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ABSTRACT: Particles extracted from yeast cell walls are naturally
occurring immunomodulators with significant therapeutic applica-
tions. Their biological function has been thought to be a
consequence of the overall chemical composition. In contrast,
here we achieve direct nanoscale visualization of the compositional
and structural heterogeneity of yeast cell wall particles and
demonstrate that such nanoscale heterogeneity directly influences
the receptor function of immune cells. By combining peak force
infrared (PFIR) microscopy with super-resolution fluorescence
microscopy, we achieve simultaneous chemical, topographical, and
mechanical mapping of cell wall particles extracted from the yeast
Saccharomyces cerevisiae with ~6 nm resolution. We show that
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polysaccharides (f-glucan and chitin) and proteins are organized in specific nonuniform structures, and their heterogeneous spatial
organization leads to heterogeneous recruitment of receptors on immune cell membranes. Our findings indicate that the biological
function of yeast cell wall particles depends on not only their overall composition but also the nanoscale distribution of the different

cell wall components.

Yeast cell wall particles are a group of naturally occurring
immunomodulators."” Derived from the cell walls of yeast
microbes, these hollow microparticles retain the cross-linked
polysaccharide layer and other key cell wall components of
their source. These key components bind to immune
receptors. Therefore, they have long been used as adjuvants
to enhance immune responses in cancer therapy, vaccination,
and infectious disease treatments.> ® The spherical hollow
interiors of yeast cell wall particles have also been exploited as
a means of vaccine and drug delivery.”" Despite the long
history of using yeast cell wall particles for therapeutic
purposes, many aspects of their mechanism of action remain
unclear. In particular, we do not understand how the structural
organization of the cell wall relates to its immune function.
The immunomodulatory effects of individual components
isolated from the yeast cell wall have been identified and
characterized by an extensive body of previous work. The most
abundant types of polysaccharide in the cell walls of yeast and
other fungi and bacteria are f-glucans. They have been found
to be potent immune modulators that bind to several innate
immune receptors.”” Later studies, however, revealed that not
all f-glucans are biologically active. The immune function of §-
glucans has been found, largely, to depend specifically on
features of their higher-degree molecular architecture, such as
the length of the polymers and their degree of branching.”"’
This finding highlights the complexity of the structure—
function relationships of yeast cell wall particles and the
challenge involved in understanding them. It is quite possible
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that the biological function of these cell wall components
depends on much more than just their individual chemical
identities taken separately. It may also depend critically on how
the different components are assembled and organized over the
cell wall. It is not possible to investigate this possibility with
conventional chemical and enzymatic analyses that have been
used in previous studies.

A variety of microscopy techniques have allowed the
structures on cell wall particles and intact microbes to be
directly visualized. Surface features as small as the fibril
structures of the polymers on yeast cell wall particles have been
resolved by using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM)."""* Atomic force
microscopy (AFM) enables simultaneous measurement of the
surface structure and mechanical properties of the microbial
cell wall.”~"” However, these microscopy techniques have a
major drawback: they do not reveal the chemical identity of
the cell wall structures being imaged. To identify components
that form a specific feature of the cell wall structure, one has to
use tedious indirect approaches. In some studies, AFM tips
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Figure 1. Identification of chemical heterogeneity on the surface of zymosan particles. (A) Schematic illustration showing the structure features
(cell wall, bud scar, and nucleus core) of a zymosan particle. (B) SEM image of a zymosan particle. (C) Schematic illustration of the signal
generation of PFIR microscopy. An AFM is operated in the peak force tapping mode, synchronized external laser pulses are focused to the tip and
the sample region, and the deflection of the cantilever (force curve) is monitored in real time through a built-in position-sensitive detector (PSD).
Mechanical information and IR absorption signal are obtained from the regular force curve (blue) and the force curve with a laser pulse (red). (D)
Topography image of a zymosan particle. Dots marked as P1—P4 indicate the four spots where IR signals were measured. (E) PFIR spectral scans
at the four different positions marked as P1—P4 in (D). (F) Bright-field and fluorescence images of a zymosan particle labeled with Alexa Fluor
568-tagged wheat germ agglutinin (WGA). (G) Maximum projection of three-dimensional (3-D) SIM images of bud scars on WGA-labeled
zymosan particles. (H) Bright-field and fluorescence images of an Alexa Fluor 568-labeled zymosan particle. Scale bars in all images: 2 ym.

were chemically modified with specific functional groups such
that the tip—sample adhesion force was used to infer charge
groups on the surface of microbes and the presence of
polysaccharides.'”~>* However, this approach yields only
indirect compositional information. In some other studies,
AFM microscopy images were matched with lower-resolution
optical images of antibody-labeled samples, so that the
nanoscale structure of the cell wall can be correlated with
the identity of specific chemical components.”® This approach
suffers from drawbacks such as the limited spatial resolution of
optical microscopy. It also cannot chemically identify unknown
cell wall components.

