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ABSTRACT: 7-Nitrobenz-2-oxa-1,3-diazole (NBD) is a widely /[ SERS
used fluorescent label for proteins, peptides, and lipids. Its chloride /'
derivative, NBD-Cl, can be highly reactive toward thiol and amine i
groups, forming stable fluorescent adducts. When labeling the NBDCER /!
ubiquitous lipid molecule ceramide, NBD-ceramide (NBDCER)
aids in visualizing sphingolipid metabolism in cells. This study
investigates intracellular molecular changes induced by NBD-CI
and NBDCER using surface-enhanced Raman scattering (SERS).
SERS spectra from the endolysosomal compartment of two cell
lines, 3T3 fibroblast cells and J774 macrophage cells, obtained with o
gold nanoparticles as probes, reveal changes in the molecular
composition and interactions under different incubation con-
ditions. Applying the random forest (RF)-based algorithm
surrogate minimal depth (SMD) to the SERS data to identify important spectral classifiers and their relations, both NBD-Cl and
NBDCER are found to alter the biochemical makeup of the endolysosomal compartment. The data indicate significant structural and
interaction changes in the molecular constituents of the cells that are in agreement with possible interference of the labels in the
cellular metabolism and the reaction of NBD-CI with functional groups of cellular molecules.
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B INTRODUCTION

7-Nitrobenz-2-oxa-1,3-diazole (NBD) has been widely used as
a fluorescent label for proteins, peptides, and lipids for

In living cells, NBD-CI, due to its high reactivity resulting
from electron-withdrawing groups, can interact with different
types of biomolecules and is expected to act without a specific
intracellular location. NBDCER, which is inert and not known
to alter other biomolecules inside a cell, tends to accumulate in
the Golgi apparatus and may induce apoptosis-like metabolic
changes when present in excessive amounts, considering that
the cellular metabolism of ceramide itself is not affected by the
NBD group.”'"> Here, we analyze the molecular alterations
when NBD is introduced into cells in two forms, as NBD-Cl
and as NBDCER. We employ surface-enhanced Raman

decades.'"~* As it is a small neutral chromophore, cell
permeability for the molecule is high, and the native properties
of labeled biomolecules are retained, making it a powerful
labeling tag in biochemical research.”® Its chloride derivative,
NBD-CI (Figure S1A), demonstrates high reactivity with thiol
and amine groups based on nucleophilic substitution reactions
that lead to stable fluorescent adducts.”” It has been employed

in various applications, including tracking protein modifica-
tions and monitoring enzyme activities.*'" Building on the
utility of NBD-CI, NBD-labeled lipids have helped to
substantially advance membrane and cell biological studies."”
A popular lipid analogue is NBD-ceramide (NBDCER, Figure
S1B), combining NBD with a ubiquitous lipid molecule that is
a crucial structural component and potent regulator in the
physiological responses of eukaryotic cells.'”> NBDCER is
extensively used to visualize the uptake and distribution of
ceramide by fluorescence microscopy, facilitating studies of

sphingolipid metabolism.”"*">
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scattering (SERS) that can provide information on molecular
composition, structure, and interaction from selected sub-
structures in complex biosamples, such as organelles in living
cells.'® SERS spectra of the endolysosomal compartment and
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intracellular vacuoles have helped to characterize the molecular
composition and interaction in these compartments in
different conditions, including apoptosis and the inhibition of
enzymes by drugs.'” SERS can reveal spectral signals of
molecules of low abundance and/or low Raman cross sections
and their structure, including lipids, under nonresonant
conditions and without the use of additional labels, and is
restricted to the local environment of metal nanostructures,
enabling the probing of very confined regions in a cell."*~*°
Due to the involvement of the endolysosomal compartment in
important metabolic pathways in healthy cells as well as in
apoptotic events, we collected SERS spectra from the
endolysosomes of cells treated with NBD-Cl and NBDCER
with gold nanoparticles (AuNPs) that serve as SERS probes.

