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ABSTRACT: Atomic force microscopy infrared (AFM-IR) spectroscopy is an
emerging analytical technique that can be used to probe the structural
organization of specimens with nanometer spatial resolution. A growing body
of evidence suggests that nanoscale structural analysis of very small (<10 nm)
biological objects, such as viruses and amyloid aggregates, requires substrates that
must fit strict criteria of low surface roughness and low IR background,
simultaneously. In this study, we examine the suitability of a broad range of
substrates commonly used in AFM and IR fields, and we determined that silicon,
zinc sulfide, and calcium fluoride are the most ideal substrates for nanoscale
imaging of amyloid oligomers, protein aggregates that are directly linked to the
onset and progression of neurodegenerative diseases. Our data show that these
substrates provide the lowest roughness and the lowest background in the 800−
1800 cm−1 spectral window from all examined AFM and IR substrates. We also
investigate a contribution of surface enhancement in AFM-IR by the direct comparison of signal intensities from oligomers located
on silicon and gold-coated silicon surfaces. We found that metallization of such substrates provides a factor of ∼7 enhancements to
the IR signal and induces an equivalent enhancement of the sample background in the 950−1250 cm−1 spectral region.

■ INTRODUCTION
Infrared (IR) spectroscopy is commonly used to analyze the
chemical structure of a broad range of samples ranging from
food supplies to forensic specimens.1−5 This is primarily due to
the (i) noninvasive and nondestructive nature of IR, (ii) low
instrumental costs, (iii) high sensitivity, and (iv) rapid
development of computational approaches that enable the
prediction of IR spectra based on the chemical structure of the
analyte.6−10 Over the past decade, substantial instrumental
development enabled the miniaturization of IR spectrome-
ters,11,12 as well as a development of IR microscopes that can
provide ∼10 mm spatial resolution in the chemical imaging of
analyzed samples.13,14

Coupling of IR with atomic force microscopy (AFM) can
push the spatial resolution far beyond the light diffraction
limit.15 In this spectroscopic approach, known as atomic force
microscopy infrared (AFM-IR) spectroscopy, a frequency of
the pulsed tunable IR laser is tuned into the resonance with the
vibrational frequency of sample molecules.16−18 Absorbed IR
radiation causes thermal expansions that are recorded by a
metallized scanning probe positioned on the sample surface. If
the laser repetition rate matches the contact frequency of the
AFM scanning probe, nearly 2 orders of magnitude signal
enhancement can be achieved.19 This enhancement can be
further improved by the metallization of scanning probes and
sample surfaces.20,21 Probe metallization is used to minimize
the IR absorption by silicon or silicon nitride, as well as to
direct and localize the electric field at the probe apex, a

phenomenon that is known as the “lightning rod” effect.22,23 It
should be noted that, if a total internal reflection (TIR) is used
for the probe illumination, the generated evanescent field
minimizes the probe absorption.24 Scattered pieces of
experimental evidence suggest that substrate metallization
can also provide substantial enhancement to the IR
spectra.25,26 However, the exact contribution of substrate-
based enhancement in AFM-IR remains unclear.
Over the past decade, AFM-IR was extensively used for the

structural characterization of relatively thick (>500 nm)
samples of minerals and synthetic materials, such as boron−
nitride films, polyethylenes, and perovskites.27−31 This sample
thickness minimizes the importance of both the chemical
nature of the underlying substrates and the effect of their
metallization.
Rapid development of AFM-IR for biological research

requires a better understanding of the impact of the (i)
chemical nature, (ii) roughness, and (iii) metallization of
substrates used for the imaging of thin (<10 nm) protein
samples such as amyloid oligomers and fibrils.32−36 These
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protein aggregates are directly linked to a large variety of
amyloidogenic diseases, including Alzheimer’s and Parkinson’s
diseases, as well as diabetes type 2.37,38 The structural
characterization of these protein aggregates provides a wealth
of information about the molecular mechanisms that
determine their formation. For instance, Ruggeri utilized
AFM-IR to unravel the influence of pathogenic mutations on
the aggregation of α-synuclein (α-Syn).39,40 It was found that
mutations of α-Syn result in the formation of structurally
different amyloid fibril polymorphs compared to fibrils formed
from a wild-type protein.40 Zhou and Kurouski used AFM-IR
to examine the structural organization of α-Syn oligomers,
protein aggregates that later propagate into insoluble fibrils.41

