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Biomaterial characteristics such as surface topographies have been
shown to modulate macrophage phenotypes. The standard meth-
odologies to measure macrophage response to biomaterials are
marker-based and invasive. Raman microspectroscopy (RM) is a
marker-independent, noninvasive technology that allows the anal-
ysis of living cells without the need for staining or processing. In
the present study, we analyzed human monocyte-derived macro-
phages (MDMs) using RM, revealing that macrophage activation
by lipopolysaccharides (LPS), interferons (IFN), or cytokines can
be identified by lipid composition, which significantly differs in
M0 (resting), M1 (IFN-γ/LPS), M2a (IL-4/IL-13), and M2c (IL-10)
MDMs. To identify the impact of a biomaterial on MDM pheno-
type and polarization, we cultured macrophages on titanium
disks with varying surface topographies and analyzed the adher-
ent MDMs with RM. We detected surface topography–induced
changes in MDM biochemistry and lipid composition that were
not shown by less sensitive standard methods such as cytokine
expression or surface antigen analysis. Our data suggest that RM
may enable a more precise classification of macrophage activation
and biomaterial–macrophage interaction.
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Macrophages play an essential role in our innate immune
system. They patrol tissues, detect pathogens, and respond

to tissue damage (1–3). Macrophages remove pathogens and
cellular debris through phagocytosis and encapsulation, and they
control downstream processes such as wound healing and tissue
regeneration (4, 5). To accommodate the multitude of tasks, mac-
rophages exhibit a high degree of plasticity, which allows them to
reversibly adopt different phenotypes within a short period of
time (6–8). Macrophage activation is dependent on a variety of
bioactive molecules and is usually controlled by complex signaling
pathways in vivo. Macrophages are typically classified into the fol-
lowing categories: M0 (resting), M1 (proinflammatory), and M2
(anti-inflammatory). M2 macrophages are further divided into
fibrotic (M2a) and regenerative (M2c) subtypes (9). This classifi-
cation is not definite, as many other activation states exist (10).

Adverse immune reactions toward implant materials are known
to cause chronic inflammation, tissue loss, aseptic loosening, and
fibrotic encapsulation (11, 12). This process is typically associated
with significant pain for the patient, the need for repeated sur-
geries, and implant replacement (13, 14). Recently, materials
designed to modulate the immune response have seen intense
interest, as they may improve implant durability and integration
(15). Macrophages are key cells in this process and are highly sen-
sitive to material surface characteristics such as topography, stiff-
ness, or wettability (16–21). However, how these properties impact
macrophage behavior is not fully understood.

Macrophage classification is typically performed using techni-
ques such as flow cytometry (FC), analyzing RNA expression, or
enzyme-linked immunosorbent assays. These end-point analyti-
cal techniques require complex processing and invasive reagents
such as antibodies and primers. Cells are not analyzed in their
native state, and the focus is on the expression of only prede-
fined marker genes or proteins. As macrophage polarization is
in flux, their classification into discrete categories based on a pri-
ori defined markers can be problematic (22).

Raman microspectroscopy (RM) has emerged as a powerful
tool for the investigation of living cells, assessing their physi-
ology and biochemical composition on a single-cell level with-
out the need for processing or staining (23). RM can be used
to identify chemical fingerprints or patterns of distinct cellular
components such as nucleic acids, proteins, and lipids (24, 25).
Previous research has demonstrated that RM can be used to
reliably distinguish between different cell phenotypes or stages
of the cell cycle based on the spectral information obtained by
RM (25–29).

In this study, we present an approach for in situ macrophage
characterization and monitoring their response to distinct surface
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features of titanium. By analyzing Raman spectral fingerprints
of activated macrophages, we were able to characterize the cell
response without detaching or exogenously labeling the cells.
Information derived from these data provides valuable insight
into macrophage physiology on a level that is not achievable by
classical analytical techniques, potentially providing informa-
tion for the field of macrophage activation. Furthermore, we
demonstrate that RM can analyze material-adherent cells
and that the resulting spectral information can be used to
classify the macrophage response into the existing activation
spectrum.