While the structure and interaction of lipids, proteins, drugs,
or other molecules when they are present as pure substances
can be inferred from their SERS spectra,'® their spectral
characterization in mixtures or the complex biomatrix requires
experiments with suitable models as well as data evaluation
strategies that take into account the great variation of SERS
data regarding absolute and relative signal strengths that
depend on a multitude of different factors.'® We have shown
previously that the random forest (RF)-based algorithm
surrogate minimal depth (SMD)”' can help to retrieve the
vibrational information on biomolecular structure and
interaction in drug-induced enzyme inhibition that affected
lipid processing in the endolysosomal compartment of living
cells."”**

SMD has been developed to select relevant features by an
evaluation of their mutual impact on random forest models.”!
It can also be used to quantify the relationship between
variables. The selection and relation analysis of SMD allows for
a comprehensive detection of correlations that are responsible
for a particular classification and regression obtained by
RE.>7 In an analysis of SERS data, SMD enables the
selection of co-occurring spectral signals and thereby can reveal
biomolecular interactions.”’

Here, we apply RF analysis based on SMD to identify
differences in molecular composition and interactions that can
be related to exposure of cells from two different cell lines to
external NBD-Cl and NBDCER. As will be discussed, the
spectra clearly show that both forms of NBD labels affect the
biochemical composition in the endolysosomal compartment
of the living cells and that the effects vary for the cell lines and
for the type of NBD label.

B EXPERIMENTAL SECTION

Preparation of Gold Nanoparticles and Lipid Nano-
particle Samples. Gold(III) chloride hydrate, sodium citrate
dehydrate, ceramide, NBD-CI, phosphatidic acid, and
phosphatidylcholine were purchased from Sigma-Aldrich
(Steinheim, Germany). 30 nm of citrate-stabilized gold
nanoparticles were synthesized by the protocol described in
ref 30 from solutions prepared using Milli-Q_ultrapure water.
NBDCER was synthesized as described in ref 31. Pure
ceramide and NBDCER-containing liposome samples were
prepared by thin layer hydration, as described previously.'®"’
The NBDCER-containing liposome samples were composed
of 10 mol % NBDCER, 10 mol % phosphatidic acid, and 80
mol % phosphatidylcholine in a total concentration of 2 mM.
They were rehydrated by gold nanoparticle solution and water
in the case of fluorescence experiments, respectively.

Cell Culture and Sample Preparation. Two cell lines,
Swiss albino mouse fibroblast cell line 3T3 and macrophage
cell line J774 (both from DSMZ, Braunschweig, Germany),
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, Bio&SELL, Niirnberg, Germany) supplemented
with 10% fetal calf serum (FCS, Biochrom, Berlin, Germany)
under standard conditions (37 °C, 5% CO,).

For SERS experiments, after cells were grown on glass
coverslips for 24 h, the culture medium was exchanged with a
dilution of gold nanoparticles in DMEM-FCS of 1:10
(nanoparticle concentration ~107'' M). After incubation
with the SERS nanoprobes for either 3 or 24 h, the cells
were rinsed with phosphate-buffered saline (PBS) (Bio&SELL,
Niirnberg, Germany) to remove excess gold nanoparticles
before incubation with the NBD labels. Then, the culture
medium was exchanged with DMEM-FCS containing S uM
NBDCER. Following a protocol reported to ensure diffusion
through the membrane outer leaflet, the cells were incubated at
4 °C for 30 min, then rinsed with PBS and grown in fresh
DMEM-FCS at 37 °C for 15 min."” For incubation with NBD-
CJ, cells were incubated with 5 uM NBD-Cl in DMEM-FCS at
37 °C for 20 min. Control samples were incubated only with
gold nanoparticles. SERS spectra from the cells were measured
in PBS after being rinsed with PBS three times.

For cryo-soft X-ray nanotomography (SXT), cells were
grown on Formvar-coated gold grids (Quantifoil, Jena,
Germany) and incubated as described above. After the
incubation, each grid was rinsed three times with PBS, the
excess buffer was blotted with filter paper, and the grids were
plunge-frozen in liquid ethane.

For comparison by fluorescence microscopy, the cells were
incubated with S uM NBDCER in DMEM-FCS following the
same workflow as described for the SERS experiments but
without prior incubation with gold nanoparticles. Then cells
were rinsed three times with PBS and during the experiment
were kept in PBS.

