescent protein significantly contributes to the IR signal
obtained in the areas where it is located. This is supported by existing literature, particularly one
study which concluded that the cellulase expressed under the egl/1 gene, EGL1 (which in normal
conditions represents only 10% of the total secreted protein) is much more abundant than
recombinant proteins expressed under the cbhl promoter carrying only the secretion signal
peptide (ratios of 0.001 and 0.01 recombinant protein/EGL1, depending on the strain).}”® Therefore,
the IR signal detected largely comes from other more abundant B-sheet containing proteins co-

161174 whose expression is also

localized with EYFP, namely CBHI, the most abundant cellulase,
driven by the cbh1 promoter and which contains the same secretion signal peptide. Furthermore,
EGL1 and the most abundant xylanase, XYNII are also produced under the cultivation conditions
used in this study (lactose as the carbon source),’”> and are predominantly composed by B-sheet
secondary structure motifs.1’®’7 Finally, the high SR of the 2850 cm™ absorption band associated
with the CH, groups of lipids further hints at the sensitivity of the model towards B-sheet containing
cellulases and xylanases, which are enveloped in lipid bilayers throughout their whole path inside
of the cell due to their final destination being secretion rather than remaining inside the cell.1®®

The obtained PLS model was then applied to another dataset which was not used in the training of
the model with only a marginal increase in the RMSE (from 10% in the training set to 13%), which
indicates that the model has a good generalization capability and is not overfitting the training
dataset. Thus, from the AFM-IR spectra it is possible to calculate a fluorescence intensity value, thus

having a visual comparison between calculated and actual fluorescence values (Figure 2.7).
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Figure 2.7: Visual comparison between the calculated (b) and actual fluorescence (a) of the training dataset. Collecting
AFM-IR spectra in a grid allows for partial reconstruction of the fluorescence image from the AFM-IR data. Sourced under
the terms of CC BY 4.0 license from ref.7 (Publication 1).

The approach presented in Publication | was thus able to circumvent one of the major challenges
associated with the analysis of whole cells using AFM-IR, which is the similarity of the spectra
obtained, since at nearly every location in the cell there will be proteins and lipids, and often
carbohydrates present. Using the fluorescence signal generated by small amounts of EYFP as a
starting point for the training of a model avoids the need to chemically label the target analytes (B-
sheet containing cellulases and xylanases) by using what can be described as a “digital stain”. This
method could be further improved by reducing the gap between the resolutions of the methods
used (e.g. by replacing epifluorescence microscopy with confocal microscopy), and through the
development of automated software for the alignment of the images obtained from different
instruments.
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2.2 AFM-IR in polymer science (Publications Il and Ill)

Polymers are one of the most important and widely used class of materials, due to their light weight,
low price, versatility and durability. The following sections introduce publications Il and Ill, in which
AFM-IR was applied to the nanoscale analysis of polymer samples, specifically polyolefins, which
represented 46.2% of the global plastic production and 40.6% of the European plastic production
in 2021.178

Polyolefins are a class of polymers derived from alkene monomers such as ethylene and propylene,
which originate the two most produced polyolefins: polyethylene and polypropylene. Polyethylene
(PE) can be further subdivided into three different polymer types (Figure 2.8): high density (HDPE),
low density (LDPE), and linear low density (LLDPE). In HDPE the polymer chains have nearly no
branching, which allows for compact packing and stronger intermolecular interactions between the
polymeric chains (higher crystallinity), in turn leading to increased rigidity, stiffness, tensile strength
and chemical resistance of the polymer, as well as a higher melting point than the other PEs.17918
LDPE is characterized by a high degree of branching of its polymer chains, which prevents the
formation of compact crystalline structures (hence the low density) due to weaker intermolecular
interactions.'® LDPE is thus more suited to applications that require a more flexible material, such
as packaging, and plastic bags. Finally, LLDPE is different from the two previous PEs due to its
combination of a long linear backbone with short side-chain branching, added to the chain through
the introduction of small amounts of other comonomers. This results in improved tear and puncture
resistance when compared to LDPE, while maintaining higher flexibility than HDPE.8%18!

HDPE LDPE LLDPE

Figure 2.8: Diagram showing the different branching and packing of the polymeric chains of HDPE, LDPE, and LLDPE.

Polypropylene (PP) has a lower density than PE, and depending on the orientation of the side chain
it can be divided into isotactic PP (crystalline), and atactic PP (amorphous).*® In isotactic PP (iPP),
all the side chains are positioned on the same side of the main chain, thus allowing for a closer
packing of the polymeric chains. iPP is harder, stiffer and more resistant to heat than PE, but
unsuitable for applications below 0°C.!82 PP alone represented 19.3% of the global production of
plastics in 2021,78 and is used in many everyday life applications particularly in food packaging, but




Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

AFM-IR in polymer science (Publications Il and IlI) 43

also in medical devices, research equipment, and garden furniture.

Information about a polymer’s structure at the nano- and micro-scale is usually obtained by either
SEM, 183184 T\, 185186 X _Ray diffraction,'®” or AFM,®18° and occasionally by fluorescence confocal
microscopy.'®® Despite providing valuable information, some of these methods require tedious
sample preparation protocols, namely heavy metal staining and chemical etching (in the case of
electron microscopy), or the preparation of special polymer samples labeled with fluorescent
molecules (confocal microscopy). AFM-IR is thus a useful technique that can add value to the
nanoscale characterization of a polymer by providing explicit chemical information at the
nanoscale, which can be of great use to further our understanding of the relationship between
nanoscale structure, chemical composition, and macroscale properties.

With the exception of publication Il and Ill presented in this thesis, all of the AFM-IR studies of
polyolefins published in literature used the contact mode to investigate their samples, mostly
focusing on the phase distribution in impact polypropylene copolymer (IPC), an in-reactor alloy in
which propylene and ethylene monomers are combined resulting in a core-shell morphology with
an iPP matrix and rubber phase composed of ethylene-propylene rubber (EPR), ethylene-propylene
block copolymers of varying lengths (EbP) and small amounts of PE.®, The 2016 and 2018 works by
Tang et al. used contact mode images and spectra to determine that the composition of the rigid
core of the rubber particles can be controlled by the polymerization conditions to be either PE or
PP.24191 Fyrther studies on IPC using AFM-IR concluded that the addition of a higher amount of PE
results in improved interface adhesion and subsequent improvement of mechanical properties,
and that having PP in the rigid core yields better mechanical properties than a PE core.’® More
recently Zhong et al. studied the distribution of antioxidant in a blend of iPP and ethylene-octene
copolymer and concluded that it is mostly concentrated in the ethylene-octene phase and not in
the iPP matrix.1®®* The above mentioned studies focused on samples whose composition was already
know to a reasonable degree before the application of AFM-IR, and furthermore, provide no
systematic routine to tackle the analysis of polymers using AFM-IR. Publications Il and Il represent
contributions to both of these questions.

2.2.1 Analysis of polymers using tapping mode AFM-IR (Publication Il)

In this work, a protocol for the systematic analysis of polymer samples (particularly those of
unknown or uncertain composition) was developed and is summarized in figure 2.9. The protocol
was then applied to the analysis of four different commercially available polymer samples, two of
which were virgin polymers, and two were recyclates. The two virgin samples were LLDPE and a
reactor thermoplastic polyolefin (rTPO), which consists of a hard PP or PE matrix and a soft
component, in this case EPR. The two recyclates consisted of PE/PP mixtures with varying PE
content (Skyfil 1 had 35% PE whereas Skyfil 2 had only 20%) as well as mineral fillers that were
added to improve the recycled blend’s properties (CaCOs in Skyfil 1 and talc in Skyfil 2).

Step 1 of the protocol consists of collecting bulk ATR spectra in order to obtain information about
the general composition of the sample to be analyzed. The obtained spectra are particularly useful
during the optimization phase of the AFM-IR measurement, where it is necessary to know at least
one absorption band of the sample per chip of the EC-QCL used.




Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

44 Results and Introduction to the publications

« |dentify main characteristics
* |dentify 1 (or more) wavenumber
per component

* Tapping mode
« |dentify area of interest

« Different locations (grid)
« Identify variable characteristics
« Select relevant wavenumbers

* Image with laser blocked
* Image selected wavenumbers

* Alignment through topography
* Ratios
* Chemometrics

Figure 2.9: Protocol for the analysis of unknown polymer samples using AFM-IR. Sourced under the terms of CC BY 4.0
license from ref.64 (Publication I1).

Before moving on to the AFM-IR measurements, the sample needs to be prepared so that its surface
is flat enough to be measurable by an AFM. Additionally, to prevent signal saturation, mitigate peak
shifts, and to help prevent sample overheating and melting, it is advisable to keep sample thickness
below the one micrometer threshold.®*”° For polymer samples it is absolutely crucial to have the
samples cut below their glass transition temperature to prevent smearing (Figure 2.10) that can
lead to wrong conclusions about the morphology and nanoscale chemical distribution of the sample
in question.
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Figure 2.10: Tapping mode topography images of the same material (an rTPO) cut with an ultramicrotome at room
temperature (1), and -100°C (2). In (1) the smearing of the softer EPR phase in the direction of the cut is clearly visible.
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When starting an AFM-IR measurement a decision has to be made as to whether one will use
contact mode (resonance enhanced) or tapping mode. Generally speaking, a first attempt is often
carried out using the contact mode, which gives out stronger signals and is usually more stable than
tapping mode. However, contact mode is not always suitable, particularly for softer, highly
heterogeneous and/or loosely attached samples. An example of resonance-enhanced contact
mode being unsuitable for the measurement of polymers is shown in figure 2.11, where the rugged
topography of the rTPO being analyzed led to failures of the PLL loop in tracking the changes in the
resonant frequency and adjusting the laser repetition rate accordingly. A first indication that the
contact mode is not suited for this sample is visible in the topography images where some edges
appear to have artifacts. This is further confirmed by the horizontal lines in the contact mode IR
map, that indicate where the tracking failed. Tapping mode achieved significantly better imaging
quality and was thus the chosen mode for the measurements of the polyolefins (figure 2.11 (2)).
This is due to several factors: lateral tip-sample interactions are reduced in tapping mode,

194,195 a nd

viscoelastic samples exhibit increased apparent stiffness due to the vertical tip motion,
importantly, because the cantilever resonance frequencies are less sensitive to changing
mechanical properties,’*%* which is particularly relevant for AFM-IR imaging. It is important to point
out that in extreme cases where there is a large range of stiffnesses in the scanned area (such as in
the case of soft polymeric nanoparticles resembling liposomes lying on a hard substrate), it is always
beneficial to track the changes in resonance frequency, even in the tapping mode. However, this is
not the case for the polymers analyzed here, where the lower sensitivity of the tapping mode to
the sample’s mechanical properties is enough to obtain artifact-free measurements. Furthermore,
measuring in tapping mode allowed for the use of higher scanning speeds than contact mode, which

not only allows for more time efficient measurements, but also reduces the effect of stage drift.
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Figure 2.11: Contact mode (1) and tapping mode (2) topography and IR maps of an rTPO. The red circles mark areas where
the PLL tracking of the resonance was not correct, causing the horizontal stripes and discontinuities visible on the image.
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Step 3 and 4 of the protocol represent the AFM-IR measurement per se, and can be repeated
iteratively for as long as necessary, until no new features are revealed. Thermal drifting of the AFM
stage is a common occurrence in the AFM-IR system used in this study, and can affect the
measurement quality, particularly when images of IR band ratios are necessary. Before calculating
the band ratio one must ensure that the pixels in the two images correspond to the same location
in the sample, otherwise the results obtained will not correspond to reality. In this work this was
achieved using the scikit-image python package to determine the shift between the topographic
images recorded through time and then use this value to obtain the correct coordinates for all the
pixels in relation to a reference topographic image.??®1’

The protocol presented in publication Il is particularly useful when the contents of a sample are not
previously well known, such as in the case of recyclates (figure 2.12, Skyfil 1 and 2), whose
composition can vary from batch to batch due to the variability in composition of the post-
consumer polymer waste collected. Here it is possible to see that both polymers contain talc and
CaCO0s as mineral fillers, despite only one being added during the manufacturing process to each of
the recyclates. However, AFM-IR can provide new information even in more conventional samples
such as the rTPO, namely that the mineral filer talc appears to be mostly present at the interface
between the PP and EPR phases. This hints at the possibility of talc influencing the miscibility of the
rTPO components, something which had previously been described in polyurethane (PU)/PP
blends.®
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Figure 2.12: IR maps and topography images obtained through the application of the protocol described in this work.
Sourced under the terms of CC BY 4.0 license from ref.64 (Publication I1).

Publication Il is a contribution towards the establishment of community-wide standardized
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workflows, in this case to analyze the nanostructure and composition of polymer samples, with a
particular focus on the tapping mode technique. Despite all of its advantages for the analysis of
polymers, tapping mode AFM-IR is still underused in this field. This work serves as a demonstration
of its usefulness, as evidenced by the results shown in Figure 2.12 and in publication Il. Furthermore,
common difficulties faced during AFM-IR measurements were highlighted and solutions were
presented to tackle these challenges (cryomicrotomy, image alignment).

2.2.2 Analysis of post-consumer polyolefin recyclates using tapping mode AFM-IR
(Publication 1l1)

The abundance of polyolefins in day-to-day life shows how versatile and important these materials
are, but it has also led to a correspondingly large amount of polyolefin waste being generated every
year. Post-consumer plastic waste generally faces one of three processes: recycling, burning to
produce energy, or disposal in landfills (Figure 2.13). In 2020 in the EU27+3 (EU27, Norway,
Switzerland, and the United Kingdom) 29.5 Mt of post-consumer plastic waste was generated, of
which only 35% was recycled, 42% went to energy recovery, and 23% to landfills. Of these 29.5 Mt,
17.9 Mt were plastics used in packaging, a category where recycling percentages reach 46%, and
only 17% of packaging plastics end up in landfills.}’”® This latter option is the least desirable of the
three due the long degradation times of most plastics and the soil and groundwater contamination
that it can lead t0.1%%2% Recycling allows for the polyolefins to remain in circulation for longer and
reduces consumption of the virgin raw materials required to produce them, which are still largely

non-renewable, despite the expectable development of green feedstocks in the coming decades.?*?
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Figure 2.13: Lifecycle of plastics items. Adapted from ref.178

Post-consumer polyolefin waste goes through several stages from the point of generation until it is
recycled, and in each stage there are some material losses (Figure 2.15). One key step is the sorting
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of the polymer waste into each different polymer type that takes place at the material recovery
facilities. The success of the separation process depends on the waste collected (type, purity,
complexity of the materials collected) and on the separation methods available at the material
recovery facility.?’? Polymer waste can be separated according to density (sink-float separation, air
classifier, hydrocycloning), electrostatic charge according to the polarity (electrostatic separation),
surface wettability (flotation), presence of ferrous particles (magnetic separation), and chemical
composition (through visible and near-infrared spectroscopy, laser-induced breakdown

spectroscopy, among others).2%3

.f TN\ T\

Improperly Mixed solid Losses
disposed waste
waste

Figure 2.14: Steps from plastic waste generation until recycling and losses that occur at each step. Adapted from ref.202

The effectiveness of the sorting step can be evaluated by the sorting rate, which compares the total
input of a certain polymer to the plant with the output of the same polymer that will move on to
the recycling plant:

bale of target polymer incl.imputities (ww) o
0

ti te =
sorting rate input of polymer to the plant (ww) (2.1)

Despite all of the above-mentioned methods, the sorting rates of most polymers remain far from a
no-loss scenario. The average sorting rate in the EU for PP is 55%, whereas HDPE reaches 76%,
which is the one of the highest average of the polymers analyzed in the work by Antonopoulos et
al, second only to polyethylene terephthalate (PET).?°> Improvements to the sorting rate need to
take into account not only the process itself but also its cost, so that recycled plastics can remain
competitive with virgin plastics. Balancing these two parameters can be particularly challenging for
multilayered packaging.’®® In the case of polyolefins, mixed polyolefin waste fractions (MPO)

2032053re 3 common solution to cut

produced with relative ease using flotation sorting techniques,
the costs associated with the thorough separation of PP and PE from a mixed waste input. These
are composed mainly of PP and LDPE residues (HDPE bottles can be sorted out of this fraction),?®
and are often sold to energy recovery plants as fuel.?2 Mechanical recycling of MPOs, despite its
cost-reduction potential, is usually not undertaken since despite their chemical similarities, PE and
iPP are immiscible, leading to the resulting recyclates having worse mechanical properties than the
virgin materials that generated them. Poor interfacial adhesion between the two phases is
responsible for the loss of desirable macroscale mechanical properties, namely, a lower Young's
modulus (deform more easily) and lower tensile strength.20>207

Chemical recycling of MPOs through pyrolysis and subsequent recovery of monomers is an
alternative, however, a study by Jeswani et al. indicates that this alternative, despite having a 42%
lower climate change impact when compared to the production of virgin plastics comes with higher
environmental impacts in other categories (acidification and eutrophication) and requires high
energy consumptions. Furthermore, when compared to mechanical recycling, chemical recycling
had an overall worse environmental performance with a 7% higher climate change impact and
significantly higher other environmental impacts (acidification, eutrophication, and generation of
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ozone and photochemicals).?%®

Considering the advantages of mechanical recycling, several approaches are being tested to
increase the interfacial adhesion between PE and iPP,%%%21° of which the use of compatibilizers is of
particular interest to this work. Compatibilizers are additives that combine parts compatible with
the two phases of the polymer blend in the same molecule. This allows it to be present at the
interface of the blend and reduce the interfacial tension, leading to a better phase dispersion and
interfacial adhesion (Figure 2.15) and subsequent improvement of mechanical properties, ideally
in a cost-efficient manner. By doing so the problem of poor mechanical properties of recycled
polymers can be reduced. A comprehensive review on compatibilizers used in recycled PE/PP

blends can be found in literature.?®

(1) without
compatibilizer

(2) with
compatibilizer

Figure 2.15: Effect of a compatibilizer in a polymer blend consisting of two different phases. The addition of a
compatibilizer in blend (2) leads to a finer phase dispersion than that of blend (1) and to more stress resistant morphology.