Results
We characterized lipid spectra of four distinctively polarized
human monocyte-derived macrophage (MDM) subtypes: M0
(resting), M1 (lipopolysaccharides [LPS]/IFN-γ), M2a (IL-4/
IL-13), andM2c (IL-10) by RM.We provide evidence that Raman
lipid fingerprint spectra can be used to assess activation states of
adherent macrophages without additional treatment, providing
insights into the impact of biomaterial surface characteristics like
topography and roughness.

Establishment of a Human Macrophage in vitro Model for RM. A
human macrophage in vitro polarization model was validated
by thoroughly assessing the immune response of MDMs iso-
lated from six healthy individual donors (three female and
three male) toward polarization stimuli. Morphological char-
acteristics, surface marker expression, and cytokine secretion
are outlined in Fig. 1. Distinct morphological features such as
the “fried egg” morphology (Fig. 1 A and B), spindle-shaped
elongation (Fig. 1 C and D), or a mixture of both (Fig. 1A) are
observable by light microscopy (Fig. 1 A–D). Surface marker
expression measured by FC of CD86 and human leukocyte anti-
gen–DR isotype (HLA-DR) was significantly enhanced in M1
and M2a macrophages but not in M2c (Fig. 1 E and F). In con-
trast, M2a macrophages exhibited a significantly increased
CD206 expression compared with M0 and M1 (Fig. 1G), while
the same could be observed for M2c macrophages regarding
CD163 (Fig. 1H). These findings were confirmed by imaging FC
and microscopy images, of which we assessed mean fluorescence
intensities (MFIs in Fig. 1I).

Cytokine secretion was analyzed by Luminex technology to
further characterize the immunological response toward polar-
ization stimuli (Fig. 1 J–Q). A significant increase in proinflam-
matory cytokines secreted by M1 macrophages, such as IL-6,
TNF-α, IL-8, and IL-1β, was observed, while MIP-1β and IL-1RA
were increased in M2a macrophages and MCP-1 was increased
in M2c macrophages.

Raman Imaging Resolves Subcellular Structures in MDMs. MDMs
from the same donors were polarized, detached, fixed, and ana-
lyzed by RM. Raman imaging was employed to resolve subcel-
lular structures of macrophages and to better visualize changes
between polarization states. Using true component analysis
(TCA), three main cellular components were identified that
could be attributed to nucleic acids, proteins, and lipids based
on their location within the cell (Fig. 2 A–D) and their Raman
fingerprint spectra (Fig. 2E). By comparing the average lipid
spectrum to reports in the literature, triacylglycerides (TAGs)
were identified as the main constituent of the lipid component
(30). This was confirmed by in-house measurements of refer-
ence spectra. For comparison, a typical TAG spectrum is shown
in Fig. 2E (TAG and glyceryl trioleate).

Raman Lipid Spectra Identify Spectral Differences between Polarized
MDMs. To determine if RM can differentiate between different
macrophage polarization states, Raman spectra of each compo-
nent were extracted and an average spectrum per cell and

component was calculated. Average spectra for each subcellular
structure were analyzed by principal component analysis (PCA)
identifying that the best separation of all subtypes was achieved
by the lipid component as shown in SI Appendix, Fig. 1 A–C.

The lipid component of each cell was extracted, and 2% of
the most intense component spectra were analyzed by PCA
revealing distinct score clusters of M1 and M2a macrophages
(Fig. 3A). Statistical analysis of the PC score values confirmed sig-
nificant separation between all four subtypes (Fig. 3 B and C). To
identify Raman peaks responsible for the separation, PC loadings
were plotted, and prominent peaks were identified as indicated by
the black arrows (Fig. 3 D and E). Particularly pronounced were
peaks in the lipid region at 1,655 cm�1, 2,855 cm�1, 2,965 cm�1,
and 2,980 cm�1. All relevant peaks and their molecular assign-
ments are listed in SI Appendix, Table 1.