SERS Experiments. Raman spectra were obtained by
excitation with a 785 nm diode laser (Toptica, Munich,
Germany) by using a single-stage spectrograph equipped with
a CCD detector (Horiba, Munich, Germany). A 10X objective
was used to excite and collect spectra in the experiments with
liposomes and pure compounds in aqueous colloidal
suspensions, resulting in an excitation intensity of 4 x 10*
W/cm? The measurement of pure CER samples was
performed as described in previous work."® For the experi-
ments with the living cells, a 60X water immersion objective
was applied, resulting in an intensity of 3.5 X 10° W/cm? at the
sample. All spectra were recorded with an acquisition time of 1
s and at a spectral resolution of ~2 cm™', considering the full
spectral range used from 300 to 1900 cm™".

Cryo-Soft X-ray Tomography, Cryo-Electron Micros-
copy, and Fluorescence Imaging. Vitrified cell monolayers
with a thickness of approximately 10 ym were examined using
a transmission X-ray microscope equipped with a cryostage at
beamline U41-PGM1-XM at the electron storage ring BESSY
II (Helmholtz-Zentrum Berlin fiir Materialien und Energie,
Berlin, Germany).*” Tilt series of individual cells were acquired
at different angular ranges in increments of 1° at an image pixel
size of 9.8 nm (25 nm zone plate objective) and a photon
energy of 510 eV. Depending on the sample thickness, the
exposure time was adjusted for each tilt angle series between 1
and 3 s per image. The tilt series consisted of up to 130 images.
Tomograms were obtained by alignment of the corrected tilt
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Table 1. Performance of PLS-DA Models and RF Analysis to Discriminate SERS Spectra from Cells under Two Different

Treatments, NBDCER and NBD-CI

success rate of identifications

PLS-DA RF
SERS probe incubation (h) NBD label spectra with signal:full data training (%) test (%) training (%) test (%)
3T3 3 NBDCER 178:1600 86.62 75 94.37 88.89
NBD-Cl 162:1800 80 93.75 86.15 84.38
24 NBDCER 174:800 82.73 94.29 96.40 100
NBD-CI 161:2000 86.82 90.62 86.82 68.75
J774 3 NBDCER 84:800 86.57 94.12 100 100
NBD-Cl 91:800 100 100 97.26 100
24 NBDCER 53:800 97.62 90.91 95.24 81.82
NBD-Cl 51:800 95.12 100 95.12 90

series using the intracellular gold nanoparticles as fiducial
markers and tomographic reconstruction using Etomo software
(IMOD, Colorado). The reconstruction of sample volumes
was carried out by back-projection or a simultaneous iterative
reconstruction technique.

For cryo-electron microscopy (cryo-EM), 4 uL liposome—
nanoparticle suspensions were deposited on lacey carbon-
coated copper transmission electron microscopy (TEM) grids
(Electron Microscopy Sciences, Hatfield, PA) and then plunge-
frozen in liquid ethane with a Vitrobot Mark IV (FEI,
Eindhoven, The Netherlands) under 4 °C and 95% humidity.
An NBDCER-containing liposome sample with gold nano-
particles was measured by using a JEOL JEM-2100 trans-
mission electron microscope (JEOL GmbH, Eching, Ger-
many). Cryo-EM imaging was carried out at a temperature of
around 90 K at an acceleration voltage of 200 kV. A defocus of
the objective lens of about 0.5 and 1 pm was used to increase
the contrast. Cryo-EM micrographs were recorded at a number
of magnifications with a bottom-mounted 4k CMOS camera
(TemCam-F416, TVIPS, Gauting, Germany). The total
electron dose in each micrograph was kept below 20 e /A%

Fluorescence images were obtained using an Axioplan 2
Imaging microscope with an LSM 5 Pascal confocal laser-
scanning module and an AxioCamHR camera (Carl Zeiss,
Jena, Germany). Fluorescence was excited using a 488 nm Ar
laser, and emission was detected with an LP 505 nm filter.
Images were acquired using Epiplan-Neofluar HD DIC
objectives (20X N.A. 0.5; 50X N.A. 0.8; 100X N.A. 0.9) and
LSM PASCAL software and further processed using Fiji.””