In this study, we achieve simultaneous chemical, structural,
and mechanical mapping of yeast cell wall particles with ~6 nm
resolution using peak force infrared (PFIR) microscopy. PFIR
microscopy is a spectroscopic scanning probe technique based
on the detection of infrared (IR) light-induced photothermal
expansion. PFIR allows simultaneous mechanical and chemical
measurements of samples at high spatial resolution without
extrinsic labels.”* PFIR microscopy has been used previously to
discriminate nanoscale domains having different chemical
compositions in nonbiological samples, such as block
copolymer thin films, oil shales, and aerosol particles.”*™’
This study represents the first use of PFIR microscopy to
reveal chemical compositions through correlative imaging for
biological samples. The yeast cell wall particles used in this
study are zymosan particles, a boiled and trypsin-treated cell
wall extract from Saccharomyces cerevisiae. With PFIR
microscopy, we revealed the heterogeneous nanoscale
distribution of S-glucans, chitin, and proteins on the zymosan
particle surface. f-Glucans are enriched on the cell wall and
form a meshlike skeletal structure over the particle surface but
are slightly depleted from the inside of bud scars, which are
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structures left from the fracture of the yeast cell wall during
division.”® In contrast, chitin and proteins are mostly
concentrated in the bud scars, with chitin on the bud scar
rim and proteins inside. Combining the PFIR results with
super-resolution structured illumination microscopy (SIM)
imaging, we further demonstrated that the heterogeneous
distribution of cell wall components leads to heterogeneous
clustering and organization of receptor Dectin-1 on mem-
branes during cell uptake of the zymosan particles by immune
cells. Thus, combining two complimentary super-resolution
techniques with different strengths, we revealed the chemical
heterogeneity on the surfaces of zymosan particles and its
correlation with their biological functions. While it is known
that the composition of yeast cell walls is not uniform, our
results here provide nanoscale visualization of the composi-
tional and structural heterogeneity over the surface of cell wall
particles and illustrate the immunological significance of the
spatial organization of molecules.

B RESULTS AND DISCUSSION

Chemical Heterogeneity of the Surfaces of Zymosan
Particles. We first examined the morphology of zymosan
particles created from yeast cell walls, after critical point drying,
using SEM. As schematically illustrated in Figure 1A and
shown in the SEM image in Figure 1B, zymosan particles
typically exhibit an ellipsoidal shape. Many of them have one
or more ringlike structures that protrude slightly above the
particle surface. These structures are bud scars, formed from
the fracture of the yeast cell wall during division.”®

We next investigated the chemical composition of zymosan
particles using PFIR microscopy. In the instrument setup
(schematic illustration in Figure 1C), the AFM is operated in
peak force tapping mode to make controlled dynamic contact
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Figure 2. Simultaneous mapping of structural, mechanical, and chemical images of zymosan particles. (A) SEM image of a zymosan particle after air
drying. (B—F) Corresponding topography (B), PFIR signal at 1030 cm™" (C) and 1630 cm™" (D), Young’s modulus (E), and adhesion (F) images
of the same zymosan particle. (G, H) The line scan profiles of height, PFIR intensities at 1030 and 1630 cm™!, Young’s modulus, and adhesion
along the dash line indicated in (B). (I) Schematic illustration showing the component distribution on zymosan particles. Scale bars in all images: 2

pm.