For a more in-depth understanding of the molecular compo-
sition of the lipid component, an average spectrum for each
MDM subtype was extracted (Fig. 3F, M0 through M2c) and
compared to typical lipid spectra from the literature, indicating
linoleic and palmitoleic acid as likely constituents (30). Reoccur-
ring prominent peaks in the loading plots as well as the average
spectra were located at Raman shifts of 1,440 cm�1, 1,655 cm�1,
2,855 cm�1, 2,935 cm�1, and 3,010 cm�1.

To assess if the impact of substrate topography on macrophage
phenotype can be analyzed in situ on a single-cell basis, we tested
monocyte polarity on different surfaces. Human monocytes from
three of the previous donors were seeded and cultured on glass
(control) and two types of titanium disks with distinct surface
topographies: 1) machine-polished titanium (Ti M) with a smooth
surface pattern of parallel grooves and 2) acid-etched titanium
(Ti A) with a rough surface (Fig. 4 A–C). Regions of interest
(ROIs) of 150 × 150 μm were scanned, and Raman spectra were
analyzed by TCA (Fig. 4 D–F). All three major cellular compo-
nents were identified by TCA in MDMs cultured on glass, Ti M
and Ti A. For validation purposes, MDM response toward the
different substrates was also evaluated by classical antigen expres-
sion and cytokine secretion. We identified that the physiological
response of MDMs cultured on biomaterial substrates was less
pronounced compared to actively polarized MDMs. All surface
antigens remained at resting level except CD206, which was sig-
nificantly increased in MDMs cultured on Ti A (Fig. 4 G–J). The
tested substrates did not trigger a release of proinflammatory
cytokines such as TNF-α or IL-8 (Fig. 4 K and L). Notably, MIP-
1β was not secreted in substrate-adherend MDMs, despite being
highly expressed in both M1 and M2a macrophages (Fig. 4M).
Instead, a moderate increase in MCP-1 was observed in MDMs
cultured on Ti A, a cytokine that was also increased in M2c mac-
rophages (Fig. 4N).

Average lipid RM spectra of substrate-activated MDMs were
analyzed by PCA in order to assess if previously generated
Raman lipid fingerprints could be employed to classify MDMs of
an unknown activation state (Fig. 5A). Loading plots showed a
separation based on the same bands as observed in the targeted
polarization experiment in Fig. 3. PC loadings revealed major
peaks at 1,005 cm�1, 1,340 cm�1, 1,655 cm�1, 2,855 cm�1, and
2,945 cm�1 (Fig. 5B). A separate PCA showed that the same com-
ponent was identified across donors, as outlined in the loading
plot depicted in SI Appendix, Fig. 3. Statistical analysis of the
scores of individual donors revealed a significant separation of
substrate-adherent macrophages between all tested materials
using only two PCs (Fig. 5C). Scores of substrate-activated MDMs
were projected onto the PCA previously calculated (Fig. 5D)
with polarized MDMs to determine whether the lipid spectra
of substrate-activated macrophages are comparable to those of
polarized macrophages (Fig. 5 E and F). PCA projection visual-
ized a proximity of M2c MDMs and Ti A MDMs, which is in
accordance with the increased expression of MCP-1 of MDMs
cultured on Ti A. Notably, titanium-activated MDMs were, in
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general, more comparable with M2-polarized MDMs than with
M1-polarized MDMs. In contrast, glass-activated macrophages
were not comparable with the M1 or M2 MDMs.

Discussion
In this study, RM was utilized for a comprehensive characteriza-
tion of stimulated MDMs to identify the MDM phenotypes M0,
M1, M2a, and M2c and to determine MDM activation on titanium
substrates. Our RM results suggest that the spectral information,

especially the one containing the lipid component, can be a useful
tool to monitor macrophage polarization and immune–metabolic
processes both in suspension and material-adherent living cells.