Data Analysis. The SERS spectra were frequency-
calibrated using a spectrum of a toluene—acetonitrile mixture
(1:1) and preprocessed regarding removal of spikes, baseline
correction using asymmetric least-squares (AsLS),** and
vector-normalization in MatLab R2020b (The MathWorks,
Inc., Natick, MA). After the removal of spectra with no signal
from the data sets, the remaining spectra (Table 1) in the
range of 400—1800 cm™" were subjected to different analyses.
The relative occurrence of signals in individual spectra was
analyzed using a script in Mathematica 12.1 (Wolfram,
Champaign, IL) as detailed in ref 3S. Principal component
analysis (PCA) was performed with preprocessed individual
SERS spectra. Partial Least-Squares Discriminant Analysis
(PLS-DA) was done using a Classification toolbox developed
by Milano Chemometrics.’® In each comparison, a discrim-
inate model with 10 latent variables was developed using a
randomly selected subset comprising 80% of the spectra as a
training data set, and the remaining 20% of the spectra were
used as respective test data sets. The model performance was

assessed by Venetian blind cross-validation. Average spectra of
each class were calculated for the further qualitative analysis of
SERS signals.

Random forest analysis was conducted with the same
training and test data sets in R 4.2.2°7 using ranger 0.15.1°® and
RFSurrogates 0.4.0.”"*" For the training of the RF classification
model, the number of trees (num.trees) and the number of
variables to consider in each split (mtry) were set to 10,000
and 160 (corresponding to p*'#, where p is the total number of
spectral variables), respectively. To select relevant spectral
variables and analyze their co-occurrence, surrogate minimal
depth (SMD) was applied with the RF parameters described
above and a predefined number of surrogate splits (s) of 44,
corresponding to 0.05 p. The output of SMD contains the
SMD feature importance of each variable—lower values
correspond to higher importance— and a list of selected
variables that have a lower importance value than the
calculated threshold. In addition, the relation parameter
mean adjusted agreement (MAA) was obtained for the
pairwise combination of features. The relations of the selected
variables to each spectral variable were depicted in a heatmap
(Supporting Information). One representative variable was
determined from all selected variables of each signal by
choosing the variable with the lowest SMD importance value
(corresponding to the highest importance), and the relations
of those variables to all p spectral variables were depicted.

B RESULTS AND DISCUSSION

SERS Spectra of Liposomes Containing NBD-Labeled
Ceramide. SERS spectra were collected of NBDCER-
containing liposomes and of pure NBD-CI with the help of
gold nanoparticles that acted as plasmonic substrates (Figure
1). Similar to liposome samples containing unlabeled ceramide,
as reported in ref 18, intact unilamellar and multilamellar
vesicles with sizes ranging from ~25 nm to ~550 nm were
found to form (Supporting Figure S2A,B), showing that
liposome formation is not compromised in the presence of the
NBD label. The liposomes also show a green fluorescence due
to the presence of NBD in the absence and presence of gold
nanoparticles (Figure 2A and Supporting Information Figure
S2C). The SERS spectra were excited at a wavelength of 785
nm under non(molecular-)resonant conditions with the
fluorophore. Figure 1 shows the spectra together with a
SERS spectrum of pure ceramide (CER) that we have
discussed in earlier work.'®

The SERS spectrum of liposomes containing NBDCER
(Figure 1, middle trace, red) shows characteristic vibrations of
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Figure 1. Representative SERS spectra of NBD-Cl (green trace),
NBD-ceramide (NBDCER, red trace), and ceramide (CER, blue
trace) with gold nanoparticles (cyunp = 6 X 107'° M). cypp.c = 0.1
mg/mL, cyppcer = 0.1 mM, ccgr = 2 mM; excitation wavelength: 785
nm; excitation intensity: 4 X 10* W/cm? in NBD-Cl and NBDCER
solution, and 3.5 X 10° W/cm? in CER lipid preparation; acquisition
time: 1 s; scale bars: 50 cps.