AFM-IR offers a significant advantage in the analysis of recyclates due to the possibility to record
chemical information (through infrared spectra), allowing for the identification of the various
components at the nanoscale. This information can only be obtained in a limited way through other
techniques such as SEM, TEM, and AFM. Tapping mode was chosen because of the advantages
mentioned in section 2.2.1, particularly low lateral forces and lower sensitivity of the cantilever’s
mechanical resonance to changing mechanical properties.

In this work, a commercial post-consumer recycled polyolefin blend was analyzed at the nanoscale
using tapping mode AFM-IR. The sample, derived from an MPO of pre-sorted municipal and
household waste, was recycled through mechanical processes and contained no added
compatibilizers. Previous analysis of the sample using soluble fraction analysis revealed that the
sample contained 8.5% of amorphous content (rubber) with an ethylene content of 46%, and SEM
using a RuO,4 showed the presence of an interface between the PE and PP phases. With this in mind,
the tapping mode AFM-IR analysis was carried out following the steps described in the previous
section.

First a larger area (10 um x 10 um) was investigated and after drift correction, the ratio of the
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absorptions at 1462 cm™ and 1377 cm™ was calculated. Absorption at 1462 cm™ is associated with
the scissor bending vibration of CH, groups (present in both PE and PP), whereas the 1377 cm
absorption corresponds to the symmetric deformation vibration of CHs groups, which
predominantly exist in the side chains of PP.%1%212 Thus, by calculating the ratio between the IR
absorption at these two wavenumbers it is possible to obtain a map of the distribution of CH3/CH,
groups, which corresponds to the two different phases seen in figure 2.16 (b) with purple
corresponding to PP and white to PE. This revealed the presence of small (=500 nm diameter) PP

droplets within the PE phase, with so far unknown implications to the mechanical properties.
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Figure 2.16: IR maps (b,c, d) and topography (a) images over a larger area (10 pm x 10 um) reveal the phase distribution
of PE and PP (b) as well as the distribution of PA and PS. Sourced under the terms of CC BY 3.0 license from ref.%7
(Publication I11).

Furthermore, the presence of non-polyolefin polymer contaminants was widely spread in the area
analyzed. The contaminant in figure 2.16 (c) was identified as being polyamide (PA), whereas the
contaminant in figure 2.16 (d) was initially thought to be polyurethane (PU) due to presence of an
absorption band at 1724 cm™ attributed to a carbonyl group, as well as a band at 1602 cm™
attributed to the presence of aromatic double bonds which are often part of the R’ group in
polyurethane (Figure 2.17).213214
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Figure 2.17: Chemical structures of the repeating units of PE, PP, PA, PU, PS and ABS.

However, a later analysis of the spectra obtained in one of the areas with high 1724 cm™* absorption
revealed that the initially thought to be PU is in reality either oxidized polystyrene (PS) or oxidized
acrylonitrile butadiene styrene (ABS). The AFM-IR spectrum (Figure 2.18) has absorption bands at
1602 cm™, 1492 cm™, and 1452 cm™ in addition to the carbonyl band, which are a better match
with literature spectra of oxidized PS and ABS.?*>?'® Though the mid-IR spectra of PS and ABS are
different, the major differentiator bands (e.g. from the nitrile group) are not present in the recorded
range and it is thus not possible to make a final assignment. The small band at 1668 cm™ could be
indicative of ABS since trans-butadiene groups absorb in this region,?™ but the widespread
presence of PA residues might also explain residual absorption in this region (amide I).
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Figure 2.18: AFM-IR spectrum of an area with 1725 cm! absorption corresponding to PS or ABS.

Besides the identification of non-polyolefin polymer contaminants, AFM-IR was also able to map
and identify the compound present at the interface between the PP and PE phases through the
combination of AFM-IR imaging with a Gaussian mixture model and of spectra with hierarchical
cluster analysis (HCA) (Figure 2.19). By analyzing the average values of the HCA cluster and the
Gaussian mixture category corresponding to the interface it was possible to identify it as most likely
being ethylene-propylene rubber (EPR), which is known to act as a compatibilizer in PP/PE blends
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resulting in finer phase dispersions and improved mechanical properties of the blend.!8>
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Figure 2.19: (a) Gaussian mixture analysis of AFM-IR maps obtained in a smaller area (1.5 um x 1.5 um) and HCA clustering
of AFM-IR spectra obtained at the interface; (b) average spectra of each HCA cluster and average value for each Gaussian
mixture category (bars for each wavenumber at which an AFM-IR image was recorded). Sourced under the terms of CC
BY 3.0 license from ref.%7 (Publication IIl).

The presence of EPR at the interface of the PE/PP phases is an interesting result due to its likely role
as a cost-free compatibilizer, since it was already present in the initial polyolefin waste fraction.
This could mean that sorting MPOs in a way that includes EPR or other known polymer
compatibilizers could be a cost-efficient way to improve the mechanical properties of post-
consumer polyolefin blends. However, this may prove challenging, as the composition of municipal
and post-consumer waste varies with time.

Publication Il shows that AFM-IR is a valuable technique for the nanoscale analysis of polymer
samples, particularly those with uncertain compositions such as recyclates. The results obtained
are in agreement with standard techniques such as SEM and soluble fraction analysis and act as a
complement to these techniques by providing chemical information at the nanoscale without the
need for cumbersome sample preparation. Furthermore, AFM-IR was able to detect and identify
polymer contaminant particles that are below the diffraction limit of conventional FTIR microscopy,
as well as the presence of EPR at the interface.
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Chapter 3 Conclusion and Outlook

In this thesis, an effort was made to expand the applications of both contact and tapping mode
AFM-IR to encompass problems with real-life applications, and to move from proofs of concept and
samples created specifically for AFM-IR analysis towards samples originating from every-day
situations. This could (and can) only be achieved through cooperation with researchers and
companies in other fields that are willing to share and explain their problems, goals and needs, thus
allowing for an interdisciplinary approach that aims at providing a more complete view of the
samples analyzed and a better understanding of AFM-IR’s potential.

In the field of the life sciences, a combination of AFM-IR, fluorescence microscopy and
chemometrics allowed for the mapping of B-sheet containing cellulases and xylanases in an
industrially-relevant fungi, T. Reesei. One of the largest challenges of unstained mid-IR microscopy,
its sensitivity to all proteins, was overcome with the help of an external reference that does not
significantly interfere with the overall protein composition of the cell. This approach could be
extended to other types of organisms as well, such as bacteria, and is not limited to the analysis of
soluble proteins, but may also include inclusion bodies. Additionally, a perspective article
summarizing the latest applications of AFM-IR to the life sciences and highlighting potential future
developments was published.

In the field of polymer sciences, the first step was to establish a protocol that would permit the
reliable analysis of such samples. To reach this goal it was necessary to optimize the sample
preparation conditions (cutting below the glass transition temperature), without which it is difficult
to achieve artifact-free measurements or to reach the full potential that AFM-IR has in this field.
The effectiveness of the established workflow was demonstrated in four different samples, all of
which are commercially available materials: two virgin plastics and two post-consumer recyclates.
Furthermore, this work highlights the benefits of tapping mode AFM-IR in the analysis of soft and
heterogenous polymer samples, due to its lower sensitivity to changing mechanical properties.

A further step was taken in which tapping mode AFM-IR was used to elucidate the nanoscale
composition of another commercially available post-consumer polyolefin waste recyclate blend.
Here, the interface between the two phases observed in SEM could be identified as being EPR,
which appears to act as a compatibilizer, opening the way for more cost-efficient blend recycling
approaches. Furthermore, the presence of micro- and nano-scale contaminants was mapped and
the contaminants identified. In the future AFM-IR studies might become part of the routine analysis
of polymers and feature in polymer science works as one of several characterization techniques, as
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is already the case for more established analytical techniques such as SEM, TEM, and AFM. A major
advantage of AFM-IR is its non-destructive nature, which allows for the same sample to be analyzed
with other techniques once the measurements are concluded.

This thesis shows that AFM-IR has reached a development stage where it is mature enough to be a
part of interdisciplinary works in conjunction with other techniques. The recent development of a
surface sensitive mode might help simplify the sample preparation protocols for polymer samples,
for which in the future a simpler cryo-polishing of the sample’s surface (instead of the sectioning
described here) might suffice. Nonetheless, some of limitations of AFM-IR remain its low
throughput, long measurement times, requirement of specialized operators, and the extreme
sensitivity of the instrumentation to the ambient conditions of the room it is located in. However,
since the technique is relatively young and new modes are still being developed, instrumentational
improvements can be expected that will mitigate some of these current disadvantages.
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Appendix

A. Scientific publications

A list of contributions to the individual scientific publications presented in this cumulative thesis
divided into little (x), medium (xx) and high (xxx) is shown in the table below.

Publication
I Il Il v
Data acquisition XXX XXX XXX (Not required)
Data analysis XX XXX XXX (Not required)
Interpretation XXX XXX XXX XXX
Manuscript writing XXX XXX XXX XXX




Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m Sibliothek,
Your knowledge hub

71

Publication |

Nanoscale Infrared Spectroscopy and Chemometrics Enable Detection of Intracellular Protein
Distribution

A. Catarina V. D. dos Santos, Rosa Heydenreich, Christian Derntl, Astrid R. Mach-Aigner, Robert L.
Mach, Georg Ramer,” and Bernhard Lend|

Analytical Chemistry, 2020, 92, 15719-15725




Downloaded via TU WIEN on July 28, 2023 at 07:42:26 (UTC).

shi lish icles.
SR BRiothek Vet bar.

Wi

itimatel
TU

;

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

See https://pubs.acs.org/shari ideli { ions on hi
Die approbierte GSArIEKIE CrginaIara o teser Disseriaton 6t an dd

[ 3ibliothek,
Your knowledge hub

This is an open access article published under a Creative Commons Attribution (CC-BY)
License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.

ACS
AUTHORCHOICE

a“alygi'%la’llﬁstry

pubs.acs.org/ac

Nanoscale Infrared Spectroscopy and Chemometrics Enable
Detection of Intracellular Protein Distribution

A. Catarina V. D. dos Santos, Rosa Heydenreich, Christian Derntl, Astrid R. Mach-Aigner,
Robert L. Mach, Georg Ramer,* and Bernhard Lendl

I: I Read Online

Article Recommendations ‘

Cite This: Anal. Chem. 2020, 92, 15719-15725

ACCESS |

ABSTRACT: Determination of the intracellular location of

proteins is one of the fundamental tasks of microbiology.

Conventionally, label-based microscopy and super-resolution

techniques are employed. In this work, we demonstrate a new

technique that can determine intracellular protein distribution at

nanometer spatial resolution. This method combines nanoscale 1;
. . . . . . wavehumber / cm Real

spatial resolution chemical imaging using the photothermal-

induced resonance (PTIR) technique with multivariate modeling

to reveal the intracellular distribution of cell components. Here, we

demonstrate its viability by imaging the distribution of major

cellulases and xylanases in Trichoderma reesei using the colocation

of a fluorescent label (enhanced yellow fluorescence protein,

EYFP) with the target enzymes to calibrate the chemometric

model. The obtained partial least squares model successfully shows the distribution of these proteins inside the cell and opens the
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door for further studies on protein secretion mechanisms using PTIR.

F rom transcription to secretion, proteins have a central role
in life: a cell will invest up to 75% of its energy in
translation alone.' Proteins are impressive in many ways. As
catalysts, they are present in almost all metabolic pathways,
catalyzing reactions that would otherwise not take place in an
organism’s lifetime” and doing so under mild conditions and
with a selectivity that is hard to rival with.> However, not all
proteins are enzymes, others serve a structural function or
participate in cell signaling and signal transduction. This means
that failures and errors that occur in such an important system
are the cause of a number of pathologies.4 Furthermore,
proteins are present in several high-value industrial processes
such as the production of pharmaceuticals,’ biofuels,” and
macromolecules.” Therefore, it is of great interest to have a
detailed knowledge about the intracellular synthesis and
trafficking of proteins and their regulation. Gene expression,”
protein quality control mechanisms,' and protein secretion®
have been studied for decades in a continuous multi-
disciplinary effort. Imaging techniques such as electron
microscopy’ "' and visible microscopy techniques that are
capable of resolution below the diffraction limit (STED, SIM,
PALM, and STORM)">~"* are typical of this kind of research
and have given important insights into the ultrastructural
features, processes, and metabolic pathways of cells. However,
these super resolution microscopy techniques are often limited
by the choice of fluorophore (which needs to meet a series of
tight criteria), tedious sample preparation, long sampling time,
extensive postprocessing, and propensity for artifacts.'®~

© 2020 American Chemical Society

7 ACS Publications

In this work, a new approach to localization and detection of
proteins and groups of proteins inside of cells at a nanoscale
lateral resolution is introduced. This novel method is able to
provide spatial resolution rivaling that of the above-mentioned
super-resolution techniques while also being able to provide
label-free information about protein distribution at ambient
conditions. It is based on nanometer spatial resolution mid-
infrared molecular spectroscopy coupled with chemometric
data evaluation. While in general spatial resolution in mid-IR
microscopy is diffraction-limited in the micrometer range,"’
techniques based on near field are not limited by diffraction.*

Here, we use the photothermal-induced resonance techni-
que (PTIR, also known as AFM-IR)*"** to perform near-field
IR spectroscopy. PTIR is a combination of atomic force
microscopy (AFM) and infrared spectroscopy. In this
technique, a pulsed wavelength-tunable IR laser is aimed at
the sample area under the AFM tip, causing it to rapidly heat
up and expand. The thermal expansion is detected through
changes in the deflection signal of the AFM cantilever, which
oscillates with an amplitude proportional to the absorbed
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energy.20 The signal detection occurs in the near-field region,
allowing lateral spatial resolutions below the diffraction limit
and down to 20 nm.”’ Vertically, PTIR can detect signals
buried at over 1 ym in a sample.”> The signal obtained in both
PTIR and FTIR is proportional to the wavelength-dependent
absorption coefficient of the sample.”® Thus, PTIR spectral
bands can be assigned to the localized vibrations of functional
groups using well-established spectra—structure correlations. In
the same way as FTIR spectroscopy, PTIR also provides access
to the fingerprint range of the infrared spectrum, where
absorption bands are present that result from vibrations
involving a higher number of atoms than localized vibrations.
General spectral ranges can be assigned to biologically relevant
functional groups that are characteristic building blocks of, for
example, DNA/RNA, carbohydrates, lipids, and proteins. For
evaluation beyond the quantitation of these major compounds,
multivariate methods or machine learning approaches are
typically used in FTIR.** PTIR has found applications in
material science,25_3l art conservation,R’Z’33 environmental
analysis,”* nano-optics,g’5 geology,‘%’37 and in the life sciences.
In the latter case, PTIR has been applied to the imaging of
whole cells”®™*' and successfully identified and characterized
lipid droplets,* poly(hydroxybutyrate) vesicles,*’ extracellular
vesicles, ™ l?osomal drug nanocarriers,”> and photosynthetic
complexes.*® Protein and polypeptide secondary structure has
been extensively studied by PTIR,*”** including in aqueous
medium® and in human tissue.’® Studies on the intracellular
distribution of proteins with varying degrees of complexity
have been reported.’***" In 2016, Baldassarre et al.** imaged
E. coli and human (HeLa) cells and reported inhomogeneous
protein density in the latter. In 2018, Quaroni et al.”" identified
filaments visible in topographical images as belonging to the
cytoskeleton of fibroblasts. In these studies, the linear
correlation between the PTIR signal and the concentration is
used to determine the distribution of chemicals. Perez-Guaita
et al.”® located areas with relatively high hemoglobin content
within red blood cells infected with P. falciparum using
(unsupervised) cluster analysis. We take a different approach
by using supervised machine learning to detect one
predetermined group of analytes. We demonstrate the
versatility of our method by analyzing the distribution of
cellulases and enhanced yellow fluorescent protein (EYFP) in
Trichoderma reesei. The filamentous mesophilic ascomycete T.
reesei was found a little over 75 years ago on the Solomon
Islands and soon caught the attention of researchers because of
its exceptional cellulose-degrading capabilities.’ In the wild, T.
reesei is a saprobe, and the secretion of cellulases and
hemicellulases in high amounts is essential for its survival.””
T. reesei’s efficient enzymatic secretory system has since been
exploited in industrial-scale enzyme production. The cellulases
and hemicellulases find application in numerous industries
such as the pulp,53 food and animal feed,** and textile
industry™ and are used for the production of second-
generation biofuels.”*® The strain used, QM6a SecEYFP,
derived from QM6a AtmusS3, bears an expression cassette for
EYFP fused to the N-terminal secretion signal peptide of the
main cellobiohydrolase CBHI*® under the control of the cbhl
promoter. Hence, the fluorescence brightness can be
considered proportional to the cellulase abundance.

In this work, fluorescence images from an EYFP secreting T.
reesei strain were obtained and combined with AFM topo-
graphic images measured in the same locations. Using this
information, a fluorescence value could then be attributed to

each PTIR spectrum location and used to create a chemo-
metric model using partial least squares regression (PLS). This
PLS model relates the fluorescence intensity to the presence of
P-sheet-containing proteins, such as cellulases and xylanases,
and could then successfully be applied to a validation data set.

B EXPERIMENTAL SECTION

Fungal Strains. The T. reesei strains QM6a Atmus53>” and
QM6a SecEYFP used in this study were maintained on malt
extract agar (MEX) at 30 °C. Hygromycin B was added when
applicable to a final concentration of 113 U/mL.