Because macrophages are an extremely heterogenous cell
population and many different culture systems exist to mature
monocytes to macrophages, we placed special emphasis on a
thorough characterization of the MDMs used in this work. Selec-
tion of culture plates, origin of supplemented serum (human,
bovine, or other), and added stimulants such as LPS, interferons,

Fig. 1. Polarized MDMs display distinct morphological and physiological characteristics. (A–D) Brightfield images (10× magnification) show the morphol-
ogy of polarized, human MDMs. (Scale bar, 50 μm.) (E–H) MFIs of polarization-associated surface antigens as measured by FC: CD86 (M1), HLA-DR (M1),
CD206 (M2a), and CD163 (M2c). Data are presented as MFI ± SD. (I) ImageStream analyses provide representative immunofluorescence images of M0, M1,
M2a, and M2c MDMs in suspension, stained for surface antigens CD86, HLA-DR, CD206, and CD163. (Scale bar, 20 μm.) (J–Q) Expression of common
immunity-mediating cytokines measured by multiplex bead sandwich assay (Luminex). Data are presented as mean ± SD. Statistical significance was
assessed using the Friedman test and Dunn’s post hoc test (n = 6). Each donor has been assigned a unique color—male donors are indicated by squares
and female donors by triangles.
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or cytokines can significantly impact macrophage responses. In
the cell-culture system for macrophage maturation, no signifi-
cant up-regulation of proinflammatory cytokines such as TNF-α,
IL-8, IL-6, or IL-1β was observed, indicating a robust resting
level of M0MDMs.

There are multiple studies using Raman spectra to distin-
guish between cell phenotypes or different stages of the cell
cycle (25, 28, 29, 31); however, only few studies have investigated
if RM can be employed to distinguish macrophage polarization.
In 2018, Pavillon et al. described a machine-learning model for
classification of binary macrophage activation based on morpho-
logical and biochemical information retrieved by quantitative
phase imaging and analysis of Raman spectra (32). A study by
Bertani et al. investigated binary macrophage activation, com-
bining hyperspectral imaging, a method comparable to RM,
and multivariate data analysis (33). Although these findings are
in accordance with our results, as the most prominent separa-
tion also occurred between M0 and M1 MDMs, the Raman
spectra in the previous studies were obtained from the complete
cell as the ROI, but individual cellular substructures such as
proteins, nucleic acids, or lipids were not resolved. In addition,
the studies mentioned were limited to a binary classification
of cell activation, separating resting and LPS-activated MDMs
(32, 33). Here, we provide evidence that resolving cellular
components can provide in-depth information regarding cell
metabolism and immunity, enabling MDM classification into
four distinct phenotypes. Themost prominent differences appeared
within the lipidome, separating groups of MDMs in the PCA
scatter plot.

Macrophage activation, metabolism, and fatty acid composi-
tion are strongly related (34), which is reflected in the Raman

spectra of lipids investigated in this study. In particular, Raman
peaks that contributed to the separation of the different polarized
groups were identified at 1,440 cm�1, 1,655 cm�1, 2,885 cm�1,
and 3,010 cm�1—all peaks that are assigned to the C=C double
bond of unsaturated fatty acids. Particularly of note is the olefinic
stretch of C=C double bonds that are expressed at 1,655 cm�1

(24). A linear dependence of the C=C stretch at 1,655 cm�1 and
the intensity of the CH2 bending at 1,440 cm�1 has been previ-
ously reported and provides information about the overall content
of unsaturated compared to saturated fatty acids in the cell (35).
By comparing Raman spectra obtained in this study to spectra
reported in the literature, we confirmed linoleic (36) and palmito-
leic (37) acid as the main constituents of the macrophage lipids
detected by RM (30). In addition, the peak at 1,744 cm�1 indi-
cates the ester compound in TAGs (38). Lipids are known to regu-
late many cellular and immune functions such as energy storage
or cell signaling. Polyunsaturated fatty acids like linoleic acid have
profound effects on inflammatory processes by regulating expres-
sion of proinflammatory cytokines such as IL-1β or IL-6 (36). In
this study, loading plots indicate that the degree of saturation in
fatty acids substantially contributes to the separation of macro-
phage subtypes calculated by PCA. The capability of RM to trace
lipids and lipid composition in macrophages has been previ-
ously shown (39–41), and lipids have been repeatedly reported
to play important roles in inflammation and MDM polarization
(34, 42, 43). In 2016, Montenegro-Burke et al. provided evidence
that macrophage phenotypes significantly differ in their fatty acid
composition (42). This is in accordance with other findings suggest-
ing major metabolic shifts up to the Warburg effect in polarized
macrophages (44), which extends (but is not limited to) protein
function, cell signaling, or membrane composition. The metabolic
shift that macrophages experience during the polarization pro-
cess is intimately linked to changes in fatty acid composition
and turnover, making lipid composition an ideal target to track
macrophage polarization (34, 45, 46).