the amide group, specifically amide II at 1531 cm™', amide III
at 1270 cm™!, and amide IV at 680 cm™, which is consistent
with the spectrum of pure CER (blue line)."**>*' Tt indicates

similar interactions of the sphingosine headgroup in the NBD-
labeled ceramide NBDCER with AuNPs as those of pure
ceramide samples.'” From the signal characteristic of the
intrachain C—C vibration at 1047 cm™ in NBDCER and the
chain-end CHj, rocking vibrations at 881 and 831 cm™" in CER
(Figure 1, compare middle and bottom trace),"¥*%** we infer
on different acyl chain conformations in both molecules. The
pronounced intrachain C—C signal suggests that when
combined with an NBD label, the ceramide acyl chains are
more likely to be exposed and to interact with the AuNPs. The
absence of the chain-end CH; modes in the NBDCER
spectrum could also be related to a lower possibility of
interactions of the acyl chain-ends with the AuNPs when the
NBD group is linked to them (Figure S1B). When comparing
the spectrum of NBDCER with that of NBD-Cl (Figure 1,
compare middle and top trace), characteristic signals of NBD
can be identified in the NBDCER spectrum, including a typical
C=N stretching mode at 1356 cm™', C—C—C two in-plane
modes and an out-of-plane bending mode from the
benzofurazan ring at 999, 599, and 514 cm™', an NO
asymmetric stretching vibration at 905 cm™' and a band
assigned to the NO, group attached to the NBD ring at 807
em™!, respectively.””** The pronounced presence of these
modes indicates that the nitro group and the benzofurazan ring
of the NBD group interact with the AuNPs. This is also found
in NBDCER liposomes, despite the different types of
interactions that are possible when ceramide is present.'®
Fibroblast and Macrophage Cells Display Different
SERS Spectra after Treatments with NBD Labels. Scheme
1 displays the incubation sequence that was used to introduce
the NBD labels and the SERS probes into cells of two different
cell lines. Confocal fluorescence microscopy indicates the
uptake of NBDCER by cells of two different cell lines, 3T3
fibroblast (Figure 2B) and J774 macrophage cells (Figure 2C),
according to Scheme 1. In both cell types, bright fluorescence
is located adjacent to the nuclear region. Especially in 3T3
(Figure 2B), due to the larger size of the cells, both
predominant staining at one side of the nucleus and punctate
fluorescence above the nuclei are consistent with a gradual
redistribution from mitochondria to the Golgi apparatus and
later to the plasma membrane, as NBDCER is translocated and
metabolized as has been discussed in previous work."

Figure 2. Fluorescence images of (A) liposomes containing NBDCER rehydrated by gold nanoparticles (cyunp = 6 X 107'° M) and (B) 3T3 cells
and (C) J774 cells incubated with S uM NBDCER. Liposome composition: 10 mol % NBDCER, 10 mol % phosphatidic acid, and 80 mol %
phosphatidylcholine, total lipid concentration: 2 mM. Fluorescence excitation wavelength: 488 nm; filter: LP 50S.
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Scheme 1. Cell Samples Incubated with Gold Nanoparticles,
NBDCER, and NBD-CI for SERS Experiments: Cells Were
Incubated with SERS Probe Gold Nanoparticles for 3 or 24
h Prior to the Treatments with NBDCER or NBD-Cl

DMEM, 37 °C, 15 min

Gold nanoparticles

¢§ NBD-ceramide

@® nNBD-CI

37 °C, 20 min

However, when exposed to NBD-Cl], the cells did not exhibit
discernible fluorescence signals that could indicate preferential
accumulation (data not shown). We conclude that the
reactivity of NBD-Cl will lead to its intracellular binding to
various types of molecules regardless of their intracellular
distribution, so that accumulation of NBD-CIl in specific
cellular regions or compartments is lacking, different from that
of NBDCER.