Plasmid Construction. Polymerase chain reactions
(PCRs) for cloning purposes were performed with QS high-
fidelity DNA polymerase (New England Biolabs, Ipswich, MA,
USA) according to the manufacturer’s instructions. All used
primers are listed in Table 1. First, the cbhl promotor and the

Table 1. Primers Used in This Study

primer name primer sequence (5'-3")

Yfp-fwd-Xbal AGTGTCTAGAATGGTGAGCAAGGGC
GAG

Yfp-rev-NotI-Nsil AGTGATGCATGCGGCCGCTTACTTG
TACAGCTCGTCCATGCC

Pcbhl_fwd_Xhol CTCGAGATGGCGCTATATTGGCTGT
TTC

Pcbhl_QI8r_ Nhel GCTAGCCTGAGCACGAGCTGTGGC

sequence encoding for the first 18 amino acids of cbhl were
amplified with the primers Pcbhl_ fwd Xhol and
Pcbhl_QI18r Nhel using chromosomal DNA of QMé6a
AtmusS3 as the template and inserted into an EcoRV-digested
pJET1.2 (Thermo Scientific, part of Thermo Fisher Scientific
Inc., Waltham, MA, USA) yielding pJET-Pcbh1+18. Next, a
codon-optimized eyfp was amplified with the primers Yfp-fwd-
Xbal and Yfp-rev-NotI-Nsil using pCD-EYFP*® as the
template and then inserted into pRLM,30°" via digestion
with Xba and Nsil. The eyfp:Tcbh2 fragment was released by
digestion with Xbal and HindIIl and inserted into an
accordingly digested pJET1.2 (Thermo Scientific). This
plasmid was digested with BspEl and Xbal and the cbhl
promoter fragment was inserted after the release from pJET-
Pcbh1+18 via digestion with BspEl and Nhel, yielding pCD-
SecYFP.

Fungal Transformation. The protoplast transformation of
T. reesei was performed as described by Gruber et al.*
Approximately 107 protoplasts of the strain QM6a AtmusS3
were co-transformed with S ug of pCD-SecYFP and 1 ug of
pAN7-1,°" yielding the strain QM6a SecEYFP. The trans-
formation reaction was added to the 40 mL melted, 50 °C
warm MEX agar containing 1.2 M sorbitol. Equal parts of this
mixture were poured into four sterile Petri dishes and
incubated at 30 °C for 5 h after solidification. Subsequently,
10 mL melted, 50 °C warm MEX agar containing 1.2 M
sorbitol and double concentration of hygromycin B were
poured on top of each protoplast-containing layer. Plates were
incubated at 30 °C for 2—5 days until colonies were visible.
Resulting candidates were subjected to homokaryon purifica-
tion by streaking conidia on selection plates.

Fungal Sample Preparation. Conidiospores of QM6a
SecEYFP were harvested from a MEX plate, suspended in 0.8%
NaCl/0.05% Tween 80 and diluted to approximately 10>°~10?
spores/mL. 100 uL of this spore suspension was spread on a

https://dx.doi.org/10.1021/acs.analchem.0c02228
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Figure 1. Images of hypha and PTIR spectra: the fluorescence intensity corresponding to each spectrum was determined by aligning the
fluorescence image (a) and the AFM topography image (c). (b) Bright-field image of the hypha. PTIR spectra (d), here shown after pretreatment
as described in the text, were recorded along the center of the hypha. The color of the spectra in (d) denotes the corresponding fluorescence
brightness from black (no fluorescence detected) to light green (maximum fluorescence).

cellophane foil on Mandels—Andreotti medium® plates
containing 1% lactose. Plates were incubated for 96 h at
30 °C in darkness. To harvest and wash the mycelium, the
cellophane foil was transferred into ice-cold deionized water
using sterile tweezers. Floating mycelium was then transferred
onto a CaF, disk (12 mm diameter X 2 mm thickness from
Crystran) and dried using a freeze-drier (FreeZone 2.5 L
benchtop freeze-drier from Labconco) at —S0 °C and 0.160
mbar for 30 min.

Fluorescence Measurements. All fluorescence images
were recorded using a Leica DMi8 inverted microscope
equipped with an HC PL FLUOTAR L 63%/0.70 DRY
objective (numerical aperture 0.70), a Leica GFP cube
(excitation filter 470—440 nm, emission filter 525—550 nm),
and a SOLA SM 5§ light engine (Lumencor) with 3.5—4.0 mW
nominal output power as the light source. The exposure time
was 220 ms. The bright-field images were obtained using the
same microscope using an HC PL FLUOTAR L 40%/0.60
DRY (numerical aperture 0.60) objective.

PTIR Measurements. All PTIR measurements were
carried out using a Bruker nano-IR 3 s coupled to a MIRcat
external cavity quantum cascade laser array from Daylight
Solutions. Spectra covering the range from 1200 to 1758 cm™"
(QCL transition at 1360.5 cm™) and from 2770 to 2900 cm ™
were obtained using resonance-enhanced PTIR®® in contact
mode by tuning the repetition rate of the laser to match the
second contact resonance frequency of the cantilever (roughly

190 to 220 kHz) and the sample. The cantilevers used were
gold-coated with nominal first free resonance frequencies of
13 + 4 kHz and spring constants between 0.07 and 0.4 N/m
(PR-EX-nIR2 from Anasys Instruments/Bruker). The laser
source operated at 3% duty cycle (corresponding to 160 to 140
ns pulse length) and 14.75% power (before beam splitter), and
for each location, five spectra were recorded at 2 cm™" spectral
resolution. The instrument and all beam paths were purged
with dry air generated by an adsorptive dry air generator.

Data Preprocessing. Recorded spectra in which no bands
were above the noise level were rejected, and the remaining
spectra were averaged by location. The spectra were then
normalized using vector normalization in the range between
1200 and 2900 cm™ (excluding the wavenumbers where no
laser emitted from calculations) and smoothed using a
Savitzky—Golay filter (three points, first-order, treating both
contiguous spectral ranges separately).

To align the fluorescence images to the AFM coordinate
system, each fluorescence image was rotated, scaled, and
shifted to match it to its AFM topography counterpart.
Fluorescence intensity was determined from the green channel
of the fluorescence image because of the GFP filter used.
Finally, for each location at which PTIR spectra were recorded,
the fluorescence intensity was determined by performing a
linear interpolation of the neighboring fluorescence image
pixels.

https://dx.doi.org/10.1021/acs.analchem.0c02228
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Chemometric Modeling of Fluorescence. A PLS
regression was performed to fit the fluorescence using PTIR
spectra. The optimum number of components was determined
using S-fold cross validation with the root mean square error
(RMSE) as metric. Modeling was performed using the scikit-
learn® (v0.22.2) machine learning library for Python 3.

To diagnose which spectral features were most important for
the regression, the selectivity ratio (SR)** of the PLS was
calculated. In brief, the SR determines the fraction of the
variance of a variable that is explained by the model. High SR
at a specific wavenumber means that a large part of it is
correlated to the target variable. The SR was calculated as
outlined by Farrés et al.*®

B RESULTS AND DISCUSSION

QMo6a SecEYFP was grown on Mandels—Andreotti medium
containing lactose because this carbon source induces cellulase
production in T. reesei.’® In the strain QM6a SecEYFP, the
cellulase production is accompanied by EYFP production.
Furthermore, the EYFP carries the same signal peptide as the
main cellulase, hence the fluorescence intensity correlates with
the presence of cellulase. After deposition on the sample
carrier, first, a bright-field (see Figure 1b) and fluorescence
image (see Figure 1a) were collected before transferring the
sample into the AFM instrument. AFM topography images
(see Figure 1c) and PTIR spectra (Figure 1d) were recorded in
the same area. After overlaying the fluorescence image and
AFM topography image, each PTIR spectrum could be
assigned a fluorescence brightness (denoted by the color of
PTIR spectra and location markers in Figure 1d,c,
respectively), as described in the Experimental Section.

To establish a regression from PTIR spectra to fluorescence
intensities in the training set, a PLS model was constructed.
The metric used here for the quality of the fit, RMSE, was 11%
of the maximum fluorescence measured, indicating that the
average error of the fit was 11% of the maximum fluorescence.

A cutoff between statistically significant and not statistically
significant variables according to the SR is given by the F-
test. Here, we use the critical value at a 90% confidence level
(the horizontal line in Figure 2). It should be noted that a low

2.0 4

1.0 1

selectivity ratio / 1

0.0 4 o
T T T T
2900 2700 1600 1400 1200
wavenumber / cm™!

Figure 2. SR of the PLS model. The gray line corresponds to a 90%
significance level of the SR. Important spectral regions are from 1600
to 1700 and around 2850 cm™.

SR in a part of the spectrum could be caused by low signal to
noise, high variance in the spectra uncorrelated to the target
variable, or the absence of biologically relevant spectral
information.

Wavenumbers between 1618 and 1634 cm™' have the
highest SR with the maximum occurring at 1628 cm™". This
area of the spectrum is part of the amide I band (1600 to 1700
cm™') which is sensitive to the protein concentration and

protein secondary structure. The central part of this range
(here marked with ) contains spectral signatures of a-helix
secondary structure amide backbones, as well as contributions
from turns and disordered proteins. The bands between ~1600
and 1634 cm™ (maximum at 1628 cm™) and between 1670
and 1700 cm™ (maximum at 1685 cm™') correspond to
proteins with a f-sheet secondary structure.”’~”" EYFP, the
protein used for the calibration of this model, has a f-barrel
structure;’> however, because the expression of EYFP is driven
by the cbhl promoter and EYFP is fused to the secretion signal
peptide, it should follow the same path and be colocalized with
CBHI, the most abundant cellulase,”> whose structure also
contains f-sheets.””> Furthermore, the presence of lactose
causes not only the expression of CBHI and EYFP but also of
other cellulases such as CBHII, EGLI, and EGLII and the
expression of some xylanases.”””* Of these, EGLI and the
major xylanase XYNII have structures which are mostly
composed of f-sheets.””’® Because PTIR would pick up a
signal from all the B-sheet containing proteins, this means that
proteins with this type of structure whose distribution
coincides with that of EYFP contribute to the model and are
in turn detected by it. Furthermore, as the literature suggests
that these cellulases and xylanases are significantly more
abundant than EYFP,”” we posit that our model is mainly
sensitive to these proteins, while EYFP only serves as a
necessary crutch to establish the regression.

The absorption band at 2850 cm™" also has a high SR. The
cellulases, xylanases, and the accompanying EYFP are the
proteins tagged for secretion with a signal sequence. During
translation or post-translation, the proteins carrying this
peptide sequence are translocated into the ER lumen where
they are modified (e.g, glycosylation) and folded to their
correct conformation with the help of chaperones. Correctly
folded proteins are then transported in vesicles to the Golgi
complex where they undergo further modifications and are
then placed in vesicles once again, this time bound for the
plasma membrane and, ultimately, the outside of the cell.”®
Thus, these proteins are surrounded at every step by lipid
membranes, either from the vesicles or from the ER or the
Golgi apparatus. This colocation of the enzymes with lipids
likely explains the high SR of CH, stretch vibrations at 2850
cm™ L Having thus established, that there are indeed local
differences in the protein concentration across the hypha and
that these are used to model the fluorescence intensity rather
than a spurious correlation with an unrelated latent variable or
even noise, the model was applied to a sample outside the
training set.

A second PTIR data set (testing set) was collected and
pretreated in the same way as the training set before applying
the model. The model yielded a slightly worse RMSE of 13%
of the maximum value for the testing set than was achieved for
the training set with a comparable distribution of residuals
(Figure 3). Because the RMSE did not have a large increase
from the training to the testing set, we can assume that the
model applies well to data which was not part of its training set
and that it is not overfitting. Hence, the model can be applied
to PTIR spectra outside its training set.

Using the testing set also allows to demonstrate one
important property of using PTIR to determine the local
fluorescence brightness: by collecting PTIR spectra in a grid, a
fluorescence image can be calculated using the PLS model that
closely matches the original fluorescence image (see Figure 4).
However, as PTIR has a significantly higher spatial resolution

https://dx.doi.org/10.1021/acs.analchem.0c02228
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Figure 3. Deviation of PLS regression from ground truth value. In the
optimum case, all points should lie on the diagonal line. Points above
or below the line correspond to over and underestimation of the
fluorescence by the PLS regression, respectively.
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Figure 4. Testing set: comparison of truth and model output. (a)
Fluorescence image of fungal hypha used for this data set and (b)
model output displayed over an AFM topography image.
Fluorescence values derived from single point PTIR spectra are
depicted as circles, and the hyperspectral PTIR image-derived
fluorescence image is depicted as grid of pixels. The grid lines show
the spacing of measurements, not the spatial resolution of PTIR. (c)
Bright-field image of the hypha.

(approximately 20 nm) than fluorescence microscopy, the
PTIR image here is significantly under sampled. This likely
explains some of the lack of fit in Figure 3 and part of the
RMSE, as small local differences in protein concentration are
picked up by the PTIR but not by fluorescence microscopy.
However, a PLS model with an appropriately chosen number
of components will still fit the general trend in the data set,

disregarding small deviations in a few measurement locations.

B CONCLUSIONS AND OUTLOOK

In this work, we demonstrated that PTIR spectroscopy and
multivariate modeling enabled spatially resolved determination
of the presence of proteins. The model was applied here to
determine the distribution of cellulases and xylanases that
contain f-sheets in a technologically relevant fungus, T. reesei.
Because of the well-established properties of mid-IR spectros-
copy,”” the procedure should translate well to other micro-
organisms and types of cells as well as to other properties
beyond distribution of proteins such as the presence of
inclusion bodies or metabolic imbalances in cells. The only
requirement for applying this technique is an external reference
that can be used to establish the chemometric model. The
calibration procedure could be improved through the use of
confocal fluorescence microscopy in future studies. It should
be noted, that while in this study, the label was expressed by
the microorganism together with the molecule of interest, this
is not strictly required.”* Therefore, label-free applications of
this method can be conceived. Furthermore, as recent works
have demonstrated PTIR measurements in aqueous media, "’
PTIR-based imaging of living microorganisms would appear to
be a promising endeavor.
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ABSTRACT

Chemical characterization
= Polymer analysis
= Nanoscale infrared spectroscopy

In this work, a reliable and time-saving protocol for the measurement of polymers using photothermal-induced
resonance (AFM-IR) at the nanoscale was developed and applied to 4 industrially relevant polymers: a
polypropylene-based reactor thermoplastic polyolefin (rTPO), linear low density polyethylene (LLDPE) for
molding and two recycled post-consumer polypropylene/polyethylene blends. In addition to the morphology
obtained through AFM, we were able to identify and image the major components of each polymer, including the
mineral fillers (talc and calcium carbonate) present in each blend using nanoscale spatial resolution infrared
imaging. The protocol developed allows the quick analysis and identification at the nanoscale of the major
components of a blend without having previous knowledge of the sample composition, a major advantage when
compared to other traditionally used imaging techniques such as TEM and SEM.

1. Introduction

Synthetic polymers are a success story: in a little over a century and a
half they have gone from a curiosity in the chemistry labs to being

S omnipresent in day-to-day life [1]. This takeover was driven by the
S advantages these materials have over traditional ones, such as their
3 lower price, lighter weight, versatility, and durability. Nowadays, in
< addition to improving performance of polymer materials, polymer

5 recycling and recyclability have gained in importance. For example, the

< European Union (EU) considers polymer recycling as an important piece
‘o of the circular economy action plan, a key element for the success of the
EI;J European green deal [2] as a way to both reduce the production of new
< polymers and the percentage of already existing polymers that become

-%waste. In contrast to recycling of inorganic materials polymer recycling

5 poses some additional challenges: there is a limit to the amount of
- recycling cycles a polymer can go through before it becomes waste, and
B the presence of contaminants can lead to undesirable blends [3,4].

5 The nano- and microscale structure and chemical composition of a
Zpolymer has great influence on its macroscale properties [5]. It is
@ therefore of great importance, to have methods that allow us to probe

e
I~ into this nano realm and obtain as much information as possible. This

ral thesis is available in print
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be analyzed by a variety of methods including mass spectrometry (often
hyphenated with chromatographic techniques) [6-8], X-ray diffraction
[9,10], transmission electron microscopy (TEM) [11,12], scanning
electron microscopy (SEM) [13-15], atomic force microscopy (AFM)
[16-18], Raman spectroscopy [19,20], and FTIR [21-23]. Although
these techniques provide a great deal of information, they cannot pro-
vide explicit chemical analysis at the nanoscale.

AFM-IR, also called PTIR, is a recent technique that allows for
infrared spectroscopy to be performed at the nanometer spatial resolu-
tion scale [24], a huge advantage when compared to the
diffraction-limited mid-IR microscopy which only achieves micrometer
spatial resolution [25]. AFM-IR uses the thermal expansion of the
sample area underneath the AFM tip caused by the absorption of radi-
ation from a pulsed wavelength-tunable IR laser to achieve spatial res-
olution significantly below the limit of diffraction.

For the chemical spectroscopist one of the most attractive features of
AFM-IR is that it provides spectra that compare well to conventional
FTIR absorption spectra, because both the FTIR and AFM-IR signals are
proportional to the wavelength dependent absorption coefficient of the
sample [26]. The thermal expansion is proportional to the absorbed
energy and causes changes in the deflection signal of the AFM cantilever.
The signal is thus detected in the near-field, which permits lateral res-
olutions of up to 20 nm in contact mode and ~10 nm in tapping mode

o information could provide valuable insights into the improvement of
=z recycling and manufacturing processes. The structure of polymers can
)
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ol S
(o] Ec * Corresponding author.
== £ ** Corresponding author.
o) E E-mail addresses: bernhard.lendl@tuwien.ac.at (B. Lendl), georg.ramer@tuwien.ac.at (G. Ramer).
omm .
m § https://doi.org/10.1016/j.polymertesting.2021.107443

0142-9418/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:bernhard.lendl@tuwien.ac.at
mailto:georg.ramer@tuwien.ac.at
www.sciencedirect.com/science/journal/01429418
https://www.elsevier.com/locate/polytest
https://doi.org/10.1016/j.polymertesting.2021.107443
https://doi.org/10.1016/j.polymertesting.2021.107443
https://doi.org/10.1016/j.polymertesting.2021.107443
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymertesting.2021.107443&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A.C.V.D. dos Santos et al.