AFM-IR revealed at least two different classes of α-Syn
oligomers that dominated by α-helical/unordered structure
and antiparallel- and parallel-β-sheets. The first type of
oligomers remained unchanged during the course of protein
aggregation, whereas the antiparallel β-sheet was rearranged
into a parallel-β-sheet secondary in the second type of
oligomers upon their propagation into fibrils.41 This structural
analysis of protein aggregates can be done based on the amide
I and II regions of their spectrum, which stretches from 1500
to 1700 cm−1.26,33,35,39 Recently reported experimental results
by our groups show that the 800−1300 cm−1 spectral region
can be critically important for the elucidation of protein−lipid
interactions.42 Such interactions can uniquely alter the
aggregation rates of proteins, as well as the secondary structure
of amyloid oligomers and fibrils.43

Expanding upon these findings, we propose to investigate
the suitability of a broad range of AFM and IR substrates for
the artifact-free structural characterization of protein oligomers
within the 800 to 1700 cm−1 spectral range. This analysis is
performed through the prism of accessibility and costs of
currently available IR and AFM substrates.

■ MATERIALS AND METHODS

Materials. Mica and calcium fluoride (CaF2) were
purchased from Ted Pella (Redding, CA, U.S.A.); sapphire,
potassium bromide (KBr), and zinc oxide (ZnO) were
purchased from MSE Supplies LLC (Tucson, AZ, U.S.A.);
zinc sulfide (ZnS) and silicon nitride (Si3N4) were purchased
from Bruker Nano (Santa Barbara, CA, U.S.A.); silicon (Si)
was purchased from Fluoroware Inc. (Billerica, MA, U.S.A.);
and glass coverslips were purchased from Thermo Fihser
Scientific (Waltham, MA). The information about the
substrates provided by the vendor is summarized in Table
S1. Insulin was purchased from Sigma-Aldrich (St. Louis, MO,
U.S.A.), and 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) was purchased from Avanti (Birmingham, AL,
U.S.A.).
To determine the average substrate roughness (Ra), root-

mean-square roughness (Rq), maximum peak to valley
roughness (Ry), and Scratch/Dig values, five different
substrate samples were analyzed using AFM; a 1 × 1 μm
substrate area was analyzed for each substrate. Data analysis
was made in Gwyddion 2.59. The obtained values are
summarized in the Table S2.
Protein Aggregation. Insulin was aggregated in a lipid-

free environment and in the presence of DMPC at a 1:1 lipid
to protein ratio at 37 °C under constant agitation in a Tecan
Spark plate reader (Man̈nedorf, Switzerland) at 510 rpm. After
24 h of agitation, samples were cooled to room temperature.

Next, the sample aliquot was diluted with distilled water, place
on the substrate, and dried under room temperature.

AFM Imaging. AFM imaging was performed on a AIST-
NT-HORIBA system (Edison, NJ) using silicon AFM probes
with a related parameters force constant of 2.7 N/m and a
resonance frequency of 50−80 kHz that were purchased from
Appnano (Mountain View, CA). The analysis of the collected
images was performed using AIST-NT software (Edison, NJ).

AFM-IR. AFM-IR imaging was conducted using a Nano-IR3
system (Bruker Nano, Santa Barbara, CA, U.S.A.). The IR
source was a QCL laser. Contact-mode AFM tips (ContGB-G
AFM probe, NanoAndMore) were used to obtain all spectra.
On average, 15 spectra were collected from each substrate and
protein sample; 2 cm−1 spectral resolution was used.
Treatment and analysis of the collected spectra were
performed in Analysis Studio software. The spectra were
treated with a Savitzky−Golay filter (2 polynomial order and 7
side points).

Metal Deposition. Gold (99.99% Kurt J. Lesker, Efferson
Hills, PA, U.S.A.) was thermally evaporated in a MBrown
system (MBrown, Stratham, NH) onto substrates at a constant
of 0.2 A·s−1 rates under ∼1 × 10−6 mbar. After 80 nm of Au
was deposited on the substrates, the evaporation was stopped
and the cooling down was continued until room temperature
was reached.

Thermal Annealing. Silicon wafers with 85 nm of Au film
on their surfaces were placed into a furnace that was kept at
450 °C for 30 and 60 min. Next, substrates were cooled down
to room temperature and analyzed using AFM.