In this study, we aimed to assess if RM analysis can be utilized
to monitor the lipidome of MDMs in vitro that have not been
activated by classical stimuli like LPS or cytokines but by expo-
sure to materials used for implants. PCA confirmed a significant
separation within individual donors of glass and titanium but
also between Ti M and Ti A, specimens that only differed in
their surface topology. Based on the loading plots, this separa-
tion was again predominantly based on saturated versus unsatu-
rated fatty acids and TAGs. Projection of substrate MDM data
into the model of previously polarized MDMs further revealed
that the means of M2c macrophages and Ti A macrophages
were similar. This is in accordance with cytokine expression of
MCP-1 and other studies that reported an anti-inflammatory,
M2c-like phenotype on more textured topographies compared
to smoother, oriented ones (18, 47, 48). Clinical research shows
that implant roughness can lead to inflammation or fibrosis and
therefore to poor clinical outcomes for patients that received
dental and breast implants, linked to a prevalence of M2-like
MDMs (49–51). As it had been previously shown, minor changes
in cell physiology (e.g., due to exposure to surface roughness)
are rarely comparable to activation of MDMs by LPS or IFN-γ
(52). Our findings confirm this by showing that only few MDM
polarization markers were increased on substrate-adherent MDMs
when compared to M0MDMs. However, macrophages are known
to be sensitive to changes in stiffness, topography, or structure
in their environment, and thus, these environmental factors
play key roles in foreign body response and fibrosis, in which
the environment is pathologically altered. Notably, the only signifi-
cant increase of polarization indicators on titanium was detected
in CD206, an M2a-associated scavenger receptor responsible for
the uptake of bacterial sugars that is associated with fibrosis (53).
In combination with an increase of MCP-1 on titanium substrates,
these data hint at an M2a–M2c MDM phenotype on titanium

Fig. 2. Raman imaging resolves subcellular structures in MDMs. Identifi-
cation of major cell component Raman signatures present in MDMs. (A–D)
False color heat maps of (A) lipids (red), (B) proteins (green), (C) nucleic
acids (blue), and (D) merged as identified by TCA. (Scale bar, 10 μm.)
(E) Spectral fingerprints of MDM components. Boxes represent spectral
areas typically associated with the biochemical fingerprint of the respec-
tive cell component. Phe = Phenylalanin, ν = stretching, s = symmetric,
as = asymmetric. A typical, in house–measured TAG spectrum is shown
for comparison.
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with a shift toward the M2c phenotype on the rougher titanium
surface, which is confirmed by our RM data. This also corresponds
to the results of previous studies, which reported an increase in
anti-inflammatory phenotypes of MDMs cultured on rough sur-
faces in vitro (47, 48).

In summary, in this study, we demonstrated that Raman-based
analytical methods combined with statistical analysis can nonin-
vasively and marker-independently distinguish between different
macrophage subtypes in situ. The lipidome of the cells was iden-
tified as a potent indicator for macrophage phenotype discrimi-
nation and for the analysis of adherent cells, which is especially
helpful for the field of biomedical materials research.

Materials and Methods
All experiments using human samples in this study were approved by the
ethics committee of the University Hospital of T€ubingen (Institutional
Review Board No. 495/2018BO2). Informed consent was obtained from
all donors.