with the sample, yielding the mechanical signal. Meanwhile, an
IR pulse is synchronized with every other peak force tapping
cycle. The IR light vibrationally excites the sample and
produces a rapid photothermal expansion. The photothermal
expansion is detected as additional vertical deflections of the
AFM cantilever. This PFIR signal is extracted through real-
time data acquisition and analysis. Details of the PFIR
microscopy technique have been described previously.”* To
prepare samples for PFIR microscopy, zymosan particles were
dried in the air on silicon wafers. Unlike the ellipsoidal shape
observed in SEM, zymosan particles during the air-drying
process became flattened to disklike shapes of only 200—300
nm height (Figures S1 and 2A), but bud scars on particles
remained obvious. The air-drying process is commonly used in
preparation of microbe samples for Fourier transform infrared
(FTIR) and AFM studies and is not expected to influence the
chemical composition of the zymosan particles.”” ™" A large
core of approximately 1.5 ym diameter at the center of all dried
particles also became noticeable (Figure 1D). This large core is
likely the nucleus of the original S. cerevisiae, based on its
morphology and the previous reports that the cores inside
zymosan particles can be heavily labeled with nuclear
stains.”>?

To investigate the chemical composition of structurally
distinct locations on zymosan particles, we measured IR

spectra at four positions over the surface of each particle. Two
measurement spots were chosen in areas away from the bud
scar and the core. The third one was on the surface above the
nucleus core, and the fourth was in the bud scar area (Figure
1D). These four spots were chosen consistently on all zymosan
particles in our series of measurements. IR signals were
scanned in two distinct frequency ranges of 900—1250 and
1525—1775 cm™!, which cover regions of the infrared
spectrum absorbed by polysaccharides and proteins, respec-
tively. The metallic coated AFM tip locally enhances the
infrared field underneath the apex of the tip over a range of
~10 nm. In the 900—1250 cm™" frequency range, spectra from
all four test locations on zymosan particles show a strong
absorption intensity between 1000 and 1150 cm™', which
indicates an abundance of polysaccharide on the cell wall
Specifically, the prominent IR peaks at around 1075 and 1150
cm™! correspond to f-(1 — 3) glucans, and the band at around
1045 cm™ corresponds to mannans.”* The less intense IR
peaks around 1000 cm™ likely reflect the absorption of -(1 —
6) and f-(1 — 4) glucans. This result, in agreement with
previous findings, indicates that the f-glucans are the major
constituent of the entire zymosan surface with f-(1 — 3)
glucan as the dominant component compared to f-(1 — 6)
and f-(1 - 4) glucans. However, IR absorption in the 1525—
1775 cm™' range shows significant heterogeneity among the
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Figure 3. Nanoscale mechanical and chemical mapping of zymosan bud scars. (A) Topography image of a zymosan bud scar and PFIR spectral
scans at seven different positions marked as P1—P7. Scale bar: 500 nm. (B) Topography, PFIR signal at 1030 and 1630 cm™', Young’s modulus,
and adhesion images of a bud scar. Scale bars: 500 nm. (C, D) Zoom-in images of merged PFIR signals (red for 1030 cm™" and green for 1630
cm™), tracked mesh skeletal structure, and line scan profiles of PFIR intensities inside the bud scar (C) and outside the bud scar (D), areas

outlined in the white boxes in (B). Scale bars: 100 nm.

different spots on zymosan particles. Little absorption in this
range was observed for surface areas away from the bud scar
and core, as indicated by signals from positions P1 and P3 in
Figure 1D. In contrast, spectra obtained at positions near the
core and bud scar, indicated as P2 and P4, respectively, in
Figure 1D, show strong absorption at 1657 and 1628 cm™" and
to a lesser extent 1548 cm™". The IR bands at 1657 and 1628
cm™ correspond to the C=O bond stretch vibrations in
amide I, and that at 1548 cm™' corresponds to the N—H
bending and C—N stretching in amide II. Two components of
the yeast cell wall can possibly contribute to these amide
absorption bands. One includes proteins and polypeptides.***®
The other is chitin, a long-chain polymer of N-acetyl-p-
glucosamine linked by a p-glycosidic bond that provides
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rigidity to the fungal cell wall.”” The IR bands of proteins and
chitins overlap in the 1550—1650 cm™ range and therefore
cannot be identified separately. However, we observed that the
spectra from the regions over the core (P2) and the bud scar
(P4) show different amide LII intensity ratios. This suggests
that even if proteins and chitins are both present in different
areas on the same zymosan particles, their abundance varies
locally. Regarding the IR spectra obtained from the zymosan
area near the nucleus core, it is important to point out that the
IR absorption likely includes signals from both the cell wall and
the core underneath if the nucleus core is positioned within the
proximity of 60—70 nm from the tip, which is the measuring
depth of PFIR. However, because the evanescence field
intensity decays exponentially from the tip, the signal
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contribution from the cell wall is expected to dominate that
from the nucleus core.