[26,27]. The recent invention of tapping mode AFM-IR makes the
method more attractive for polymer analysis [28], as tapping mode
AFM-IR is better suited for the analysis of soft and heterogeneous sam-
ples (such as polymers), due to the cantilever resonance frequencies
being less susceptible to changes in the mechanical properties of the
sample when compared to resonance-enhanced contact-mode AFM-IR
[29]. This has enabled the application of AFM-IR to various types of
samples such as aerosol particles [30,31], semiconductors [32], drug
nanocarriers [27,33], metal organic frameworks (MOFs) [34], oil paints
[35], viruses [36,37], and cells and intracellular proteins [38-40].
Studies on polymers and their properties have also been reported,
namely on polymer structure [41-43], degradation [44-46], and
polymer-metal interfaces [47,48], among others.

AFM-IR has also been applied previously to polymers by Tang et al.
[49] in their first analysis of the nanodomains present in impact pro-
pylene copolymer (IPC) in 2016. In 2018, the researchers complemented
this analysis by concluding that the composition of the core in the

N core-shell rubber particle morphology typical of this polymer is depen-
@ dent on the polymerization conditions, and can be PE or PP [50]. Despite
© all of these studies, which are typically focused on answering highly
O specialized research questions there is still no established protocol for
2 routine reproducible AFM-IR measurements of polymers, a knowledge
,5 gap that this work intends to fill. We compiled a five step protocol that
= include guidelines from sample preparation to interpretation of results.
= This protocol is then applied to a range of common commercial poly-

'_

+z mers of the most produced polymer group in Europe in 2019, polyolefins

= [51]. These include a reactor thermoplastic polyolefin (rTPO), LLDPE,

5 and two recycled PP/PE blends.
= Reactor thermoplastic polyolefins (rTPOs), also known as impact
© copolymers or heterophasic copolymers, consist of a hard semi-
E crystalline PP or PE matrix and a soft component such as ethylene-
@ propylene  rubber (EPR) [52]. 1TPOs are produced by
© co-polymerization of different monomers in several reactors, resulting in
g a polymer alloy with smaller size of evenly distributed rubber crystals
'@ and improved impact strength when compared to those produced by
< melt compounding [53,54]. It is important to find balance between
< improving the impact strength and other potentially desirable properties
é such as stiffness, heat deflection temperature and toughness. One way to
S achieve this is through the addition of mineral fillers, which can be
g further fine-tuned by adjusting the concentration and particle size [55].
€ rTPOs are commonly used in the automotive industry as bumpers and
‘S battery cases [56].
S  Linear low density polyethylene (LLDPE) has a long linear backbone
‘® and randomly distributed short side chain branches [52]. LLDPE has
@ higher tensile strength, impact strength, tear resistance, and puncture
S resistance than low-density polyethylene (LDPE) and has found wide-
'%,spread use in injection molding and blow molding, as well as in films,
'S packaging, cable insulation, and tubing, among others [57-59].
g In this work, we take a systematic approach to the analysis of poly-
2 mers using AFM-IR and present a protocol that leads from an unknown
& polymer sample to knowledge of its general nanoscale characteristics in
© one measurement. Care is taken to ensure that the chemical images
© 2 obtained are not affected by topographic cross-talk. We demonstrate the
O = validity of our protocol by applying it to four commercially available
# samples and obtaining the chemical distribution of not only its phase
domains (when present) but also of the distribution of the mineral fillers
and other components. In the recycled post-consumer polymers
analyzed it was possible to characterize in detail various phases present.
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2. Experimental

2.1. Materials
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Hifax CA 7442A from LyondellBasell, a commercially available
polypropylene rTPO, and LL 6101 from ExxonMobil, a commercially
available LLDPE were provided by Omya. Furthermore, two
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« Identify main characteristics
« Identify 1 (or more) wavenumber
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« Tapping mode
« |dentify area of interest
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* Select relevant wavenumbers

— Repeat
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* Image selected wavenumbers
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=

Fig. 1. Protocol for AFM-IR measurements of unknown polymer samples. Steps
3. and 4. can be repeated, if necessary, to obtain optimal chemical imaging.

commercially available recycled PP/PE copolymers containing different
mineral fillers from the Skyfil product line were provided by PreZero
Polymers: Skyfil 1 (06 MT05C15) and Skyfil 2 (06HHO06T10).

2.2. ATR-FTIR measurements

ATR FTIR measurements were performed on a Bruker Tensor 37
equipped with a Platinum ATR accessory. The spectra were collected by
averaging 8 spectra with 2 cm ™ resolution.

2.3. Sample preparation

The samples were ultra-cryomicrotomed at —100 °C on a Leica EM-
UC7 equipped with a Leica EM FC7 cryochamber or on a PowerTome PC
with CR-X cryosectioning system (Boeckeler Instruments), and the
resulting sections were placed on ZnS substrates (13 mm diameter x 1
mm thickness from Crystran).

2.4. AFM-IR measurements

All AFM-IR measurements were carried out using a Bruker nano-IR
3s coupled to a MIRcat-QT external cavity quantum cascade laser
array (EC-QCL) from Daylight Solutions. Spectra covering the range
from 910 cm™! to 1650 cm ™! were obtained using AFM-IR in tapping
mode with a heterodyne detection scheme. The measurements were
obtained while driving the cantilever at its second resonance frequency
(f2 ~ 1500 kHz) and demodulating the AFM-IR signal at the first reso-
nance frequency (f; ~ 250 kHz) using a digital lock-in amplifier (MFLI
from Zurich Instruments). The laser repetition rate was set to fi, = fo—f1
~ 1300 kHz. The cantilevers used were gold coated with nominal first
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free resonance frequencies of 300 + 100 kHz and spring constants be-
tween 20 and 75 N/m (Tap300GB-G from BudgetSensors). The laser
source operated at 10% duty cycle and 14.8% power (before beam
splitter). For each location, 3 spectra were recorded at 1 em ™! spectral
resolution. The instrument and all beam paths were purged with dry air
generated by an adsorptive dry air generator.

2.5. Data processing

Recorded AFM-IR spectra were averaged by location, normalized to
the maximum value in the range between 1400 cm ! and 1500 cm ™!
and smoothed using a Savitzky-Golay filter (9 points, first order).

The shift between chemical images was corrected using sub pixel
registration via phase cross correlation based on their simultaneously
recorded topography counterparts as reference. Calculations were per-
formed using the phase cross correlation implementation in the scikit-
image package for Python 3 [60].

3. Results and discussion

Key to reproducible and routine AFM-IR polymer characterization is
a protocol that can be applied to a wide range of polymer samples. The
protocol developed in this study is presented in Fig. 1.

3.1. Bulk ATR spectra (step 1)

The first step of this protocol entails gaining a general mid-IR spec-
troscopic understanding of the sample. In this study, we chose to take
single bulk ATR spectrum to get an overview of the bands present in
each material. However, if there are other established sources of infor-
mation (prior experience, band assignment tables, reference spectra)
they can be used instead. Taking a new spectrum of each material is thus
optional but recommended, The information obtained will also prove
useful in the final optimization steps necessary to start an AFM-IR
measurement when using an EC-QCL array, where knowledge of ab-

sorption bands in different regions of the spectrum (one for each EC-QCL
chip used) is necessary for the final alignment of the mid-IR laser source.
Due to the vastly different spatial resolutions achieved in far field IR and
AFM-IR, we have found no advantage in taking care to image the same
sample area using a far field IR microscope.

3.2. Topography (and phase) images (step 2)

Sample preparation is a critical step to ensure a successful mea-
surement. The polymer samples should be cut with an ultra-(cryo)
microtome below their glass-transition temperature (to avoid smearing)
into sections with a submicron thickness, as in thicker sections signal
saturation may occur [61]. Furthermore, the choice of a reflective sub-
strate (e.g., gold) will have a wavelength-dependent influence on the
spectra obtained [61], therefore, we recommend the use of
non-reflective IR transparent substrates, such a CaFy or ZnSe. These
substrates are available commercially as optical windows. The initial
part of an AFM-IR measurement is a topographic AFM measurement. For
polymer samples tapping mode is preferred over contact mode, since it
reduces the possibility of sample damage due to weaker tip-sample in-
teractions [62].
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3.3. Full range AFM-IR spectra (step 3)

Once a region of interest is chosen and an AFM image is obtained, the
ext step is to obtain several AFM-IR spectra in a grid. In this work we
ave used 4 x 4 grids covering the 10 pm x 10 pm areas imaged, an
example of which can be found in Appendix A. This allows us to quickly
estimate whether certain bands are present everywhere or only in
certain locations. If there are further points of interest visible in the
topography, additional spectra can be obtained before selecting which
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Fig. 2. Comparison of bulk ATR spectra (top row) and AFM-IR spectra (bottom
row) obtained in different locations for LLDPE (a,c) and rTPO (b,d). The AFM-
IR spectra are normalized to the 1459 cm ™! band intensity.
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Fig. 3. Comparison of bulk ATR spectra and AFM-IR spectra obtained in
different locations for (a), (c), (e) Skyfil 1 and (b), (d), (f) Skyfil 2. (c) and (e),
and (d) and (f) correspond to the same spectra but with different scales. The
AFM-IR spectra are normalized to the 1459 cm ! band intensity. (*) The peak at
1263 cm ! is present in all the samples analyzed and has been attributed to
silicone oil contamination of commercial AFM cantilever tips [66].

wavenumbers to image. The wavelength selection process can vary
depending on prior knowledge and sample complexity. For simpler
samples (with only a few major components) the identification of the
wavenumbers of interest is straightforward. Fig. 2 and Fig. 3 are ex-
amples of such selections. However, more complex samples may require
chemometric analysis such as clustering or PCA to facilitate the identi-
fication of the main features. Examples of the application of chemo-
metrics to the analysis of polymer samples using FTIR are abundant and
demonstrate the versatility and usefulness of such approach [63-65].
Figs. 2 and 3 illustrate how the selection of relevant wavenumbers can
be performed. In the case of LLDPE (Fig. 2, (a) and (c)) the advantage of
AFM-IR over bulk FTIR is clearly visible, as from spectra obtained in two
distinct locations it is possible to separately identify the polymer itself
(orange), and CaCOg (blue) with a peak at 1427 cm ™, the filler. Also, for
the rTPO (Fig. 2, (b) and (d)) it is possible to separate locations with
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higher and lower PE content by comparison of the relative heights of the
1459 cm ™! (corresponding to the scissor vibration of ~CHy groups with
contributions from asymmetric deformation vibrations of -CHg groups)
and 1376 cm™! peaks (corresponding exclusively to the CHs group
symmetric vibration band). Moreover, it is also possible to single out
locatllons where talc is present (absorption at 1021 ecm ™! and 1046
cm™ ).

In the case of the recyclates, Skyfil 1 and Skyfil 2 (Fig. 3), the spectra
re, as expected, more complex. These recyclates are mixtures of post-
consumer and post-industrial materials and contain no virgin material.
Both contain talc (1021 em ™) and CaCOs (1416 cm™ ). As with rTPO it

is possible to see differences in PE content for both. An additional band
at 1583 cm ™! was found in one location which is hardly visible in the
bulk FTIR.
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3.4. Chemical imaging (step 4)

Once a list of wavenumbers of interest has been compiled, images are
taken at each of them (Fig. 1, step 4). Since the AFM-IR signal is trans-
duced as AFM cantilever oscillations that can also be induced or
modulated by processes independent of the infrared absorption and laser
intensity, it is important to ensure that the AFM-IR amplitude is signif-
icantly above the level of such artifacts. A facile way to ensure this is to
collect a “mock” AFM-IR image with the laser beam blocked. An
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Fig. 4. Topography and chemical maps of the analyzed samples for selected wavenumbers for each of the analyzed samples. Purple corresponds to the ratio of the
bands corresponding to deformation vibrations of CH, and symmetric deformation of CH; groups; Red and blue correspond to the presence of talc; Yellow to CHy
deformation vibrations; Green indicates the presence of CaCOs. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

example of this can be found in Appendix A. Any features that appear in
these mock images that have a magnitude similar those found in actual
images point towards issues in the experimental setting (e.g. insufficient
tracking of the surface). The image and image ratios obtained from the
samples analyzed in this work are presented in Fig. 4. Steps 3 (wave-
length selection) and 4 (imaging) may be repeated if some new char-
acteristic is revealed during the imaging that justifies a return to step 3.

3.5. Post-processing (step 5)

The final step involves the interpretation of the acquired data. For
single wavelength images, direct interpretation without preprocessing is
possible if the signal amplitude for a given wavelength is close to zero
everywhere except for a few spots with high absorption. If, however, the
imaged wavelength is absorbed in large parts of the image, then eval-
uation should only be performed via band ratios or multivariate che-
mometric methods [38,40,67]. Otherwise, the contrast in the image
might be dominated by changes in the contact stiffness or the local
thermal and mechanical properties rather than absorption. Band ratios
are calculated by dividing the pixel values in a chemical image taken at
one wavenumber by those measured for another wavenumber. The
result is an image that shows the relative changes of the absorption at
both signals. The ratio should be unaffected by wavelength independent
sample properties, as these are independent of the wavelength.
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"~ Multivariate methods combine information from a large number of
© wavelengths via algorithms to either find common trends (e.g., phases)
= in the data set or to perform quantitation in complex mixtures. A large
z number of such methods have successfully been applied to mid-IR im-
‘v aging data, however, the choice of method for a given problem as well as
.0 the required preprocessing of data and tuning of hyperparameters is
7 . . . . . .

@ beyond the scope of this article. In this article band ratios (Fig. 4, purple)
*~ will be used to aid interpretation.

Independent of whether band ratios or multivariate methods are
‘G used some pre-processing is necessary. As the AFM is subject to thermal
3 drift and measurement times for multiple images typically are several
g hours, images obtained in succession without intentionally moving the
.~ sample position show lateral shifts of the sample position. This can be
g problematic when multiple single wavelength images are combined. For
.% example, band ratios offsets can result in artificially high or low values
o at the interfaces between phases. Since AFM-IR always acquires an AFM
~ topography image concurrently with the chemical image, the sample
< topography can be used for correcting sample drifts. The images in Fig. 4
S were corrected/registered by using cross correlation in the Fourier
© domain to determine the shift [68] via the scikit-image python package
O [60].

After alignment, we calculate the logarithm of the ratio of CH3 (1376
crn’l) and CH, (1466 cmlor 1455 cm’l) groups intensity and the
reveal the distribution of PP and PE in each sample (taking the logarithm
ensures that doubling of the intensity in the numerator will lead to an
equal but opposite change of the value as a doubling of the intensity of

the denominator).

e in print at TU Wien Bibliothek.
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3.6. Interpretation

Below we apply our protocol to several commercial polymers to
demonstrate the level of information it can provide.

TPO. For rTPO the CH3/CH; ratio (Fig. 4, purple) allows for a clear
visualization of the EPR component (white) inside of the propylene
matrix (purple). The core-shell morphology of the rubber particles
previously described in literature is well visible with the rigid PP cores
inside the rubber particles appearing as purple dots inside the white
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Fig. 5. Topography and chemical maps for further selected wavenumbers for the two recycled samples.

rubber [50]. Most interestingly, the distribution of the filler, talc (1021
em ™! and 1046 cm™?) is revealed which is not immediately apparent
from the topography image: the larger filler particles in this area are
present at or close to the interface between PP and EPR (an overlay
image for clearer visualization is presented in Appendix A). This could
mean that in addition to the nucleating effect and improved impact
strength, talc also plays a role in improving the miscibility of PP/EPR
blends. Such an effect has been previously observed for talc filled
thermoplastic polyurethane/PP blends [69].

LLDPE. In the topography image of the LLDPE sample there are two
main features: banded spherulites and a larger particle which IR analysis
identifies as CaCO5. Unsurprisingly for a homopolymer, the 1376 cm™!
to 1466 cm ™! ratio shows no large variations (note that the color bar for
the log ratio only covers a delta of 0.2 whereas for the other samples it is
three to four times as large) and no particular structures, with the
exception of the CaCO3 particles which appear in white. This is due to
the CaCO5 band being broad and thus contributing to the 1466 cm™!
band and not due to the presence of a different polymer as is the case for
rTPO. This effect is identifiable by comparison of the AFM-IR spectra
taken in these locations, as well as by comparison of the 1466 cm ™! and
1427 cm™! absorption maps, the latter being exclusively due to the
presence of CaCO3. CaCOj is a common filler for LLDPE to reduce melt
processing instabilities and increase the tensile yield stress [70,71].

Recyclates. The main distinction between Skyfil 1 and Skyfil 2 is the
amount of PE present (approximately 35% PE for Skyfil 1 and 20% for
Skyfil 2 according to data provided by PreZero) which is visible when
comparing the ratio images for the two recyclates (Fig. 4). As with the
LLDPE, care needs to be taken when interpreting the whitest areas of the
ratio images. These correspond to CaCOs particles (as seen in the 1416
cm ™! images) and not to PE rich areas. Nonetheless it is possible to see
phase separation between the PE and PP components in Skyfil 1. Both
polymers contain talc, as well as CaCOs, even though according to in-
formation provided by PreZero Polymers, only CaCO3 was intentionally
added to Skyfil 1 and talc to Skyfil 2 during the manufacturing process.
The amount of filler in recycled samples is thus dependent on the waste
material used and may vary, potentially affecting the properties of the
final product. For the recyclates an additional band detected in the AFM-
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IR spectra was imaged: 1583 cm™! (Fig. 5). Although the band was
barely detectable in the bulk FTIR spectra it is widely distributed in both
recyclates. In Skyfil 1 it is present as small spots whereas in Skyfil 2 it
appears to have a smoother distribution. Since these materials derive
from post-consumer plastics they may contain numerous constituents
both from the original material (antioxidants, plasticizers, etc.) as well
as contaminants picked up during their “former lives” making the
identification of what causes this band a challenge. Nonetheless the
1583 band most likely arises from C—C stretching vibration, indicating
the presence of unsaturated compounds.