Material Preparation. Sterile Ti 15-mm disks with Ti M and Ti A surfaces were
provided by the Institut Straumann AG. Disks were prepared and character-
ized as previously described (48, 54). Briefly, Ti M had a roughness of 0.1 μm
and Ti A 0.3 μm. Contact angles of both materials were in the moderate
hydrophilic range of about 62° to 77°. Glass coverslips were baked for 4 h at
200 °C for endotoxin removal and sterilization, then used immediately for cell-
culture experiments.

Fig. 3. PCA of Raman lipid spectra identifies significant differences between polarized MDMs. (A) Scatter plot of PC-1 (42%) and PC-2 (12%) visualizes
spatial clustering of MDM polarization (confidence ellipse = 95%; each dot represents a single cell). (B and C) Statistical analyses of scores from PC-1 and
PC-2 reveal significant differences between all four subtypes; one way ANOVA and Tukey’s post hoc test, n = 6. (D and E) Loading plots describing major
Raman peaks contribute to PCA separation. Peak assignments are listed in SI Appendix, Table 1. (F) Average lipid component Raman spectra of polarized
MDMs with subtypes shown in black (M0), red (M1), blue (M2a), and yellow (M2c).
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Monocyte Isolation and Culture. Whole blood was collected from healthy
volunteers, and isolation procedures were performed immediately after col-
lection. To separate peripheral blood mononuclear cells (PBMCs) from eryth-
rocytes and granulocytes, density gradient centrifugation using SepMate
tubes and Lymphoprep (both from Stemcell) was performed according to
the manufacturer’s instructions. In brief, fresh whole blood containing
ethylendiamintetraacetate (EDTA) was diluted 1:1 with phosphate-buffered
saline (PBS), layered over Lymphoprep in SepMate tubes, and separated
by density gradient centrifugation. Supernatants containing PBMCs were
decanted into fresh 50-mL falcon tubes and washed twice with PBS.
PBMCs were then resuspended in cryopreservation medium (10% dimethyl
sulfoxide, 20% fetal bovine serum [FBS], and 70% RPMI 1640 growth
medium). For long-term storage, PBMCs were frozen at a concentration of
1 × 107cells/mL at �150 °C. Before seeding, cells were counted using a
hemocytometer. Cell viability was assessed using trypan blue. Monocytes
were isolated by plastic adherence from frozen PBMCs as described by
Delirezh et al. (55). PBMCs were seeded at a concentration of 5 × 106 cells/cm2

and allowed to adhere for 2 h at 37 °C and 5% CO2 in culture medium.
Nonadherent cells were then aspirated and removed. The remaining adherent
monocytes were washed with PBS and continually cultured to mature into
macrophages.

Macrophage Maturation and Polarization. Monocytes were cultured in RPMI
1640 containingGlutamax supplementedwith 100 μg/mL streptomycin, 100U/mL
penicillin, and 10% heat-inactivated FBS (all from Thermo Fisher Scientific) at
37 °C and under a 5% CO2 atmosphere in polystyrene 24-well cell-culture
plates. Adherent monocytes were matured to macrophages over a period of
8 d in culture medium supplemented with 50 ng/mL macrophage colony-
stimulating factor (Biolegend) at 37 C and 5% CO2. Medium was changed at
day 3. On day 5 of culture, medium was changed again, and stimulants were
added to induce macrophage polarization: M1 (100 ng/mL LPS + 100 ng/mL
IFN-γ), M2a (40 ng/mL IL-4 + 20 ng/mL IL-13), and M2c (20 ng/mL IL-10).
LPS (Escherichia coli, O111:B4) was purchased from Merck Millipore. Protocols
for macrophage polarization were adapted after Spiller et al. (56). IFN-γ and