To distinguish chitin and proteins and further confirm their
heterogeneous distribution on zymosan particles, we used
fluorescence labels specific to either cell wall component. We
first labeled zymosan particles with fluorescently tagged wheat
germ agglutinin (WGA), which binds specifically to chitin with
high affinity.”®*” Using super-resolution SIM, we observed that
the rim of the bud scars was intensely labeled by WGA
compared to the remaining areas on zymosan particles and
appeared as rings in fluorescence images (Figure 1F). This
observation indicates that the rims of bud scars are enriched
with chitin, which is in agreement with previous reports that
chitin is concentrated in the division septum in the neck
between a mother cell and its daughter bud.”®*’ Interestingly,
we observed two types of ring morphology of chitin at bud
scars. About half of the zymosan particles examined showed a
single chitin ring, whereas the other half showed double rings
(Figure 1G). We next labeled zymosan particles with Alexa
Fluor 568 succinimidyl ester, which reacts specifically with
primary amines in proteins. We found that both the nucleus
core and bud scars of zymosan particles were strongly labeled
with no noticeable difference in fluorescence intensity (Figure
1H). In contrast, other areas of zymosan particles were only
slightly labeled. Because primary amines are present in proteins
but not in chitin, this result confirms that proteins are mostly
concentrated on the entire bud scars and the nucleus core of
zymosan particles. The observation of protein enrichment in
bud scars is consistent with previous reports that proteins are
recruited to bud scars during yeast budding.*"**

Simultaneous Mapping of the Structural, Mechan-
ical, and Chemical Heterogeneity of Zymosan Particles.
To reveal the nanoscale heterogeneity of the chemical
composition on zymosan particles, we next mapped the IR
absorption over the entire particle surface at frequencies of
1030 and 1630 cm™" (Figure 2C,D). It is evident that the main
surface of zymosan particles contains mostly S-glucans and
proteins at a lower level, which is consistent with our spectral
scan results shown in Figure 1E. At the rims of bud scars, both
1030 and 1630 cm™" absorbances are strong, indicating local
enrichment of f-glucans, chitin, and proteins. In contrast, -
glucan is relatively depleted inside the bud scar, as shown by
the weaker 1030 cm™" absorbance compared to other areas on
the zymosan particles (Figure 2G). Interestingly, we also
observed some nanodomains on the surfaces of the particles
with strong absorption intensity at 1630 cm™" (Figure 2D and
more examples in Figure S2). The nanodomains are sparsely
distributed and exhibit no clear pattern of arrangement on
zymosan particles. While previous studies have reported that
proteins on yeast cell surfaces may aggregate and form
nanodomains,”""** it is unclear what caused the nanodomains
in our observations. Along with IR signal mapping, we also
simultaneously measured the topography, Young’s modulus,
and adhesion of the sample zymosan particles. Our topography
scan shows that the rims of bud scars protrude 2100 nm from
the surfaces of zymosan particles and that the height of the
nucleus core is £#500 nm. In modulus and adhesion mapping,
we found that the rim of bud scars has slightly lower Young’s
modulus and adhesion strength than other areas on the
zymosan particles (Figure 2H). This is possibly a result of the
high concentration of chitin at the rim of the bud scar."*** The
fringe pattern in the adhesion mapping (Figure 2F) was
possibly caused by the interference of the AFM feedback
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laser.”> The PFIR and fluorescence imaging results together
demonstrate the heterogeneous composition on the zymosan
particle surfaces. As schematically illustrated in Figure 2I, f-
glucans are abundant over the entire zymosan particle surface,
chitin is enriched only at the rim of the bud scars, and proteins
are concentrated over the bud scars and the nucleus cores.