4. Conclusion

A protocol for the fast and reliable identification of the nanostructure
and chemical composition of unknown polymer samples is described.
Four different commercially polymer samples (two made from virgin
materials and two recyclates) were analyzed using the developed pro-

N tocol. This allowed for the mapping of the distribution of the core-shell
[ rubber particles in the rTPO and the filler distribution in LLDPE. For the
'© two recyclates it was found that both contain talc and CaCO3 as fillers,
© owing to their previous presence in the waste material. Furthermore, the
presence of unsaturated compounds was detected and mapped in both of
© them.
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Nanoscale chemical characterization of a
post-consumer recycled polyolefin blend
using tapping mode AFM-IR¥

A. Catarina V. D. dos Santos, ' @ Davide Tranchida,” Bernhard Lendl ") *® and

Georg Ramer (2 *2

The routine analysis of polymer blends at the nanoscale is usually carried out using electron microscopy
techniques such as scanning electron microscopy (SEM) and transmission electron microscopy (TEM),
which often require several sample preparation steps including staining with heavy metals and/or etching.
Atomic force microscopy (AFM) is also commonly used, but provides no direct chemical information
about the samples analyzed. AFM-IR, a recent technique which combines the AFM’s nanoscale resolution
with the chemical information provided by IR spectroscopy, is a valuable complement to the already
established techniques. Resonance enhanced AFM-IR (contact mode) is the most commonly used
measurement mode, due to its signal enhancement and relative ease of use. However, it has severe draw-
backs when used in highly heterogenous samples with changing mechanical properties, such as polymer
recyclates. In this work, we use the recently developed tapping mode AFM-IR to chemically image the
distribution of rubber in a real-world commercially available polyethylene/polypropylene (PE/PP) recycled
blend derived from municipal and household waste. Furthermore, the outstanding IR resolution of
AFM-IR allowed for the detection of small PP droplets inside the PE phase. The presence of micro and

rsc.li/analyst

Introduction

Plastic waste and its improper disposal are environmental
hazards whose consequences are visible, but not yet fully
understood (ex. effect of microplastic contamination).'™ As
the production of polymer materials is increasing, and both
long term storage in landfills and incineration are wasteful
and hazardous to the environment, only plastic production
from polymer waste (recycling) can reduce plastic waste.®’
However, waste plastics can contain contaminants or additives
from their “previous lives” that can hinder the recycling
process and lead to lower quality products when compared to
virgin plastics.®° For example, the presence of other polymer
types in the final blend can lead to a degradation of the
mechanical properties, especially when these are immiscible."
This can be particularly challenging when managing originally
heterogeneous feedstock, made of different polymers.

“Institute of Chemical Technologies and Analytics, TU Wien, 1060 Vienna, Austria.
E-mail: georg.ramer@tuwien.ac.at, bernhard.lendl@tuwien.ac.at

bBorealis Polyolefine GmbH, 4021 Linz, Austria

tElectronic supplementary information (ESI) available: AM-FM AFM images,
AFM-IR spectra, dendrogram and raw data. See DOI: https://doi.org/10.1039/
d2an00823h

This journal is © The Royal Society of Chemistry 2022

nanoscale particles of other polymers in the blend was also established, and the polymers identified.

Furthermore, the better the sorting of shredded plastics, the
higher the cost of recycling, and this approach may be ineffi-
cient in cases like multilayer packaging'” or even in the case of
homogeneous plastic waste which is mixed together during
waste collection.’®'* Therefore, heterogeneous recyclates that
retain desirable mechanical properties may have a cost advan-
tage over other single-polyolefin recyclates in similar appli-
cations due to the minimal sorting required."®

Polyethylene (PE) and isotactic polypropylene (PP) are two
polyolefins that are immiscible with each other despite their
structural similarity, and whose blend morphology varies with
the blend composition."® PE/PP blends generally suffer from
low interfacial adhesion and the resulting mechanical pro-
perties make them unsuitable for higher value
applications.'”*® Several compatibilizers have been tested to
improve the miscibility of PE and PP, and a comprehensive
review can be found in literature.'® These include ethylene pro-
pylene rubber (EPR), ethylene propylene diene monomer
rubber (EPDM), and styrene-b-(ethylene-co-butylene)-b-styrene
(SEBS).>°*> Common methods employed to analyse a poly-
mer’s micro- and nano-scale morphologies are scanning elec-
tron microscopy (SEM), transmission electron microscopy
(TEM), and fluorescence confocal microscopy.’***** These
methods have some disadvantages such as extra sample prepa-

Analyst, 2022,147, 3741-3747 | 3741
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ration steps (chemical etching, staining with heavy metals) in
the case of electron microscopy or the need to label with fluo-
rescent molecules in the case of confocal fluorescence
microscopy.'>***® Furthermore, all of the previously men-
tioned studies used either virgin polymer blends prepared
specifically for the study, or blends where only the PE and PP
components came from a waste stream, thus reducing the
uncertainty of composition associated with fully recycled
blends.

However, when the composition of recyclates is uncertain,
established staining protocols might not be enough to fully
understand the phase composition at the nanoscale. Here,
AFM-IR (also known as photothermal infrared spectroscopy
(PTIR)) provides an alternative approach towards the mor-
phology characterization of recycled polymer blends. AFM-IR
is a near-field technique that provides chemical identification
via IR spectroscopy at lateral resolutions as small as ~#10 nm in
tapping mode.>* This resolution is achieved because the signal
detection occurs in the near-field, and is thus not diffraction
limited. In AFM-IR, the thermal expansion of the sample
caused by the absorption of radiation from a pulsed wave-
length-tunable IR laser is detected by the AFM tip, and it is
proportional to the absorbed energy.>® As is the case in bulk
infrared spectroscopy, the AFM-IR signal is proportional to the
wavelength-dependent absorption coefficient,>® meaning that
AFM-IR benefits from the long established spectra-structure
correlations known to infrared spectroscopy. AFM-IR has
found applications in geology,”®*” environmental analysis,”*>°
material,>*>*! and life sciences.

Previous AFM-IR studies on the morphology of virgin high-
impact PP and virgin PP/PE/EPR blends were carried out using
contact-mode AFM-IR.**° In contact mode AFM-IR - specifi-
cally the more sensitive “resonance enhanced” implemen-
tation - the laser repetition rate is set to match a mechanical
contact resonance of the cantilever, which leads to an
enhancement of the signal when compared to the older ring-
down mode.*® In this reliance on contact resonances lies also
one of the down-sides of resonance enhanced measurements,
particularly during imaging: local changes in the sample’s
mechanical properties lead to changes in the resonance fre-
quency, which in turn leads to changes in the signal ampli-
tude. To circumvent this problem, the measurement is either
conducted off resonance (forgoing the resonant enhance-
ment),"" by chirping the laser repetition within a likely range
of the resonance (ie. trading some sensitivity for accurate
tracking of the resonance),*” or with the help of a phase
locked loop (PLL) that tracks the changes in resonance fre-
quency and adjusts the driving frequency/laser repetition rate
accordingly.*?

It has long been recognized that tapping mode AFM, ie. a
mode where the AFM tip is driven to oscillation and the tip
oscillation amplitude is used as feedback for the cantilever
sample distance, is more adept than contact mode AFM for
the analysis of soft materials (such as polymers).**** Tapping
mode AFM eliminates lateral tip-sample forces which can
damage or deform the sample and the high vertical speed of

32-35
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the tapping tip leads to an increased apparent stiffness of
viscoelastic samples.*®*”

Like resonance enhanced AFM-IR, the recently introduced
tapping mode AFM-IR,*® also relies on mechanical resonance
for signal enhancement, but in tapping mode the resonance
frequency of the cantilever is less sensitive to changes in the
sample’s mechanical properties.*”>® This means there is no
need to track the resonance frequency, thus reducing the com-
plexity of the experiment. Additionally, tapping mode has a
better resolution than contact mode (10 nm vs. 20 nm), due to
the reduced interaction time between the tip and the
sample.’® For these reasons, tapping mode AFM-IR is better
suited for the analysis of heterogeneous polymer samples with
unpredictable changes in mechanical properties. Since this
technique is still relatively recent, there are, to the best of our
knowledge, no published tapping mode AFM-IR studies on
polymers, with the exception of a protocol recently developed
by our group.”® In this work, we go beyond the straightforward
application of tapping mode AFM-IR to a polyolefin material
by using tapping mode AFM-IR to study the phase distribution
and the interphase between PE/PP in a commercially available
PE/PP recyclate blend. The analysed sample derives from a
post-consumer waste stream containing PE, PP, and a rubber
component. Thus, in contrast to previous investigations of
polymer interfaces using AFM-IR, we are not studying a tightly
controlled material made specifically for AFM-IR analysis but a
real-world sample that contains variations in composition as
well as an unknown amount of contaminants and fillers.
Using tapping mode AFM-IR for recording spectra and images,
and chemometric models for data analysis, we are able to
locate the rubber component at the interface of the PE and PP
and to detect the presence of other polymer contaminants.
The AFM-IR data obtained through spectra and chemical
images are in agreement with each other, and with data
obtained from conventional methods (SEM and soluble frac-
tion analysis), thus demonstrating that AFM-IR is a valuable
tool for the nanoscale analysis of recycled polymer blends.

Experimental
Materials

The material studied in this work is a polyolefin mix recyclate,
originating from pre-sorted municipal and household waste,
and mechanically recycled. Given the origin of the feedstock
used to produce this material, market average content of
additional components (e.g. EPR rubber, fillers, additives) is to
be expected.

SEM measurements

Samples were imaged with a ThermoFischer Apreo 2 SEM after
RuO, staining. The specimen was first cut under cryo-con-
ditions (—100 °C) using an ultra-cryo-microtome Leica
EM-UC7. RuO, was produced during the staining procedure by
mixing RuCl; with an aqueous solution of NalO,. A staining
time of 6 hours at room temperature was used. To remove

This journal is © The Royal Society of Chemistry 2022
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over-stained material,
performed.

a second microtome cutting was

Soluble fraction analysis

The crystalline (CF) and soluble fractions (SF) as well as the
comonomer content of the respective fractions were measured
by Crystex (crystallisation extraction) method on a Polymer
Char Crystex 42 instrument as described in literature.”

Sample preparation for AFM-IR

The samples were ultra-cryomicrotomed at —100 °C on a Leica
EM-UC7 equipped with a Leica EM FC7 cryochamber and the
resulting sections were placed on ZnS substrates (13 mm dia-
meter x 1 mm thickness from Crystran).

AFM-IR measurements

All AFM-IR measurements were carried out using a Bruker
nano-IR 3s coupled to a MIRcat-QT external cavity quantum
cascade laser array (EC-QCL) from Daylight Solutions. Spectra
covering the range from 910 cm™" to 1950 cm™" were obtained
using AFM-IR in tapping mode with a heterodyne detection
scheme. The measurements were obtained while driving the
cantilever at its second resonance frequency (f, ~ 1500 kHz)
and demodulating the AFM-IR signal at the first resonance fre-
quency (f; =~ 250 kHz) using a digital lock-in amplifier (MFLI,
Zurich Instruments). The laser repetition rate was set to f;, = f,
— f1 = 1300 kHz. The cantilevers used were gold coated with
nominal first free resonance frequencies of 300 + 100 kHz and
a nominal spring constant between 20 and 75 N m™'
(Tap300GB-G from BudgetSensors). The laser source operated
at 10% duty cycle and emitted laser pulses of up to 500 mW
peak pulse power. Using metal mesh attenuators, the laser
power was adjusted to between 39.66% and 49.6% of the orig-
inal power (before beam splitter, nominal splitting ratio 1:1).
For each location, 3 spectra were recorded at 1 cm™ " spectral
resolution. The instrument and all beam paths were purged
with dry air generated by an adsorptive dry air generator.

Data pre-processing

Recorded AFM-IR spectra were averaged by location, normal-
ized individually to the unit norm in the range between
1400 cm™" and 1500 cm™' and smoothed using a Savitzky-
Golay filter (9 points, first order).

The shift between chemical images was corrected using sub
pixel registration via phase cross correlation based on their
simultaneously recorded topography counterparts as reference.
Calculations were performed using the phase cross correlation
implementation in the scikit-image package (v0.18.1) for
Python 3.%?

Chemometric analysis

Modelling was performed using the scikit-learn (v0.24.2)
machine learning library for Python 3.%*

The averaged and smoothed spectra were clustered using
an agglomerative clustering model with 3 clusters.

This journal is © The Royal Society of Chemistry 2022
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The analysis of the chemical images was performed using a
Gaussian mixture model with 3 components and 5 iterations.

Results & discussion

The post-consumer polyolefin mix recyclate derived from
municipal waste investigated in this study was analyzed using
soluble fraction analysis, AFM-IR, SEM, and AM-FM AFM.

Bulk characterization of the material was carried out by
soluble fraction analysis (results shown in Table 1). The
soluble fraction analysis used in this study allows for the deter-
mination of the amorphous content and for the analysis of the
ethylene content in each of the obtained fractions.”® The
soluble fraction (Table 1) corresponds mostly to the rubber
content present in the sample (amorphous content), which
has a total ethylene (C2) content of 46.6%. This fraction could
correspond to the rubber compatibilizers EPR, EPDM, or SEBS
which are expected to be present at the interface between the
PE and PP phases, but further analysis is required to deter-
mine which one of them is present in our recyclate.

The first AFM-IR measurements were collected from a
10 pm x 10 pm area of a sample section obtained through
cryo-microtomy. After an analysis of full AFM-IR spectra
obtained, images using tapping mode AFM-IR were recorded
at 1377 em™, 1462 cm™*, 1640 cm ™%, and 1724 cm™*. The spec-
trum of PE in the region from 950 cm™" to 1950 cm™" is domi-
nated by the strong band at around 1468 cm™" corresponding
primarily to the scissor bending of the CH, groups.>® In the
case of PP, in addition to the CH, scissor band at 1458 cm™*
with contributions from the CH; asymmetric deformation
vibration, a strong band at 1378 cm™" that originates from the
symmetric deformation of CH; groups is also present.>® The
images obtained were drift-corrected as described in litera-
ture,”* and the logarithm of the ratio of CH; (1377 em™") and
CH, (1462 cm™") was calculated and is shown in Fig. 1(b). The
ratio of CH;/CH, allows us to visualize the distribution of PE
(white) and PP (purple) in the sample and reveals the presence
of droplets inside the larger PE domains that are similar to the
outer PP phase. This morphology is peculiar because, in a
system with roughly 50%/50% content of PP and PE (Table 1),
one would expect a co-continuous phase morphology, made of
two distinct PE and PP phases. Instead, probably during the
extrusion part of the mechanical recycling process, the two
materials are made to mix very intimately and small domains
of PP are present in the PE phase. This is a new finding, since
the size of these domains is not accessible to conventional
Fourier transform infrared spectroscopy (FTIR) microscopes.

Table 1 Soluble fraction analysis of the material used in this study

SF (%wt)®  C2total (%wt)”  C2in SF (%wt)°  C2 in CF (%wt)?

8.5 47.6 46.6 48.4
“Soluble fraction. ” Total ethylene content. °Ethylene content in the

soluble fraction. ¢ Ethylene content in the insoluble fraction.

Analyst, 2022,147, 3741-3747 | 3743


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2an00823h

idhisrartiels dslicgnsedamder al Ereptive Gemmming;Atibution 3.0 Yaported Licence.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

Open Access Article. Published on 12 July 2022. Downloaded on 7/28/2023 8:47:26 AM.

Die approbierte gedruckte (

M Sibliothek,
Your knowledge hub

Paper
a b
Topograph logio(I[1377 cm~1)/I[1462 cm™?!
pography {466 [ AL i 1 i
£ -
E —
™ £ £
= =&
= a =
5 g
ENT I
-150 -0.87
C
1640 cm™!
250 50
> >
s E £
[} [}
T° ©
3 3
= -
= =
E £
[ ©
L -3
> = =
o r
o < <
[ o

Fig. 1 Topography (a) and chemical maps (10 x 10 pm). (b) Ratio of the
bands corresponding to deformation vibrations of CH, (1462 cm™) and
symmetric deformation of CHs groups (1377 cm™). (c) Chemical map
obtained at 1640 cm™, corresponding to the distribution of polyamide.
(d) Chemical map obtained at 1725 cm™, corresponding to the distri-
bution of polyurethane.

The existence of patches with different properties can be
observed in standard AFM images, however it is not possible
to link this observation to chemical information.