Fig. 4. RM allows real-time in situ analysis of MDMs on biomaterial surfaces. Raman analysis of MDMs cultured on biomaterial surfaces: (A–C) stitched
brightfield images of glass, Ti M, and Ti A with MDMs adherent to the respective surface. (Scale bar, 100 μm.) (D–F) Spectral components of RM measure-
ments identified by TCA with lipids color coded in red, proteins in green, and nuclei in blue. (Scale bar, 20 μm.) Images were acquired at 63× magnifica-
tion. (G–J) MFIs of MDM surface markers analyzed by FC. MFIs of surface markers from MDMs cultured on biomaterials were plotted in the same graph as
data obtained by polarization experiments (M0 through M2c). (K–N) Expression levels of four representative cytokines expressed by MDMs. The results
were plotted in the same graph as data obtained by polarization experiments (M0 through M2c). Statistical analysis in graphs G–N was performed by
Friedman’s test and Dunn’s post hoc test, and only results for substrate-adherent MDMs are shown. Data are shown as mean ± SD. Male donors are indi-
cated by squares and female donors by triangles.
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cytokines were all purchased from Biolegend. M0 (resting) macrophages were
not stimulated, but medium was changed on days 3 and 5. Likewise, mono-
cytes cultured on biomaterials were not stimulated and were treated as M0.

FC. Before dissociation, cells were washed three times with fluorescence-acti-
vated cell sorting (FACS) buffer (PBS + 2% FBS + 0.05 Mm NaN3 + 0.1 Mm
EDTA) to deplete cells of bivalent cations. Adherent macrophages were then
detached by incubation with Accutase (Biolegend) for 10 min at 37 °C and 5%
CO2. For FC analysis, harvested cells were blocked with 10% sterile-filtered,
human, male AB serum (H2B) in FACS buffer for 20 min at 4 °C to prevent non-
specific binding of antibodies. For cell-surface marker staining, the following
antibodies were used: CD86-Pacific Blue (clone IT2.2), HLA-DR-Brilliant Violet
510 (clone L243), CD206-FITC (fluorescein isothiocyanate) (clone 15-2), and
CD163-PE/Cy7 (clone RM3/1) (Biolegend). For staining, all antibodies were
diluted 1:50 with FACS buffer, and cells were stained for 30 min at 4 °C in the
dark and washed with FACS buffer subsequently. Data were acquired using a
BD Biosciences LSRFortessa Cytometer and analyzed using FlowJo 10.4.2 (Tree
Star). Cells were gated using forward scatter versus sideward scatter properties
to exclude debris, doublets, and dead cells (7-AAD staining, Biolegend). MFIs

of the whole macrophage population were analyzed. Compensation controls
were run for each experiment using software-based automatic compensation
to consider potential fluorescence spillover. In addition, fluorescence minus
one controls were run to determine performance of the antibody panel and
the fluorescence-staining pattern of each individual antibody.

Imaging FC. Macrophages were detached, processed, and stained as described
for regular FC analysis. Dead cells were excluded using the Zombie NIR fixable
viability kit (Biolegend). At least 1 × 104 cells per sample were acquired by the
ImageStreamX mkII (Luminex Corporation) with the INSPIRE instrument con-
troller software with 40× magnification. Data were analyzed with IDEAS
image analysis software. All samples were gated on single cells in focus that
were Zombie NIR negative. An unstained control sample was used to deter-
mine background fluorescence.

Cytokine Analysis by Multiplexed Bead-Based Sandwich Immunoassay. Cell-
culture supernatants were collected on day 8, centrifuged at 5,000 rpm for
3 min, and stored at �80 °C until analysis. Levels of IL-6, IL-8, TNF-α, IL-1β,
IL-1RA, MCP-1, MIP-1β, and granulocyte-macrophage colony-stimulating