Nanoscale Meshwork Structure on the Surfaces of
Zymosan Particles. We next sought to resolve the nanoscale
structures and chemical heterogeneity of the surfaces of
zymosan particles around the bud scars. As for the measure-
ments shown in Figure 1D, we first measured the IR
absorption in two frequency ranges of 900—1250 and 1520—
1780 cm™! at seven different locations on the bud scar. Three
positions (P1, P2, and P3) were chosen on the rim of the bud
scar, two (P4 and PS) on the inner edge of the rim, and two
(P6 and P7) inside the bud scar. IR spectra from all seven
different positions show similar band positions but different
absorption intensities (Figure 3A). Notably, the IR peak
intensities around 1657, 1628, and 1548 cm™!, which
correspond to amide I and II absorption, were different even
for positions that were supposedly on the same structure of the
bud scar. Positions P6 and P7 are examples. Given that the
spatial resolution of PFIR microscopy is ~6 nm (Figure S3),
such a difference in absorption intensities prompted us to ask if
the distribution of chitin and proteins is nonuniform on a
length scale comparable to our imaging resolution. To answer
this question, we focused on the areas around bud scars and
performed high-resolution simultaneous mapping of IR
adsorptions at 1030 and 1630 cm™" together with topography,
Young’s modulus, and adhesion scanning. We observed that f-
glucans (1030 cm™ adsorption), chitin, and proteins (1630
cm™! absorption) are all organized in a dense mesh network on
the zymosan surface (Figures 3B and S2). Overlaid PFIR
images of 1030 and 1630 cm™" both inside and outside the bud
scars show the colocalization of the different cell wall
components despite their varied concentrations in different
areas (Figure 3C,D). The mesh skeletal structure was clearly
outlined using Neuron] image analysis that traces high-
intensity image features. The mesh size, estimated from the
peak-to-peak distance in the line scan plots, is ~#50 nm (Figure
3D). The modulus and adhesion mapping also show clearly the
nanoscale mesh structure, indicating that the nanofibrils made
of cell wall components have different mechanical properties
than the voids in the mesh. It is also evident that the rim of the
bud scars overall exhibits slightly lower Young’s modulus and
adhesion strength than the inside of the bud scars, which is
likely a result of the high concentration of chitin.

Chemical and Structural Heterogeneity of Zymosan
Particles Results in Heterogeneous Recruitment of
Immune Receptors on Phagosomes. Zymosan particles
activate several membrane receptors of macrophages. In
particular, the B-glucans activate Dectin-1 and the lipopeptides
bind to Toll-like receptor (TLR) 1/2.** After ligand—receptor
recognition, the zymosan particles are engulfed into intra-
cellular vacuoles known as phagosomes. We hypothesized that
the heterogeneous distribution of cell wall components on
zymosan particles dictates the arrangements of the correspond-
ing membrane receptors on the phagosome membrane. To test
this hypothesis, we used zymosan particles to stimulate
RAW264.7 macrophages expressing GFP-Dectin-1 receptors
and examined the spatial distribution of GFP-Dectin-1
receptors on phagosomes after particle engulfment. As shown
in the Supporting Information video, macrophage cells
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Figure 4. Heterogeneous recruitment of Dectin-1 receptors on phagosomes containing zymosan particles. Fluorescently labeled zymosan particles
(red) were internalized by RAW264.7 macrophages expressing GFP-Dectin-1 (green). (A) Schematic illustration of phagosomes encapsulating
zymosan particles inside a macrophage cell. Three-dimensional (3-D) SIM images (B) and constructed 3-D surface models (C) show the
distribution of GFP-Dectin-1 on the membrane of phagosomes encapsulating zymosan particles. Scale bars in all images: 1 pm.

extended cell membranes to engulf zymosan particles into
phagosomes. At the beginning of the uptake process, a high
concentration of Dectin-1 was found in the cell membrane that
was wrapped around zymosan particles, indicating the
recruitment of Dectin-1 upon binding to the f-glucan on the
particles. As the engulfment progressed, Dectin-1 was recruited
to the entire phagosome membrane as discrete nanoclusters.
Due to the spatial resolution limit of optical microscopy, we
were unable to resolve single Dectin-1 receptors inside each
nanocluster. However, from live cell imaging and 3-D super-
resolution images of fixed cell samples, we observed that the
Dectin-1 nanoclusters were concentrated over the area outside
of bud scars and particularly near the rims of bud scars in a
ringlike accumulation pattern but depleted from the inside of
bud scars (Figure 4). This result agrees with our findings from
PFIR scans that f-glucans are abundant over the zymosan
particle surface except inside bud scars (Figure 2C). It is
evident that the heterogeneous distribution of f-glucans on
zymosan particles leads to heterogeneous spatial distribution of
the Dectin-1 receptors on phagosome membranes, which is
expected to affect the signaling outcome of cells.