Droplets of small size crystallize in a different fashion com-
pared to the bulk material,”” and therefore it is not yet known,
what are the properties of these very small PP inclusions into
the PE phase, or the implications they may have on e.g.
mechanical properties. A previous study by Tang et al. had
described the crystallization of PP-rich-sequences of EPR in
the core-shell morphology of the rubber.*® These findings
differ from ours because not only was the material used
different (commercially available recycled polyolefin mix vs.
special grade high-impact poly-propylene), but also our results
indicate that the small particles are PP and not just PP-rich
sequences of EPR. This is supported by amplitude modu-
lation-frequency modulation AM-FM AFM measurements
(Fig. S1t) which reveal that the inclusions in the PE phase
have the same Young’s modulus as the PP matrix. If these par-
ticles were composed of PP-rich EPR sequences, then the
Young’s modulus should be lower, since these sequences
would not crystalize as well as isotactic PP.>’

The images obtained at 1640 cm™" (Fig. 1(c), red) reveal the
presence of several polyamide (PA) particles. The obtained full-
length spectrum in an area with predominantly only
1640 cm™" (Fig. S2, orange spectrum) is in accordance with
FTIR spectra of PA found in literature.”® The image at
1724 cm™" likely shows the presence of polyurethane (PU),
since AFM-IR spectra obtained in an area with 1724 cm™"
absorption but no 1640 cm™" absorption (see Fig. S2,t blue
spectrum) show a band at 1602 cm™, as described in litera-
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ture.’® In some locations there is absorption at both
1640 cm™ and 1724 cm™. In this case it is not entirely clear
whether this is due to the presence of polyurethane or
degraded PA,* because the higher signal produced by the PA
may be covering up the polyurethane 1602 cm™" signal, as
indicated by the spectra in Fig. S2.f The PA and PU particles
have sizes ranging from several microns to 200 nm (Fig. S37).
Information on the nature and size of contamination in recy-
clates is relevant, because the presence of other polymers that
were not fully separated during the sorting process in the
blend can be detrimental to the overall mechanical pro-
perties.®" Furthermore, it showcases the advantages of AFM-IR
analysis as a technique that allows for the chemical identifi-
cation of nano-scale impurities and their distribution in the
analyzed samples without prior knowledge of said impurities.

To localize and identify the amorphous fraction detected in
the soluble fraction analysis (Table 1), further AFM-IR images
were collected in a smaller area of the same location (1.5 pm x
1.5 pm), which can be seen in Fig. 2, as well as full spectra in a
grid format close to the interface and in a line over the PP
inclusion (Fig. 3(a)). The CH;/CH, ratio image (Fig. 2(b))
shows an intermediate color at the PP/PE interface, which
hints at the presence of a component with intermediate ratio
values, i.e. the rubber.

However, to see the rubber interface, we need to combine
information from more than just two wavelengths. To facilitate
this task given the amount of data collected, two multivariate
chemometric methods, hierarchical cluster analysis (HCA) and
Gaussian mixture, were applied to the spectra and to the IR
images respectively. For the analysis of the IR images, a
Gaussian mixture model was chosen, since HCA is not optimal
for the handling of large datasets due to its O(n®) complexity
(n is the number of samples). Fig. 3 shows the superposition
of the Gaussian mixture image and the position of the spectral
HCA clusters, as well as a combined plot of the average HCA
cluster spectra and the average values of each Gaussian
mixture subpopulation. The dendrogram obtained for the HCA
is shown in Fig. S4.f The two different methods and ways of
obtaining AFM-IR data are in agreement and support the
hypothesis that the rubber is present at the interface. In the
spectra, HCA clearly identifies the PP and PE components, as
well as a third component (Fig. 3(a), yellow dots). This com-

a b
Topography logao(1[1378 cm~11/1[1462 cm~1]) —_

height / nm
Iog(lc"‘) /1
Ien,

=130 -0.72

Fig. 2 Topography (a) and band ratio (b) of the bands corresponding to
deformation vibrations of CH, and symmetric deformation of CHsz
groups (1.5 ym X 1.5 ym).
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ponent has a band at 1378 em™" (yellow) with an intermediate

intensity compared to the correspondently higher PP (grey)
and lower PE (pink) bands. The same trend is visible in the
Gaussian mixture model (Fig. 3(b)). Here it is possible to once
again see the distribution of PE and PP, which is in accordance
with the ratio image (Fig. 2), and in addition to that, the distri-
bution of the third component is now visible as well. As pre-
viously hinted at by the ratio image and the HCA, the rubber
component is present at the interface and surrounds the PP
droplets that are present inside the larger PE phase. The
average values of each of the Gaussian mixture identified sub-
populations show the same trends as the average spectra
obtained for the HCA clusters.

The AFM-IR spectra taken at the interface (Fig. S5T) show
no bands that can be assigned to aromatic rings, which would
be expected in SEBS,*> hence we conclude that the material
present at the interface is not SEBS. The two other major types
of rubber compatibilizer, EPDM and EPR are hard to dis-
tinguish, since both have very similar IR spectra in the
recorded range. A hint at the absence of EPDM is the lack of
bands that could be assigned to unsaturated bonds, however
the fraction of such bonds in EPDM would be low and might
thus go undetected. Furthermore, due to EPR’s abundance
and relatively cheap cost, it is likely that the interface is com-
posed of EPR, and not of the more expensive EPDM. Previous
studies have found that the addition of EPR to a PE/PP blend
leads to a finer phase dispersion and improves blend pro-
perties such as notched impact strength and ductility.*® This
is attributed to changes in the sub-micron scale, where the
EPR forms a layer at the interface between the PE and PP with
a core-shell-like morphology,'***** which is in agreement
with our findings.

The results found in AFM-IR confirm those seen when
applying an established protocol combining RuO, staining
and SEM to highlight EPR content (see Fig. 4).>° As observed
in the AFM-IR data, SEM analysis confirms the presence of a
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Fig. 4 SEM image of the ruthenium-stained material used in this study.
In ruthenium-stained SEM images amorphous polymers (such as rubber)
appear brighter.%®

brightly stained interface (rubber)®® surrounding the PE (inter-
mediate brightness) and PP (darker component) and also sur-
rounding the PP droplets found inside some of the PE
domains.

A previous contact mode AFM-IR study by Jiang et al.®® on
the interface of a PP/PE/EPR in-reactor alloy found that the
EPR is present at the interface between PP and PE. In this
study the lowest value of ethylene content (and thus highest
value of PP chain segments) in the blend was found in a
location at the interface between the PE core and EPR com-
ponent. We do not see this type of arrangement in our sample,
which is not surprising because the ethylene-propylene block
copolymers (EbP) identified in Jiang et al.’s study are not com-
monly produced in industrial plants and require special cata-
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lysts.®* Thus, it is not expected that a polyolefin recyclate that
originates from household waste contains such special
polymer grades.

Conclusions

This work constitutes the first use of tapping mode AFM-IR to
perform a thorough study of the chemical composition and
phase distribution of a real-world polyolefin recyclate at the
nanoscale. This municipal waste derived (post-consumer)
material is shown to contain the typical PP, PE phases and a
rubber component. AFM-IR revealed the distribution of the
rubber component at the interface of the PE and PP phases
using its spectral signature without the need to staining of the
sample. This result matches references measurements using
SEM after staining with RuO, that rely on staining. The pres-
ence of small PP particles inside the larger PE phase that had
previously been described for freshly prepared materials was
also seen in the tapping mode AFM-IR analysis of this recycled
polymer. However, in contrast to fresh polymers, in the
studied recycled polymer the presence of non-polyolefine
polymer inclusions was found. Here, the high sensitivity and
spatial resolution of tapping mode AFM-IR is beneficial as it
can detect particles orders of magnitude below the diffraction
limit of conventional FTIR microscopy. All phases and con-
taminants were chemically identified using nanoscale spatial
resolution mid-IR absorption spectra collected using the
AFM-IR instrument. This constitutes a major advantage over
established methods which indirectly identify phases via
physical properties, or via staining or etching protocols.
Hence, we expect a more widespread adoption of tapping
mode AFM-IR in polymer nanoscale analysis in the near
future.
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Despite the ubiquitous absorption of mid-infrared
(IR) radiation by virtually all molecules that belong to the major
biomolecules groups (proteins, lipids, carbohydrates, nucleic
acids), the application of conventional IR microscopy to the life
sciences remained somewhat limited, due to the restrictions on
spatial resolution imposed by the diffraction limit (in the order of
several micrometers). This issue is addressed by AFM-IR, a
scanning probe-based technique that allows for chemical analysis at
the nanoscale with resolutions down to 10 nm and thus has the
potential to contribute to the investigation of nano and microscale
biological processes. In this perspective, in addition to a concise
description of the working principles and operating modes of
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* Intracellular proteins
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AFM-IR, we present and evaluate the latest key applications of AFM-IR to the life sciences, summarizing what the technique has to
offer to this field. Furthermore, we discuss the most relevant current limitations and point out potential future developments and
areas for further application for fruitful interdisciplinary collaboration.

AFM-IR, chemical imaging, biospectroscopy, single cell imaging, mid-infrared spectroscopy

tomic force microscopy-infrared spectroscopy (AFM-IR),

named in some publications as photothermal-induced
resonance (PTIR), is a scanning probe technique where a
pulsed, tunable, IR laser is added to an AFM instrument,
resulting in nanoscale IR molecular chemical information.
Lateral and vertical spatial resolutions that can be achieved
with AFM-IR depend on the measurement mode used (further
discussed below), with tapping mode AFM-IR providing the
best lateral resolution of the technique at 10 nm.' This
technique is still relatively recent and has been the subject of
improvements in measurement speeds, types, resolution, and
sensitivity since it was first published in 2005.” The technical
evolution of AFM-IR has been the subject of several reviews, in
which the interested reader can find a detailed description of
this subject.’™ In this perspective, only a brief description of
the main characteristics and working modes of AFM-IR will be
given, with the intention of allowing readers with life sciences
backgrounds to better understand the potential of this
technique and its potential applications to their research.

A typical AFM-IR setup is depicted in Figure 1 in its two
possible illumination geometries, bottom illumination (a) and
top illumination (b), referring to the positioning of the IR laser
relative to the sample and AFM cantilever. In bottom
illumination, the IR radiation hits the sample from below in
an attenuated total reflection (ATR) configuration which

© XXXX The Authors. Published by
American Chemical Society

7 ACS Publications

restricts sample thicknesses to <500 nm due to an otherwise
loss of signal linearity.” The prism is composed of an IR-
transparent material, most commonly ZnSe, which may place
restrictions on sample and sample preparation protocols due to
its chemical incompatibility with acids. However, bottom
illumination also has advantages, namely the possibility of
carrying out measurements in liquid, and the use of cantilevers
made from IR absorbing materials such as silicon and silicon
nitride, whose use is restricted in top-illumination config-
urations.” In top illumination geometries there is more
freedom in the choice of substrate, which may include silicon
wafers and gold-coated substrates, in addition to mid-IR-
transparent materials (CaF,, ZnS, ZnSe, etc.),8 which opens
the way for a higher variety of sample preparation protocols.
The positioning of the IR laser path directly hits the cantilever
in this configuration, which therefore needs to be metal-coated
to prevent undesired contributions to the signal by IR
absorption of the cantilever itself. When gold-coated canti-
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Figure 1. Schematic representation of the two possible AFM-IR
illumination geometries: (a) bottom illumination and (b) top
illumination.

levers and substrates are used either alone or in combination,
an enhancement of the AFM-IR signal up to 8-fold can be
obtained;”'® however, care must be taken when interpreting
the resulting AFM-IR spectra due to the wavelength-depend-
ence of this phenomenon."’

The basic working principle of AFM-IR is the thermal
expansion of the sample area below the AFM tip upon
absorption of the IR laser radiation which is focused at this
location. During the on phase of the laser cycle, the sample
absorbs IR photons and the molecules convert to an excited
vibrational state. When returning to the ground vibrational
state some of the energy is lost in the form of heat through the
lattice, which in turn is dissipated through mechanical
expansion.”> This quick expansion “hits” the cantilever
resulting in an oscillation motion which is picked up through
the cantilever deflection signal and is proportional to the
wavelength-dependent absorption coeflicient, as is the case for
classical IR transmission spectroscopy.'> This means that when
interpreting an AFM-IR spectrum, one can make use of the
many spectra-structure correlations that have been established
over the years for Fourier-transform IR spectroscopy (FTIR), a
critical advantage. AFM-IR is able to circumvent the diffraction
limit and reach spatial resolutions within tens of nanometers
due to the signal detection occurring only on the portion of the
sample directly below the tip and not on the whole area of the
sample illuminated by the IR laser spot.” In AFM-IR there are
two possible ways to record data, one being taking a full-length
spectrum by sweeping the wavelength range of the laser used

and the other collecting an absorption map at a chosen
wavenumber.

It should be noted that AFM-IR is not the only technique
capable of delivering vibrational spectroscopy beyond the
resolution limit: O-PTIR (optical-photothermal infrared spec-
troscopy), TERS (tip-enhanced Raman spectroscopy), and s-
SNOM (scattering scanning near-field optical microscopy)"
are examples of such techniques. In O-PTIR the signal is
generated in a similar fashion to AFM-IR: a pulsed, tunable IR
laser aimed at the sample causes thermal expansion upon
radiation absorption. The main difference between these two
techniques is the detection of the expansion, which is carried
out using a visible laser in the case of O-PTIR, meaning that it
is not a scanning probe technique and has a higher potential
throughput.'* Furthermore, the presence of the visible laser
allows for the simultaneous collection of Raman spectra, thus
providing extra information."> The resolution limit of O-PTIR
is determined by diffraction limit of the visible laser and can
reach 400—500 nm,'® which is lower than that of AFM-IR.
TERS on the other hand, is a scanning probe technique that
takes advantage of metal-coated AFM tips or etched
conductive scanning tunneling microscopy (STM) wire tips
to enhance the electromagnetic field in the vicinity of the tip,
leading to stronger Raman signals with subnanometer
resolutions and sampled depths of a few nanometers." The
spatial resolution of TERS depends on the experimental
conditions (air or vacuum, room temperature or lower
tem4peratures), with typical values ranging from 3 nm to §
nm* and sub nanometer resolutions (1.5 A) have also been
reported.'”'® Thus, AFM-IR and TERS can be used in a
complementary manner since their typical resolutions and
probed depths do not overlap. For a more detailed description
of TERS, as well as a review of some of its applications to
biological samples, a review by Kurouski et al. is
recommended. In s-SNOM, (infrared) light scattered from a
metalized AFM tip is collected and analyzed.® This allows
access to information on the sample’s optical properties (e.g.,
its complex refractive index) in the near-field around the tip
with lateral spatial resolutions of 5 to 170 nm, depending on
the sharpness of the tip used.'””° s-SNOM is not limited to the
mid-IR range,19 but its application using mid-IR to biological
samples has been recently reviewed by Wang et al.”'

AFM-IR can be operated in three main modes, distinguished
by the type of AFM mode of operation and by the way the
AFM-IR signal is modulated: ring-down contact mode,
resonance-enhanced contact mode, or in tapping mode.
Additionally, two recently developed modes are Eeak—force
tapping IR (PFIR)* and surface sensitive AFM-IR.** The first
mode to be developed was the ring-down contact mode, in
which upon IR absorption and thermal expansion of the
sample the cantilever (which is always in contact with the
sample) is struck into a slowly decaying oscillation (slow in
comparison to the time scale of the thermal expansion), thus
producing a ring-down pattern. In this mode, several of the
cantilevers mechanical modes are excited, and the AFM-IR
signal is obtained either from the amplitude of a specific mode
or from the peak-to-peak of the cantilever’s oscillation, both of
which are directly proportional to the wavelength-dependent
absorption coefficient of the sample.'” Measurements using
this mode are usually carried out with optical parametric
oscillators as the pulsed IR source which have high power
output and short pulse lengths (<10 ns).”* Ringdown
measurements have lower sensitivity than resonance-enhanced
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contact mode measurements (see below)”” but yield similar
spatial resolutions (lateral resolution of both modes =20
nm,””* probe depth of >1 ym).>*°

The second option when measuring in contact mode is the
resonance-enhanced contact mode, in which the pulse rate of
the IR laser is set to match one of the mechanical contact
resonance frequencies of the cantilever, leading to an
amplification of the deflection amplitude and, consequently,
of the signal obtained.”> For typical AFM contact mode
cantilevers, contact resonance frequencies lie in the range of
several tens to several hundreds of kilohertz and depend on
cantilever properties as well as local sample mechanical
properties and measurement settings. Hence, this mode
requires the use of a laser source capable of reaching and
rapidly adjusting high pulse repetition rates in the range of
hundreds of kilohertz, usually a quantum cascade laser (QCL).
Furthermore, since the enhancement is dependent on the laser
repetition rate matching the contact resonance frequency of
the cantilever, some sort of resonance tracking is required to
ensure that this condition is met, even when the AFM tip scans
through materials with different mechanical properties. When
measuring spectra this is usually achieved by quickly scanning a
set range of frequencies around the original resonance position
and adjusting the repetition rate accordingly (chirp) once
before each spectrum;26 however, when recording images a
phase-locked loop (PLL) is used instead, which relies on phase
angle rather than amplitude to more quickly monitor and react
to changes in the peak position. Resonance tracking during
AFM-IR imaging is not always able to properly compensate for
the shifts observed when measuring samples with largge
disparities in mechanical properties such as polymer blends,””
or soft liposomes deposited on a hard substrate. An alternative
approach to this problem using a closed-loop piezo controller
allowing for off-resonance measurements has also been
described.”® When combined with gold coated cantilevers
and substrates, resonance-enhanced contact mode AFM-IR can
reach monolayer sensitivity due to “lightning-rod” enhance-
ment.”

Tapping mode AFM-IR was first published in 2018, making
it the most recent of the three main AFM-IR modes.”” In this
mode, the cantilever is oscillated at one of its resonance
frequencies (e.g., f;) and the signal detection occurs at another
resonance frequency (e.g, f,) in a heterodyne detection
scheme. To achieve this, the laser repetition rate f1 is set to f,
— £}, which usually requires the use of a QCL, as the f; for
commonly used cantilevers will usually have values within the
range between 250 and 1500 kHz."”” Measurements where the
tapping frequency used is the second resonance of the
cantilever and signal detection occurs at the first resonance
frequency are also possible and can result in a higher signal®
but are also more prone to signal instability. In tapping mode
AFM-IR, the cantilever is only intermittently in contact with
the sample, resulting in reduced tip—sample interactions,
particularly lateral forces,”" which make this mode well-suited
for the analysis of soft, easily damaged and/or loosely adhered
(to the substrate) samples. However, tapping mode AFM-IR
yields lower intensity signals, which may lead to the use of
higher laser power that requires care not to damage the sample.
An important advantage of tapping mode AFM-IR is the lower
sensitivity of the resonance frequency to changes in a sample’s
mechanical properties,32 which can be of relevance, for
instance, in polymer samples.27 This does, however, have its
limits, and in extreme cases the use of a PLL to track and

adjust the laser frequency (similarly to the resonance-enhanced
contact mode) is advisible.”> The best lateral resolution
reported for this mode is 10 nm," and it has been reported to
achieve a probe depth of 50 nm,* allowing one to monitor
only the top layer of the sample.