Fig. 5. RM lipid spectra can be used to distinguish substrate-adherent MDMs, and projected scores indicate proximity to polarization status. (A) Scatter
plot of PC-2 (12%) and PC-4 (3%) visualizes spatial clustering of substrate-adherent MDMs (confidence ellipse = 95%; each dot represents a single cell).
(B) Loading plot of PC-2 describes major Raman peaks contributing to PCA separation, comparable to those observed in polarized MDMs. (C) Statistical
analysis of relevant components (PC A and PC B) reveal significant differences within single donors between substrates. (D) Projection of average
substrate-adherent MDM scores into the PCA scores plot of the polarized MDMs. (E and F) Statistical comparison of mean score values ± SD. Only the pro-
jected scores were analyzed for significance using the Kruskal–Wallis and Dunn’s post hoc tests.
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factor (GM-CSF) were determined using a set of “in house–developed”
Luminex-based sandwich immunoassays each consisting of commercially
available capture and detection antibodies and calibrator proteins. All
assays were thoroughly validated ahead of the study with respect to accuracy,
precision, parallelism, robustness, specificity, and sensitivity (57). Samples
were diluted at least 1:2 or higher. After incubation of the prediluted samples
or calibrator protein with the capture-coated microspheres, beads were
washed and incubated with biotinylated detection antibodies. Streptavidin–
phycoerythrin was added after an additional washing step for visualization.
For control purposes, calibrators and quality control samples were included
on each microtiter plate. All measurements were performed on a Luminex
FlexMap 3D analyzer system, using Luminex xPONENT 4.2 software (Luminex).
For data analysis, MasterPlex QT version 5.0 was employed. Standard curve
and quality control samples were evaluated according to internal criteria
adapted to theWestgard Rules [3] to ensure proper assay performance.

RM. RM analysis of macrophages was performed on a customized WITec
Raman system (WITec GmbH) equipped with a green laser (532 nm) and a
charge-coupled device spectrograph with a grating of 600 g/mm. Images were
acquired using a 63× apochromat water-immersion objective, an integration
time of 0.5 s, a pixel resolution of 1 × 1 μm, and a laser power of 50 mW for
cells in suspension or 25 mW for adherent cells. Macrophages adherent to
glass or titanium disks were stained with FITC–phalloidin before analysis
to locate cells and ROIs. All cells were fixed with 4% paraformaldehyde for
10 min at room temperature before Raman analysis. For each donor and
subtype, 30 cells weremeasured.

Data Processing. Raman data were processed using the Project FIVE 5.2 soft-
ware (WITec GmbH). Cosmic rays were removed, and a baseline correction
was employed on all spectra. All preprocessing steps were published previ-
ously in detail (58). Spectra were cropped from the range of 300 cm�1 to 3,045
cm�1. TCA was employed to identify nucleic acids, proteins, and lipids. In brief,
TCA is a nonnegative matrix factorization-based multivariate analysis tool
that identifies dominant spectral components in a dataset. These components
can then be visualized by false color intensity distribution heat maps. To
extract single spectra for each of the three cellular components, masks were

generated based on TCA heat maps. A total of 2% of the most intense spectra
were extracted, and a total average spectrum per cell was calculated. To
reduce dimensionality of the spectral data, PCA was performed using the
Unscrambler X 14.0 software (Camo Software). PCA is an exploratory, linear
transformation technique used to increase interpretability of the data while
minimizing information loss. It accomplishes dimensionality reduction by cal-
culating eigenvectors of the data’s covariance matrix (58, 59). Here, spectral
ranges of 400 to 1,800 cm�1 and 2,700 to 3,045 cm�1 were investigated by
PCA analysis. PCA results are presented as score plots and loading plots. The
95% confidence ellipses were calculated using Origin Pro-9.1 software (Origin-
Lab). Loadings show the original variables’ contribution to the component
andwere used to identify relevant and comparable PCs for further analysis.

Statistical Analysis. All relevant statistical parameters such as sample size, rep-
licate types, and P values are described in the corresponding figures. Donors
are represented by n. For polarized macrophages, six donors were analyzed,
and for substrate macrophages, three donors were analyzed. Gaussian distri-
butions of datawere tested using the Kolmogorov–Smirnov test. Unless other-
wise indicated, data were analyzed for significance using the Kruskal–Wallis
test with Dunn’s post hoc test with Graph Pad Prism 8.0.0 (Graph Pad Soft-
ware, Inc.). P values<0.05 were considered significant.

Data Availability. All study data are included in the article and/or SI Appendix.
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