B CONCLUSIONS

Zymosan particles are derived from the cell walls of the yeast S.
cerevisiae. In this study, we demonstrated that the surfaces of
these particles have a chemically heterogeneous structure.
Further, by examining how these particles interact with
macrophages, we found evidence that this heterogenous
surface structure is biologically significant. By combining
PFIR with super-resolution fluorescence microscopy, we
determined how the three main chemical components of
these cell walls (f-glucans, chitin, and proteins) are organized.
We found that f-glucans are abundant over the cell wall but
are present at lesser abundance inside the bud scars. They form
a meshlike skeletal structure with a mesh size of ~50 nm.
While proteins colocalize with f-glucans across this network,
they are present at significantly higher concentrations over
entire bud scars and in the nucleus core. In contrast, chitin is
mostly concentrated on the rims of the bud scars, distributed
as either single or double rings. Macrophages engulf zymosan
particles and encapsulate them into intracellular vacuoles to
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initiate immune responses. This process involves the binding
of -glucans to their immune receptor, Dectin-1. We made the
important finding that the inhomogeneous distribution of /-
glucans over the surfaces of zymosan particles results in the
accumulation of Dectin-1 receptors on phagosomes outside
and near the rim of bud scars but not in areas inside the bud
scars. Based on our previous finding that macrophage
inflammatory responses depend on the spacing between
Dectin-1 and other membrane receptors,” our results here
indicate that heterogeneous spatial organization of the yeast
cell wall components has a direct impact on the immune
responses that they trigger. While the immune effects of
individually isolated yeast cell wall compounds are well
established, our findings provide new insights into the
mechanism of action of yeast cell wall particles at both the
molecular and whole-particle levels.

This study showcases the capacity of combining PFIR
microscopy with super-resolution fluorescence imaging in
resolving the compositions and organization of biological
systems that are heterogeneous on the nanoscale. PFIR
microscopy enables simultaneous chemical, topographical,
and mechanical mapping of yeast cell wall particles without
extrinsic labels. A high spatial resolution (~6 nm), far better
than the optical diffraction limit, was achieved in chemical
imaging with infrared spectroscopic capabilities. PFIR
microscopy also enables correlative imaging with mechanical
mapping modalities of AFM at a comparable and high spatial
resolution. The yeast cell wall particles used in this study were
imaged in dried condition, but our results here provide an
important foundation for the further development of PFIR
microscopy toward imaging biological samples, such as the cell
wall of microbes, in their native environment. Of course, PFIR,
like any other IR technique, has its limitation in identifying
complex chemical compositions that have overlapping IR
bands. An integral approach of combining PFIR with other
complimentary techniques, such as super-resolution fluores-
cence imaging, as demonstrated in this study, is expected to be
powerful in providing an understanding of the complex
structures and architectures of biological systems.

https://dx.doi.org/10.1021/acs.langmuir.0c00627
Langmuir 2020, 36, 6169—6177


https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00627?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00627?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00627?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c00627?fig=fig4&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c00627?ref=pdf

Langmuir

pubs.acs.org/Langmuir

B MATERIALS AND METHODS

Materials. Zymosan particles were purchased from InvivoGen
(San Diego, CA). Wheat germ agglutinin (WGA, L-1020-10) was
purchased from Vector Laboratories (Burlingame, CA). Form-
aldehyde (PFA) was purchased from Avantor (Radnor, PA). Alexa
Fluor 568 succinimidyl ester was purchased from ThermoFisher
Scientific (Waltham, MA). Dulbecco’s modified Eagle’s medium
(DMEM, 10-013-CV), L-glutamine (25-005-CI), penicillin—strepto-
mycin (30-002-CI), and fetal bovine serum (FBS, 35-010-CV) were
purchased from Corning (Corning, NY). GFP-Dectin-1-expressing
RAW264.7 macrophages were originally provided by Prof. David
Underhill at Cedars-Sinai Medical Center and cultured in DMEM
supplemented with 2 mM L-glutamine, 100 U/mL penicillin, 100 mg/
mL streptomycin, and 10% FBS.