■ RESULTS AND DISCUSSION
AFM and AFM-IR Analyses of the Substrates. One can

expect that an ideal substrate for AFM-IR imaging of amyloid
aggregates must match strict criteria of AFM and IR, possess
minimal surface roughness to enable morphological identi-
fication of small, 3−5 nm, protein aggregates, and have low, if
any, IR background. We used AFM to examine the topography
and surface roughness of the following most commonly used
AFM and IR substrates: mica, glass, Si3N4, Si, ZnO, CaF2,
sapphire, and ZnS; see Figure 1.
We found that mica, glass, Si3N4, Si, ZnO, and CaF2 had

smooth surfaces that were perfectly suitable for AFM imaging
of oligomers. We have also found that surfaces of CaF2 and
ZnO had long clearly defined grooves that decrease the quality
of the substrates, but did not result in a substantial increase in
the surface roughness. Our findings also show that mica exhibit
the lowest surface roughness, whereas glass, Si3N4, Si, and ZnO
have 2× higher surface roughness than mica. We have also
found that sapphire and ZnS exhibit a highly rough surface
with lots of spherical aggregates present that highly likely
originate from the polishing methods used to fabricate these
substrates. This surface analysis suggests that it is unlikely that
sapphire and ZnS can be used for AFM-IR imaging of amyloid
aggregates. At the same time, mica, glass, Si3N4, Si, ZnO, and
CaF2 are perfectly suitable for AFM-IR imaging of small
protein aggregates.
Next, we examined the IR background signals of these

substrates using AFM-IR. We have found that CaF2, SnZ, Si,
ZnO, and sapphire, as well as KBr, have very little if any IR
background signal within 800−1800 cm−1, see Figure 2. It
should be noted that, although analyzed, KBr presents very
little, if any, suitability to the biological research due to the
high solubility of the substrate in water. This substantially
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complicates the use of this substrate for the deposition of
water-soluble protein aggregates. At the same time, we found
that Si3N4 and mica exhibit a very strong background in the
1100−800 cm−1 region. These findings show that both Si3N4
and mica can be used for the AFM-IR analysis of amyloid
aggregates grown in the lipid-free environment. However,
these substrates unlikely can be used if the information about
the lipid composition is expected to be revealed, because lipids
exhibit vibrational modes in this (800−1100 cm−1) spectral
region.42

Considering the commercial costs of the substrates analyzed
in our study, we found that Si, CaF2, and ZnS are the best
candidates for AFM-IR imaging of amyloid aggregates, see
Table 1. Finally, although glass coverslips have a very low
surface roughness and IR background, their use in AFM-IR is
limited by the strong absorption properties of IR light by the

glass. This drastically minimizes the thermal expansion of the
protein specimens deposited on it.

Elucidation of the Effect of Substrate Metallization.
We evaporated 85 nm of Au on the surface of Si, CaF2 and
ZnO and examined their surfaces using AFM. We found that
metal deposition results in the formation of a grain-like surface
that is poorly suitable for AFM-IR imaging of amyloid
aggregates. We used thermal annealing to determine the
extent to which such grain-like surfaces can be flattened.
Previously, our group demonstrated that, at ∼400 °C, Au
atoms can move across the metallic surfaces, which drastically
changes the shapes of the Au nanostructures.44 Our
experimental findings show that, after Si is coated with 85
nm of Au and exposed for 30 min at 450 °C, the RMS of the
surface roughness decreased from 1.39 to 0.73 nm. Prolonged
heating only slightly decreased the surface roughness (0.5 nm
after 60 min at 450 °C), whereas we observed the formation of
large cracks on the metallic surface, Figure 3. These findings
demonstrate that 30−60 min long annealing of substrates at
mild temperatures can be used to decrease the roughness of
the metallic films on their surfaces.

Spectroscopic analysis of Au-coated and bare Si, ZnS, and
CaF2 substrates revealed that metal coating causes a drastic
increase in the intensity of the spectral background within the
950−1250 cm−1 region, Figure 4. We have also observed an
increase in the intensity of the 1650−1750 cm−1 region. It
should be noted that all three chemically different substrates
exhibited highly similar spectral profiles in these spectral
regions. These findings suggest that the corresponding spectral
changes could be caused by the silicon of the scanning probes.
Although the exact physical origin of this Au-induced

background enhancement is unclear, these results suggest that
it is unlikely that the Au coating can be used for AFM-IR
imaging of lipid-containing amyloid aggregates due to the
presence of lipid vibrations within the 950−1250 cm−1 spectral

Figure 1. AFM images (top) of Si3N4, Si, mica, sapphire, glass, CaF2,
ZnO, and ZnS and a diagram (bottom) of the root-mean-square
roughness (Rq) of their surfaces. Scale bar is 250 nm.

Figure 2. AFM-IR spectra of bare CaF2, ZnO, Si, and KBr (A), as well
as mica, Si3N4, sapphire, and ZnS.