Finally, in PFIR the tip is in intermittent contact with the
sample, but unlike the tapping mode, this oscillation happens
at frequencies lower than the resonance frequency.”” During
the part of the cycle where the tip is in contact with the sample,
the IR laser is triggered and, similarly to the ring-down mode,
the ensuing photothermal expansion is detected by the
cantilever through the deflection signal in addition to
information on the sample’s mechanical properties given by
conventional peak force imaging.”> Similarly to the tapping
mode, PFIR exerts lower lateral tip—sample forces, but the IR
signal acg[uisition is closer to that of ring-down contact mode
AFM-IR,* albeit with higher lateral resolutions of down to 6
nm in air’> and 10 nm in liquid.** PFIR has been applied in the
context of the life sciences. We recommend to the interested
reader the following studies on cell wall particles,®
lignocellulosic fibers,* macrophage immune regulation,36 and
protein fibrils in liquid.**

Even though there is a large number of available AFM-IR
modes, most studies appear to use contact mode AFM-IR. We
suspect that the choice between resonance-enhanced and ring-
down AFM-IR is made due to available infrastructure (older
AFM-IR systems used a low repetition rate laser incapable of
resonant excitation) rather than due to experimental
considerations. When the contact mode is not possible due
to sample properties, the tapping mode AFM-IR is used.
Surface sensitive AFM-IR is not yet in widespread use, but we
expect that, like tapping mode AFM-IR, it will be chosen when
ordinary resonance enhanced AFM-IR is insufficient. PFIR is,
at the time of writing, not available commercially and therefore
not used by many groups.

AFM-IR’s chemical imaging is based on the use of mid-
infrared radiation (mid-IR), which is usually defined as having
wavenumbers between 400 cm™' and 4000 cm™". Due to these
long wavelengths, mid-IR is nondestructive. Spectral features in
the mid-IR correspond to the excitation of molecular
vibrations, and their frequency depends on both the bond
strength and the mass of the atoms involved, hence, in first
approximation, mid-IR bands can be assigned to specific
functional groups.”” Each molecule has unique energy levels of
its vibrational modes, which translate into a unique IR
spectrum (“fingerprint”).”® Furthermore, intermolecular inter-
actions such as hydrogen bonds can have an influence on the
bond strengths of the molecules they are formed from, and
thus, their presence is detectable through mid-IR spectrosco-
py.>”* Mid-IR spectroscopy is of particular interest to the life
sciences because it can provide information in a non-
destructive, label-free manner: all of the major groups of
biomolecules (proteins, nucleic acids, lipids, and polysacchar-
ides) are active in the mid-IR region. However, this advantage
can also become a disadvantage when analyzing complex
biological samples in which all above-mentioned biomolecule
groups are present: the IR spectrum will be a mixture of all,
and small variations can be difficult to detect and disentangle
from the spectrum without recurring to chemometric modeling
or the use of IR-tags. Conventional mid-IR microscopy is
diffraction limited and can only reach resolutions in the order
of several micrometers (from 2.5 ym to up to 25 pm as the
wavelength increases).”’ The use of attenuated total reflection
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(ATR) configurations can improve the resolution to the range
of 2—4 pm,” which nonetheless hampers its widespread
application, since many intracellular components have smaller
dimensions, hence the usefulness of a technique like AFM-IR.
It is however important to highlight that the spectral range of
AFM-IR is in practice limited by the type of laser used,
potentially meaning that not all of the mid-IR spectral features
of a target analyte will be visible in the AFM-IR spectra using a
specific light source. For example, the widely used multichip
QCL systems that are currently commercially available
typically cover #1000 cm™' by combining several individual
external cavity-QCLs in one housing. In the following
paragraphs, a brief overview over the most prominent mid-IR
spectroscopic features of each biomolecule group is provided
(Figure 2), for deeper insights into the applications of
conventional mid-IR spectroscopy methods to the life sciences,
the following reviews are suggested.”*~*
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Figure 2. Absorption bands of biomolecules and mid-IR tags in the
mid-infrared region.

Proteins have five dominant bands in the mid-IR spectra: the
amide 1 (1600 cm™ to 1700 cm™, usually centered around
1650 cm™), amide II (centered around 1550 cm™"), amide III
(from 1400 cm™ to 1200 cm™'), amide A (centered around
3500 cm™), and amide B (centered around 3100 cm™'). The
amide I band, caused mainly by the stretching vibration of the
C=O0 group, is especially useful for its well-established
sensitivity to a protein’s secondary structure, of which a
thorough description can be found in the review by Barth.”® In
short, f-sheet-containing proteins absorb predominantly at
1633 cm™! and 1684 cm ™!, whereas a-helix structures result in
absorption around 1654 cm™.*® In intermolecular f-sheets,
the major component of amyloid aggregations produces a
distinct absorption band at 1620 cm™’, thus allowing for the
detection and characterization of protein aggregation states
such as amyloid fibrils.*’

Mid-IR spectra of lipids are generally composed of bands
from the hydrocarbon chain (—CH, groups) and from the
polar head groups (phosphate, PO,”, and ester groups). From
the hydrocarbon chain there are two groups of bands: the
stretching vibrations in the region of 2950 cm™ to 2800 cm™"
and bending vibrations at 21460 cm™'.>° CH; groups produce
bands at #2955 cm ™' and 1377 cm ™" and alkenes at 3010 cm ™'
and ~1660 cm™'.>>*" Analysis of these bands, particularly of
those in the higher wavenumber region (from 2850 cm™ to
3050 cm™') provides information on chain length, chain
unsaturation, phase transitions, and lipid orientation (when
using polarized light).”* Furthermore, membrane phospholi-
pids have a strong absorption band at ~1735 cm™!

corresponding to the C=O vibration of ester groups, as well
as bands at 1240 cm™' and 1090 cm™' from the phosphate
groups present in the polar head.*’

Nucleic acids, similarly to lipids, absorb at 1240 cm™ and
~1085 cm™" due to the presence of phosphate groups in the
backbone of both DNA and RNA.>” Additionally, nucleic acids
also absorb around 1700 cm™ to 1717 cm™ (due to C=0
stretching vibrations)™ and in the spectral range between 1520
ecm™ and 1663 cm™' in characteristic patterns that can be
attributed to specific bases and base pairings.”* This spectral
area partially overlaps with the amide I and II bands of proteins
and thus requires a careful interpretation.

Saccharides have numerous absorption bands in the mid-IR
region: —OH groups absorb from 3000 cm™ to 3600 cm™*
(stretching vibration), and CH and CH, absorb both at 2800—
2950 cm™" and at ~1460 cm™ (as described in the lipids
paragraph).” However, it is the “fingerprint” region between
800 cm™ and 1200 cm™' that offers information on a
polysaccharide’s glycosylic linkages (between 1140 cm™ and
1175 cm™" corresponding to a C—O—C stretching vibration)
and their conformation (between 920 cm™ and 1000 cm™
region),56 as well as on the conformation of the anomeric
carbon (between 800 cm™ and 900 cm™ region).>>’

Thus, combining the described wealth of chemical
information provided by AFM-IR with its ability for subcellular
spatial resolution at ambient conditions, it is easy to see why
there has been a great interest in applying AFM-IR in the life
sciences. In fact, first AFM-IR images of cells were published
shortly after the technique’s invention.” Due to the constant
improvement and development of novel measurement modes,
the types of samples that this technique can be applied to have
increased tremendously in recent years, thus, without
reduction of generality we focus here on the most relevant
recent works (published less than five years ago) on AFM-IR
in the life sciences and highlight potential directions for future
research. Furthermore, we highlight key areas of future
improvements, such as liquid measurements, surface sensitive
mode, labeling of target molecules, and the current status of
image and data treatment in the AFM-IR field and discuss
advantages and applications that these can bring.

1

The analysis of whole cells using AFM-IR with the goal of
identifying the intracellular distribution of its components
often runs into the aforementioned blessing and curse of
“everything” being IR active. With some exceptions in which
the target analytes have particular IR signatures,”® most studies
rely to some extent on the use of chemometric models to
circumvent this and extract relevant information from the
AFM-IR data.**~®" In 2020, our group published an approach
to this problem which combined fluorescence microscopy and
supervised machine learning with resonance-enhanced contact
mode AFM-IR, with the goal of mapping the distribution of
the major cellulases and xylanases within T. Reesei®' This
fungus is notorious for its well-developed enzyme secretion
system essential to its survival in the wild as a saprobe®” and
which has been leveraged in numerous industrial processes
including recombinant protein production.®® The strain used
in this study, QM6a SecEYFP, has been modified to express
yellow fluorescent protein (EYFP) under the same conditions
of the main cellobiohydrolase, CBHI, and to follow the same
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intracellular path. Therefore, in this strain the EYFP and its
respective fluorescence signal are colocalized with the
cellulases and xylanases, allowing for a correlation between
fluorescence intensity and the presence of proteins containing
P-sheet secondary structures in the same location. This was the
basis for the training of a partial least-squares (PLS) model to
predict cellobiohydrolase abundance from AFM-IR spectra.
This model could achieve a root mean squared error (RMSE)
of 13% when applied to a data set which had not been used for
model training. Interestingly, the selectivity ratio (SR) showed
the highest contributions to the model coming from the amide
I band wavenumbers related to f-sheet secondary structures
and CH, stretching vibrations (lipids). This is in line with the
main secondary structure motifs of several of the most
abundant cellulases and xylanases, as well as with the expected
intracellular path of these proteins leading up to secretion in
which they are enveloped in the lipid bilayers of several
organelles and later inside vesicles. Thus, it was possible to
obtain a PLS model capable of mapping the intracellular
distribution of the main cellulases and xylanases in T. Reesei
(Figure 3).
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Figure 3. Fluorescence image (a), topography map (b), and
brightfield image (c) of a T. Reesei hypha. Fluorescence values
calculated from AFM-IR spectra [points and grid in panel (c)] using a
PLS model calibrated to the presence of f-sheet-containing proteins
can be compared with those measured using the fluorescence
microscope (a). Reproduced from ref 61. Copyright 2020 American
Chemical Society.

Another approach was carried out by Liu et al. in 2021 for
the analysis and comparison of protein expression in
macrophages using AFM-IR (resonance-enhanced contact
mode for single-point spectra and tapping mode for imaging)
and a chemometric model to identify the subcellular
differences between two a priori known groups of macro-
phages.”” Depending on the stimulus present in an environ-
ment, macrophages express different phenotypes, allowing

them to adapt and take over different functions as necessary.
These phenotypes can be divided into two broad categories:
M1 macrophages that participate in pro-inflammatory
responses, and M2 macrophages which participate in anti-
inflammatory responses. In this study, macrophages were
polarized in vitro and their protein expression at the subcellular
scale was studied using resonance-enhanced contact mode
AFM-IR for single spectra and tapping mode AFM-IR for
chemical imaging. After collecting spectra at several locations
in the central portions of macrophages belonging to group M1,
M2, and MO (nondifferentiated control group), the data was
analyzed using principal component analysis (PCA). The three
different macrophage groups clustered separately, with major
differences between groups appearing in the amide I spectral
region. M1 macrophages had pS-sheet as the most common
secondary structure motif (35% antiparallel and 5.6% parallel),
whereas in M2, a-helix was the most common (38.8%). The
different secondary structure detected by the AFM-IR spectra
is in agreement with previous studies on protein expression of
polarized macrophages. Chemical images obtained at selected
amide I wavenumbers showed different patterns of protein
distribution in the two groups, with the highlight being the
detection of antiparallel #-sheet rich nodes in the extremities of
M1 macrophages corresponding to TNF-a, a pro-inflammatory
factor.

An example of whole cell imaging without resorting to
chemometric models to detect the target analyte is the study
by Deniset-Besseau et al.* of lipid body droplet formation in
P. kesslerii, a microalgae used in biofuel production. This
organism produces large quantities of triacylglycerol (TAG)-
containing lipid bodies, which due to their unique spectral
signature can be located and imaged without the use of labels
or chemometric approaches. Furthermore, a correlative
approach was used combining ring-down contact mode
AFM-IR in bottom illumination with fluorescence microscopy,
which permitted the mapping of TAG lipid droplets (through
AFM-IR) and their relationship to chloroplast location
(mapped with fluorescence microscopy). As the cells begin
producing lipid droplets, these accumulate in the center of the
cell, pushing the chloroplasts to the edges.

Another study by Pancani et al.*® focused on the imaging
with nanoscale resolution of the location of polymeric
nanoparticles typically used for drug-delivery inside macro-
phages (Figure 4). This study was conducted using resonance-
enhanced contact mode AFM-IR with no additional labeling of
the nanoparticles (NPs), taking advantage of the fact that the
main absorption peak of the NPs studied (1730 cm™") does
not overlap with major absorption peaks of the cells analyzed.
When these conditions are met, AFM-IR has a critical
advantage over other high-resolution imaging methods such
as fluorescence microscopy techniques, which always require
the presence of a fluorophore to label the analyte of interest.

Beyond the studies summarized here, AFM-IR has also been
applied to red blood cells (including pathological
states)*”°°7%® and cancer cells,”””"" as well as on isolated
viruses.

We would like to emphasize that whole cell analysis using
AFM-IR would benefit significantly from more robust liquid
measurement AFM-IR mode. Current work on liquid AFM-IR
does not change the medium composition or enable long-term
measurements of live cells. Thus, microfluidic integration,
which allows for the monitoring of cells in a controlled
environment and the ability to add nutrients and reagents in a
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Figure 4. Label-free AFM-IR imaging of NPs inside a macrophage.
(a) and (c) AFM topography maps with some polymeric NPs visible
in panel (c). (b) AFM-IR absorption map taken at 1770 cm™, a
marker band for the NPs. (d) AFM-IR point spectra taken in the
points marked in panel (b). Reproduced with permission under a
Creative Commons Attribution 4.0 International License from ref 65.

Copyright 2018 Wiley-VCH.

controlled way would enable a wealth of new studies on cell
response to stimuli. Furthermore, whole cell AFM-IR analysis
yields complex data sets that often require resorting to
multivariate models. The lack of community-accepted best
practices with regard to multivariate evaluation makes it hard
to compare different studies, and the lack of community-
accepted software packages for data processing is a barrier for
newcomers.

In the histological context, AFM-IR has been employed in the
characterization of different tissues, providing chemical
information at the nanoscale complementary to other tradi-
tional tissue analysis methods. Bone tissue has been studied by
Imbert et al.”* using ring-down contact mode AFM-IR, and by
Ahn et al.”> using both ring-down and resonance-enhanced
contact mode. Despite using bone tissue from two different
mammals (sheep and mouse), both studies observed an
increase in mineralization with bone tissue age and were able
to map this distribution using AFM-IR (Figure $).
Furthermore, an alternating pattern with 2—8 um periodicity
consisting of higher and lower mineral-to-matrix ratios was
identified as being the lamellae, a key structural element in
mammalian bone.”* Qian et al.”® performed a study comparing
the nanoscale properties of bones affected by osteoporosis with
healthy controls using resonance-enhanced contact mode
AFM-IR. Bone sections from osteoporosis patients were
found to have a less mature mineral matrix than that of the
control group, which can be associated with reduced stability.”®
Further related studies include AFM-IR analysis of bone-like
nodules formed by stem cells,”” of bone composite
xenografts,78 and of human dentin.”’

We would also like to highlight recent studies focusing on
characterizin% human hair samples at the nanoscale using
AFM-IR.**"® This includes the hair medulla,®" cuticle,*" and
cortex.”” Other tissues analyzed include the anterior cruciate
ligament,** stratum corneum® (as well as drug penetration on
the skin),86 and breast cancer,”” which further expand the
application of this technique to the histological context.

Mineral-to-matrix

HA
(1030 em''y

Collagen
(1660 cm-')
pm

jom m

Figure 5. FTIR (left and middle column) and AFM-IR absorption
ratios of sheep cancellous bone (right column). Here the superior
resolution of AFM-IR allows for a much more detailed analysis of the
distribution of the mineral-to-matrix ratio (first row), hydroxyapatite
content, HA (second row), and collagen distribution (third row).
AFM-IR enables the identification of a collagen-rich, nonmineralized
area (osteoid). Reproduced with permission under a Creative
Commons Attribution 4.0 International License from ref 74.
Copyright 2018 Public Library of Science.

AFM-IR has been applied to study the biodeterioration of
polyurethane films by the yeast P. laurentii in a 2020 study by
Barlow et al.** The yeast was incubated for 30 days on two
ZnSe substrates spin coated with two different types of
polyurethane films and then measured using a ring-down
contact mode in a bottom-illumination configuration. The
yeast cells formed monolayer aggregates over the urethane and
deteriorated the polymer through both ester hydrolysis and
bulk loss. The authors had to deal with cell translocation and
microplastic erosion due to the incubation conditions of up to
95% relative humidity and further influenced by biofilm
production, which caused water condensation on the sample
surface. Through the acquisition of chemical image ratios, the
authors showed that this biodegradation is most pronounced at
the edges of cells or cell clusters and results in a depression in
the urethane coating where extracellular polymeric substance
(EPS) residues typical of biofilms are left. Several components
of EPS could be detected in the spectra, including
polysaccharide and protein residues in addition to urethane-
rich secondary microplastics. The edge degradation pattern
observed in the study is attributed to the high affinity between
the hydrolases secreted by P. laurentii and the polymer
substrate (particularly the ester moieties) which “traps” them
in the polymer directly near the cell. The degradation of the
coated film and subsequent viability tests show that at least
some of the cells were able to remain alive and degrade the
coating for a time. However, in the absence of nitrogen sources
other than dead cells, most cells eventually died or became
metabolically inactive. This raises the question of whether
longer term observations of deterioration processes might
occur under more favorable conditions for cellular growth, e.g.,
in the presence of liquid growth medium. The cells tested for
viability in this study were, however, not the same cells that
underwent AFM-IR measurements and were placed on glass
and not ZnSe substrates.*® It would be important to establish
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whether it is possible for cells to survive (a) on commonly used
AFM-IR substrates and (b) AFM-IR measurements, and under
which conditions (laser power, air vs liquid medium, and under
which ambient conditions). A 2018 study by Kochan et al.*’
claims that the majority of the bacteria present on the substrate
survives AFM-IR measurement conditions; however, it is not
clear that the single bacteria subject to AFM-IR measurements
did, and thus, this remains an open question.