SEM Sample Preparation and Imaging. Twelve millimeter
coverslips were etched in piranha solution (3:1 mixture of sulfuric
acid and 30% hydrogen peroxide) at room temperature for 15 min,
cleaned with deionized (DI) water, and then incubated with 0.01%
poly-L-lysine overnight. After rinsing in DI water, the coverslips were
placed into a 24-well plate. Zymosan particles were added and
incubated on the coverslips for 3 h at room temperature to ensure
particle adhesion. Samples were sequentially dehydrated by 30, 50, 75,
90, and 95% ethanol on ice for S min each time and 100% ethanol for
5 min, 3 times. Samples were dried using a Leica CPD030 Critical
Point Dryer and then sputter-coated with a 10 nm thick film of Pd/Rh
alloy using a Denton Vacuum Sputter Coater. Coated samples were
imaged using an FEI Quanta 600F SEM with 30 kV voltage, high
pressure, and 5S—6 mm working distance.

PFIR Measurement and Sample Preparation. A home-built
PFIR setup (schematically shown in Figure 1C) was used to obtain
topography, IR absorption, Young’s modulus, and adhesion images.
The technique details and detection mechanism of PFIR microscopy
were described in the previous publications.”® Briefly, the setup
includes an AFM (Multimode 8 with Nanoscope V controller, Bruker
Nano), a quantum cascade laser (MIRcat, Daylight Solutions), and
data acquisition devices (PXI-5122, National Instruments). A
parabolic mirror with a numerical aperture of 0.25 was used to
focus IR beam onto the AFM tip apex. Customized LabVIEW
programs were used to extract IR absorption signals in real time.
Platinum-coated AFM tips (HQ: NSC14Pt, MikroMasch) were used
in all measurements. Modulus and adhesion signals were usually
obtained simultaneously without laser illumination to avoid any
interference from laser-induced mechanical effects. The detection
mechanism of PFIR determines that the intensity in IR images at the
scanning position is proportional to the intensity of local IR
absorptions. Thus, if the laser is tuned to a characteristic frequency
of a certain type of molecule, the spatial distribution of this molecule
can be mapped with indications to their relative local abundance.
PFIR spectra were obtained by sweeping the laser frequency when
keeping the tip position fixed at any point of interest on the sample.
To prepare samples for PFIR measurements, 20 uL of aqueous
solution containing zymosan particles at 20 yg/mL concentration was
dropped on silicon wafers and air-dried before measurement. To
estimate the signal-to-background and signal-to-noise ratios of the
spectroscopy, we used the PFIR images at 1030 and 1630 cm™" shown
in Figure 2C,D and obtained average background intensities from the
areas outlined by the white boxes and average signal intensities from
the areas outlined by black boxes (Figure S4). The statistical root
mean square (rms) of the signal intensities was calculated as the noise.
The estimated signal-to-background ratio is 3.1 for the 1030 cm™
image and 2.0 for the 1630 cm ™" image. The estimated signal-to-noise
ratio is 4.5 for the 1030 cm™" image and 185 for the 1630 cm™" image.
The mesh skeletal structure in the overlaid PFIR images of 1030 and
1630 cm™ was analyzed and traced using an Image] plugin, Neuron)].

Fluorescence Labeling and Imaging. WGA or zymosan
particles were resuspended in 0.1 M NaHCO; and labeled with
Alexa Fluor 568 succinimidyl ester by following the protocol
recommended by the manufacturer. Zymosan particles were labeled
with WGA by incubating with 10 pug/mL Alexa Fluor 568-tagged
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WGA in PBS buffer at room temperature for 2.5 h. Fluorescently
labeled particles were incubated with GFP-Dectin-1-expressing
macrophages for S min at 37 °C and fixed with 2% PFA on ice for
S min. Super-resolution SIM images were acquired using a
DeltaVision OMX SR imaging system equipped with an Olympus
Plan Apo 60X/1.42 PSF objective and a pco. edge sSCMOS camera.
SIM images were reconstructed using SoftWorx software. Image
analysis was performed using Image] and Imaris.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.Jangmuir.0c00627.

SEM images and PFIR topography images showing
disklike shapes of zymosan particles (Figure S1);
nanoscale mechanical and chemical images of a zymosan
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of PFIR mapping (Figure S3); estimation of the signal-
to-noise ratio and signal-to-background ratio for PFIR
measurement (Figure S4) (PDF)
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zymosan particles into phagosomes (AVI)
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