Table 1. Results of AFM and AFM-IR Analyses of the
Surface Roughness and IR Background of the Examined
Substrates

substrate
surface

roughness
IR

background cost other properties

glass low low low absorbs IR
Si low low low not observed
Si3N4 low high low not observed
mica very low high low can be cleaved and

reused
ZnS high low medium not observed
ZnO low low high not observed
sapphire high low high not observed
CaF2 low low medium not observed
KBr low low low water-soluble

Figure 3. AFM images of the Si substrate coated with 85 nm of Au
before thermal annealing (A) and after 30 min (B) and 60 min (C) of
exposure at 450 °C.
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region. These data also suggest that metallization of substrates
may cause artifacts in the amide I and II regions of the spectra
collected from protein aggregates deposited on them. To verify
this, we collected spectra from the same amyloid aggregates
deposited onto bare Si and Au-coated Si, see Figures 5 and S3.

Our findings show that amide I region of protein aggregates
grown in the lipid-free environment is highly similar in the
spectra collected from protein aggregates deposited on bare Si
and Au-coated Si substrates. Similar conclusions can be made
about amide I region of the protein aggregates grown in the
presence of lipids. These aggregates also exhibited vibrational
bands that can be assigned to CC−H (950 cm−1) and PO2

−

(1100 cm−1) vibrations that were not evident in the spectra of
the aggregates grown in the lipid-free environment.42 These
two vibrational bands indicate the presence of lipids in the
structure of the protein aggregates. At the same time, we have
observed drastically different appearance of this region in the
spectra collected from the same aggregates deposited on the
Au-coated Si substrates. Specifically, we found a set of broad
bands around 800, 950, 1050, and 1080 cm−1. We have also
found the appearance of new vibrational bands in the 1200−
1400 cm−1 region that were not observed in the spectra
collected from individual protein aggregates deposited on bare
Si. These findings show that Au coating can cause significant
spectral artifacts in the 800−1400 cm−1 region of AFM-IR
spectra collected from protein specimens. However, no Au-
induced artifacts are observed in the amide I and II regions.
Finally, we measured the total peak area of amide I and II

bands (1500−1750 cm−1) in 200 individual AFM-IR spectra of

protein aggregates to the surface-enhancement effect, see
Figures 6, S1, and S2. Our results show that Au-coating

provides a factor of 6.83 enhancement to the intensity of this
region of IR spectra. Previously, Bibikova and co-workers
observed a factor of 10 enhancement of the IR signals of
thioglycolic acid (TGA) and up to a factor of 2 enhancement
of IR spectra for the bovine serum albumin (BSA) protein
induced by anisotropic gold nanostars and spherical gold
nanoparticles.45 Our findings show that Au coating results in a
slightly higher enhancement of AFM-IR spectra of protein
specimens absorbed onto the metal surface.

■ CONCLUSIONS
In this study, we examined the surface roughness and IR
background of a large number of commercially available
substrates to determine their suitability of AFM-IR imaging of
small protein aggregates. We found that Si, ZnS, and CaF2
exhibit the lowest surface roughness simultaneously, providing
a very low IR background. This makes them suitable for AFM-
IR imaging of aggregates that were grown in the lipid-free
environment. We also found that Au-coating of Si, ZnS, and
CaF2 substrates results in the appearance of the strong
background in the 950−1250 cm−1 spectral region. Thus, Au-
coated substrates can most likely not be used for AFM-IR
imaging of lipid-containing protein aggregates. At the same
time, our results show that Au coating provides a factor of ∼7
enhancement to the IR signal compared to the intensity of the
IR spectra collected from amyloid aggregates deposited on
bare Si. It should be noted that a rapid development of
lithography and soft science results in the appearance of a large
number of novel substrates on the market that could not be
tested in this work. Nevertheless, we anticipate that these
findings will be of a great importance to a large community of
IR spectroscopists that work with protein aggregates, as well as
researchers who utilize AFM-IR in biology.
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Figure 4. AFM-IR spectra of bare (dashed lines) and Au-coated Si,
ZnS, and CaF2 substrates.

Figure 5. AFM-IR spectra of individual protein aggregates grown in
the lipid-free environment (blue) and in the presence of DMPC at 1:1
lipid to protein deposited on Si (dashed lines) and Au-coated Si (solid
lines).

Figure 6. Average intensities of amide I and II bands in AFM-IR
spectra collected from protein aggregates deposited on bare Si and a
Au-coated Si surface.
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Specification of the analyzed substrates according to the
information provided by the vendor and results of the
extensive analysis of the substrate surfaces are presented
in Tables S1 and S2. Topography, chemical map, and
height distribution of amyloid β oligomers are shown in
Figures S1 and S2. Standard deviations of the spectra
collected on Si and Au-coated Si are shown in Figure S3
(PDF)
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