AFM is a common technique for the study of biological lipid
membranes as it provides high-resolution imaging of the
different components, of lipid phase separation, and of the
organization of membrane proteins.” Using AFM-IR, it is
possible to combine this information with infrared spectros-
copy, allowing for the chemical identification of the membrane
components in addition to their spatial distribution. This has
been demonstrated in a 2019 study by Lipiec et al, which
studied the distribution of components in an artificial
membrane system composed of two lipids, sphingomyelin
(SM) and cholesterol (Chol), and one peptide, cyclosporin A
(CsA), using resonance-enhanced contact mode AFM-IR.!
First, by acquiring spectra using the p and s polarizations of the
infrared laser, the authors were able to detect the orientation of
some functional groups. The hydrocarbon chains (CH,) orient
perpendicular to the surface of the substrate, whereas the
amide and unsaturated groups in SM appear to be oriented
parallel to the substrate. The studied membrane system phase
separates into circular domains containing higher surface
densities of SM surrounded by a Chol phase. As the percentage
of Chol in the system increased, the peptide component, CsA,
moves from a homogeneous distribution to a preferential
location in the Chol domains where it forms complexes with
SM and Chol molecules akin to those present in lipid rafts.
The study by Lipiec et al’' opens the way for more
biomembrane studies using AFM-IR, perhaps focusing on
membrane proteins and making used of the several established
protocols for membrane sample preparation used in AFM.”!
Indeed there is literature published on light-induced conforma-
tional changes of membrane proteins in purple membranes
detected using resonance-enhanced contact mode AFM-
IR.">”* Although purple membranes are known for being
particularly good subjects for AFM analysis due to their 2D
crystal structure,”® these results are nonetheless encouraging
and AFM-IR analysis of biomembranes is a promising field.

Extracellular vesicles (EVs) are membrane-bound vesicles
secreted by both prokaryotic and eukaryotic cells that can
transport proteins, lipids, as well as nucleic acids, thus serving
as important intercellular messengers.”>~”” Exosomes are EVs
with sizes from 20 to 150 nm diameter and are commonly
found in bodily fluids such as milk, tears, and blood.”” Larger
EVs with diameters between 100 nm and 1 gm are classified as
microvesicles.”” EVs can trigger a number of responses in the
target cells including apoptosis, immune-responses (by acting
as antigen-presenting vesicles), and overall tissue regener-
ation.”” Furthermore, under pathological conditions EVs also
play a role, e.g, in the spread of cancer metastases and in
neurodegenerative disorders through the spread of toxic
protein aggregates.”” Due to their minute size, the analysis of
individual EVs is challenging and inaccessible to most
conventional methods which focus instead on bulk measure-

ments or provide no direct label-free chemical information on
individual EVs.”>">'%

In 2018, Kim et al.”® reported the first analysis of EVs with
AFM-IR using a bottom illumination configuration and contact
mode ring-down measurements. In this study, the authors were
able to obtain AFM-IR spectra of isolated EVs and their
content, identifying the presence of proteins and nucleic acids
and the variations of these between two EV po)pulations and
also within different EVs of the same population.”® The sample
preparation in this study was simple, consisting of depositing a
droplet of water containing isolated EVs on a ZnSe prism.
Depositing particles on a substrate as done in this study can
lead to the accumulation of particles on a ring-shape once the
liquid evaporates called the coffee ring effect. This can be
detrimental to the analysis by limiting the number of EVs that
can effectively be individually studied, as particles in the ring
tend to overlap. To tackle this problem, our group has recently
developed a protocol that allows for the immobilization of EVs
onto a silicone surface using microcontact printed anti-CD9
antibodies (Figure 6). In comparison to Kim et al,”® where the
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Figure 6. Baseline-corrected tapping mode AFM topography map (a)
and AFM-IR (in red) and bulk FTIR (in blue) spectra (b) of a human
milk EVs showing protein and lipid spectral signatures. EVs were
immobilized on the surface of a silicon wafer using microcontact
printed anti-CD9 antibodies and measured using tapping mode AFM-
IR with f, = 1500 kHz, f},,. = #1250 kHz, and detection at f; = 250
kHz (measured on a Bruker nano-IR 3s; IR laser source: MIRcat-QT
from Daylight Solutions; cantilever: Tap300GB-G from Budget-
Sensors; laser power: 49.6%; laser duty cycle: 16%). Spectrum b is an
average of three spectra taken at the same location [marked with a
cross in panel (a)] and smoothed using a Savitzky-Golay filter (20
points, second order).”®

EVs are placed and dried on a zinc selenide prism, here they
are placed on a functionalized silicone surface, a more
chemically resistant and versatile substrate. By using the anti-
CD9 antibodies, the coffee ring effect can be prevented, which
permits the access to more EVs. Furthermore, as only EVs are
immobilized by anti-CD9, the selectivity is increased
significantly, as residues from the purification steps can be
washed away before tapping mode AFM-IR measurements are
performed. This protocol has been applied with promising
results to human milk EVs (Figure 6), which play an imgortant
role in early life immunity and intestinal development.”> AFM-
IR spectra obtained from immobilized EVs display marker
bands (Figure 6, b) in agreement with those obtained from
bulk FTIR studies,'”’ thus showing the suitability of this
approach for the label-free tapping mode AFM-IR analysis of
human milk EVs. As demonstrated in these two approaches,
AFM-IR can be applied to the nanoscale label-free chemical
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analysis of individual EVs and thus provide a valuable
contribution to EV research.

AFM-IR can also give valuable information about DNA
methylation as well as anticancer binding locations in
chromosomes with characteristically high spatial resolution.>”
Chromosomes contain two types of chromatin (i.e., DNA—
protein complex), euchromatin and heterochromatin, distin-
guishable by the methylation of the cytosine bases and how
packed the structure is. Heterochromatin is characterized by
denser chromatin structures containing methylated cytosine
bases, which in turn means that it is not active for
transcription. Euchromatin, on the other hand, is loosely
packed, and its genes are available for transcrigtion. Using ring-
down contact mode AFM-IR, Lipiec et al.”” mapped DNA
methylation in metaphase chromosomes, arriving at the
characteristic banding pattern known from immunofluores-
cence techniques but without the use of labeling agents.
Furthermore, by applying PCA to the different areas of the
AFM-IR spectra collected, the authors were able to confirm the
distinction between heterochromatin and euchromatin areas.
The study goes on to demonstrate the capability of AFM-IR to
distinguish between active and inactive chromosomes, as well
as the preferential binding site of a platinum anticancer drug
(the inactive heterochromatin) through the use of a PCA to
analyze spectral data. Despite the experimental complexity of
this study,” the results are very promising, particularly the
ability to identify drug-binding sites in chromosomes, which
can provide important mechanistic information on how
anticancer drugs affect cells without the use of staining agents.

Recently, Custovic et al>* published a methodological
approach to analyze DNA networks and single molecules using
resonance-enhanced contact mode AFM-IR. Leveraging
previously available methodological approaches for DNA
deposition on mica surfaces, the authors demonstrated the
applicability of these methods to the AFM-IR technique and
were able to acquire AFM-IR spectra and maps of DNA
networks and single molecules (Figure 7). This study is an
important first step in what can be the future application of
AFM-IR to study DNA molecules and DNA-—protein
complexes.

Protein fibrils are involved in numerous neurodegenerative
diseases in humans'®” and are thus an important target of
studies aiming at a better understanding of their structure,
properties, and aggregation mechanisms. AFM-IR is a
promising technique in this field, since it can provide
information on a protein’s secondary structure at the nanoscale
in a label-free manner. Rizevsky and Kurouski'®® studied the
structural features of insulin fibril aggregates using contact
mode AFM-IR without recourse to labels and identified two
structural polymorphs: one composed of a ff-sheet core and an
outer, unordered, a-helix-containing surrounding layer and
another polymorph composed of a mixed f-sheet and a-helix/
unordered core surrounded by an outer f-sheet structure
layer.'”® The secondary structure of the outermost layer of the
fibril’s surface varies between the two polymorphs, presumably
due to distinct lateral growth mechanisms.'*® Further AFM-IR
studies of protein aggregation state’s structure have been
conducted on Af42 (present in Alzheimer’s disease),"**~'"
cell-penetrating peptides,'” functional amyloids,'”” and a-
synuclein (present in Parkinson’s disease),"'’ whereas other
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Figure 7. Topography map (a) and AFM-IR absorption map at 1633
em™" (b) of single DNA molecules deposited on a Ni*-functionalized
mica surface. Average AFM-IR spectrum (c) collected at the locations
marked in panel (b) show the characteristic mid-IR absorption bands
of nucleic acid bases. Reproduced with permission under a Creative
Commons Attribution 4.0 International License from ref S54.
Copyright 2022 Nature Portfolio.

studies have focused on the effect of lipids on protein
aggregation''''"? or the formation of amyloid micro-
crystals."'*

A further step in AFM-IR studies of protein aggregation
states is to investigate the interaction of these with gotential
drugs and drug candidate molecules. Ruggeri et al.'"” studied
the interaction between different A}42 aggregation species and
bexarotene, a drug which delays protein aggregation. The study
mainly used AFM-IR and combined it with chemometric
models to allow for more effective data interpretation. This
study made use of the lighting-rod signal enhancement by
using gold-coated substrates and tips and was measured using
short laser pulses and off-resonance to minimize sample
damage and limit the contribution of the substrate to the signal
obtained, which otherwise hinders the measurement of objects
smaller than the diameter of the tip."'>"'® The authors were
able to distinguish between the spectral signatures of oligomers
(composed of proteins in random coil conformation as well as
in antiparallel intermolecular f-sheet conformation) and fibrils
(composed overwhelmingly of parallel intermolecular f-sheet
structures).'"> However, the most interesting result was the
observation that bexarotene molecules form hydrogen bonds
linking their carboxyl groups to the Af42 aggregates which
hinders the progression to further aggregation states such as
fibrils. This study showcases the potential of AFM-IR to
contribute to a better understanding of drug-target inter-
actions.

When analyzing amyloid fibrils using AFM-IR particular care
is required when the obtained sFectra will be greatly affected
by the experimental setup used."'” For highly oriented samples
with less than 10 nm thickness (as can be the case when
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measuring amyloid fibers and other types of protein
aggregation states, depending on sample preparation), a recent
study by Waeytens et al. recommends using bottom
illimitation, Si cantilevers, and s-polarized light to obtain
closer results to those expected from classical ATR-FTIR
spectroscopy.117 These are important considerations when
setting up a study, particularly as the use of gold tips is
frequent due to the signal enhancement they provide. This
enhancement, however, comes at the expense of spectral
reliability for structural analysis.'"’

The AFM-IR study of biological samples in water, their native
environment, is a technigue that has so far remained elusive
and seldomly used.”"'®""” AFM-IR measurements in liquid are
particularly challenging due to the extra cantilever oscillation
dampening leading to lower signal-to-noise ratios, as well as
the intense background absorption of water.” To tackle the
background absorption challenge, deuterated water can be
used instead of water and measurements are carried out in
bottom illumination to limit the exposure of the medium to the
IR laser beam, and thus its contribution to the signal.’
Furthermore, the use of bottom illumination schemes requiring
IR-transparent prisms typically restricts the list of potential
substrates to materials such as ZnSe and CaF,, which are
chemically incompatible with a variety of sampling protocols,
e.g., those requiring the use of acidic substances, are harder to
manipulate due to their brittleness, and are costly. All of these
factors have contributed to the small number of recent studies
employing this methodology: excluding studies carried out
using peak-force infrared microscopy, an emerging subtype of
AFM-IR, only two papers have been 7published in the past five
years using AFM-IR in liquid mode.”*

Nonetheless, the perspective of measurements in liquid is
attractive, provided technical improvements to the technique
are undertaken. These might include the development of
cheaper and more easily manipulable substrates, improvements
in the instrument’s measurement stability, and a better
understanding of the behavior of cantilevers during an AFM-
IR measurement in liquid. Recent results show that measuring
in liquid using the tapping mode might be the key to solvent
signal suppression, since tapping mode measurements are
inherently insensitive to the acoustic waves that result from the
absorption of IR radiation by the surrounding medium
(water).”® Future interesting avenues of research for liquid
AFM-IR studies include polymer biodeterioration focusing on
the longer-term survival of the cell in liquid media, protein
aggregation processes and how they are affected by medium
components in real-time, as well as the imaging of biological
processes, to name a few. A further step could be the
integration of microfluidic setups with AFM-IR, as is already
the case for AFM."*® Such addition would enable the AFM-IR
of individual cells while they are exposed to different nutrients
or media components or to detect the capture and analyze the
properties of vesicles captured by membrane proteins.

Recently a “surface sensitive” mode has been developed, which
is a type of contact mode leveraging a heterodyne detection
scheme that allows for the probing of only the upper 10—30
nm of the sample.23 In this mode, the cantilever is oscillated at

a high frequency, f;, and the laser set to a high off-resonance
frequency, fien such that the sum or difference of these two
frequencies coincides with one of the cantilever contact
resonances (ideally with a high Q factor).” Through nonlinear
interactions, the AFM-IR signal could be detected at the
resonance frequency and corresponds only to the uppermost
layers of the sample.”’ Despite not requiring hardware changes
to instruments already capable of tapping mode experiments,
this mode is so recent (less than two years old) that, to date,
there are no published studies on its application to biological
samples. This mode could allow for studies targeting cell
membranes (4—5 nm thick)'*' and immediate surroundings
such as cell walls without the need to isolate them from the
rest of the cell. Indeed, by combining surface sensitive
measurements with previously existing modes that have no
probing depth sensitivity, the deeper parts of the cell can be
probed in the same experiment.

Although one of the strong suits of AFM-IR is the possibility of
high-resolution label-free studies, this is not feasible in all cases,
particularly when the target analytes are not chemically distinct
from their surrounding environment. A glimpse into such a
possibility is offered in the work by Cléde et al,"** in which a
rhenium triscarbonyl complex (mid-IR tag) coupled to a
luminescent probe allowed for the multimodal imaging of the
intracellular distribution of an estrogen derivative within breast
cancer cells. The multimodal probe was linked to the target
molecule via “click” chemistry. More recently, the same class of
rhenium tags was used to show the intracellular targets of
ferrocifens, which are potential anticancer drugs.123 Rhenium
tricarbonyls absorb strongly at around 1950 cm™, an area in
which biological samples tend to have little to no
absorption.'”” Besides rhenium carbonyl tags, alkynes are
another class of compounds that have an application potential
as mid-IR tags in AFM-IR studies. Alkynes are widely used as
Raman tags due to their absorption band in the region of 2100
ecm™ to 2200 cm™’, isolated from typical biomolecule bands
(Figure 2)."** Tagging target analytes with alkyne-containing
molecules represents another potential field of investigation,
albeit with one possible downside: the QCLs commonly used
in AFM-IR setups often do not cover this “remote” area of the
mid-IR spectrum.

Finally, isotope labeling of compounds to study processes
within the cell, or even interactions between cells, is another
potential avenue of study for AFM-IR. This kind of agproach
has been demonstrated on bacteria using O-PTIR. "> The
similar signal generation of the two techniques hints at the
possibility of such studies also being feasible using AFM-IR.

Thermal drift is a known and common problem affecting
AFM-IR measurements, particularly when these are conducted
over longer periods of time, resulting in unintentional position
changes. Especially when calculating ratios of two AFM-IR
maps acquired at different wavenumbers, image alignment is
crucial to avoid artifacts at the edges of features. Thermal drift
correction is carried out by phase cross-correlation using the
topography maps, which are recorded at the same time as the
AFM-IR maps. However, the absence of a community-wide
consensus on how to implement this drift-correction approach
has led to widely different software implementations bein§
employed, including Anasys Studio,”> SPIP,*>''® Python,"
and Matlab.>® Furthermore, beyond this simple step of data
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(pre-) processing, little discussion is happening within the
community regarding data evaluation, i.e., how multivariate
methods like PLSs should be applied to AFM-IR data sets,
which types of normalization, smoothing and “bad pixel”
removal are acceptable in AFM-IR data sets to retrieve
reproductible spectra and images, and so forth. We expect that
as the number of groups working on AFM-IR increases,
especially those with a focus on the life sciences that most
require multivariate methods for evaluation, this aspect will
move toward the center of attention.

In the last five years, AFM-IR has been applied to increasingly
complex biological samples, from single DNA molecules® and
proteins”é to breast cancer tissue sections.”” The technique is
increasingly moving from proof-of-concept studies toward
application to practical problems where its potentially
nondestructive nature allows for integration with other
established microscopy techniques to obtain complementary
information. We have summarized some of the recent
applications of AFM-IR to the life sciences, identifying
potential future directions of research, as well as relevant
current limitations. AFM-IR’s high lateral resolution allows for
an unprecedented access to chemical information on whole
cells, cell components, and biodeterioration of materials. We
hope that this perspective encourages more interdisciplinary
collaboration between the life sciences and the growing field of
AFM-IR by highlighting its potential contributions to
challenges relevant to the life sciences.

Experimental details of the data in Figure 4 are available upon
reasonable request to the corresponding author.
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