As indicated in Scheme 1, both cell types contained gold
nanoparticles that function as SERS probes for the
endolysosomal compartment after NBDCER or NBD-CI
uptake. Figure 3 shows the results of statistical analyses of
SERS signals in the spectra of 3T3 and J774 cells treated with
NBDCER (red) and NBD-CI (green) after the incubation with
gold nanoparticles for two different periods of time (cf.
Supporting Information Table S1 for a list of all tentative band
assignments). Cells that were only incubated with gold
nanoparticles and with neither of the NBD labels (Figure 3,
bottom row, black) served as controls. Due to varying
interactions between gold nanoparticles and biomolecules in
complex cellular systems, individual spectra can exhibit great
differences regarding overall signal strength and qualitative
features under identical conditions, as shown for the example
of spectra from 3T3 cells incubated with gold nanoparticles for
3 h in Figure S3. To enable a discussion of the spectral
variation independently of such differences,’ the relative
occurrence of specific bands was determined (Figure 3). The
total amount of gold nanoparticles in the cells and the number
of late-stage endolysosomes are expected to be lower after
exposure to gold nanoparticles in the culture medium for 3 h
(Figure 3A—C,G—1) compared to incubation for 24 h (Figure
3D-F,3]-L), as shown for both cell types in previous
work.**® All samples show several common spectral features
that include characteristic vibrational modes of proteins,
specifically a band of tryptophan (Trp) at ~1350 cm™
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Figure 3. Relative band occurrence of the respective SERS data sets of (A, D) 3T3 cells incubated with NBDCER, (B, E) NBD-Cl after incubation
with gold nanoparticles for (A, B) 3 h and (D, E) 24 h and control samples incubated only with gold nanoparticles for (C) 3 h and (F) 24 h, and
(G, J) J774 cells incubated with NBDCER, and (H, K) NBD-Cl after incubation with gold nanoparticles for (G, H) 3 h and (J, K) 24 h and gold
nanoparticles for (I) 3 h and (L) 24 h. Each data set contains 178 (A), 162 (B), 193 (C), 174 (D), 161 (E), 296 (F), 84 (G), 91 (H), 181 (1), 53
(), 51 (K), and 150 (L) SERS spectra, respectively, after elimination of spectra with no signal after the experiment. Excitation wavelength: 785 nm.

Excitation intensity: 3.5 X 10° W cm™. Acquisition time: 1 s.
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Figure 4. Tomographic slices of 3T3 cells incubated with (A) AuNPs for 24 h (the control), (B) S M NBDCER after 24 h incubation of AuNPs,
and (C) § uM NBD-CI after 24 h incubation of AuNPs. M: mitochondrion, V: vesicle, NM: nuclear membrane, N: nucleus. Gold nanostructures

are marked with yellow arrowheads. Scale bar: 2 um.

signal assigned to a protein backbone C—C/C—N vibration at
~1130 cm™, a ring breathing mode at ~830 cm™" that can be
assigned to tyrosine (Tyr), phenylalanine (Phe), and proline
(Pro), and vibrations due to sulfur-containing amino acids at
~660 and ~500 cm™ due to a C—S vibration and a disulfide
mode, 1'espective1y.17’47_50 These features are consistent with
previous observations that AuNPs interact with proteins in the
cell culture medium and that the biomolecular corona that
forms as a consequence of this interaction is processed in the
endolysosomal system.>>*’

When 3T3 cells were exposed to NBDCER or NBD-Cl after
the incubation with SERS probes, bands around 1050—1100,
~1120 cm™, in the range 1430—1465 cm™’, and at 430 cm™
are observed (Figure 3A,B,D,E). They can be assigned to
skeletal C—C vibrations and different deformation modes of
CH, groups in lipids and cholesterol esters'****°*>! and
indicate interactions of the gold nanoparticles with the
endolysosomal membrane.”> When the incubation with
AuNPs was extended to 24 h, the spectra of the NBD-treated
cells showed fewer contributions from lipid-related SERS
signals (Figure 3D,E).

A comparison of the NBD-treated fibroblast cells shows
several common differences in the occurrence of signals with
their respective controls (compare 3A, 3B with 3C or 3D, 3E
with 3F). Most of these can be assigned to vibrations of
proteins. In the cells treated with either of the NBD labels,
signals of the amide II and amide III spectral regions (1500—
1570 and 1220—1280 cm™’, respectively) appear more often in
the spectra compared to the controls.*"*”***° Comparing the
abundance of amide II vs amide III signals between the
NBDCER treated and the NBD-CI treated cells, the spectra
from the latter exhibited more amide II signals and less amide
III contributions, while NBDCER treatment resulted in less
amide IIT signals.

Moreover, vibrations of the C—C/C—N protein backbone at
~1130 cm™! are much more common in the 3T3 cells treated
with either of the NBD labels, specifically with NBD-Cl
(Figure 3A).>*" Also, the interaction of protein side chains,
most clearly visible by the signals of the aromatic amino acids
with the SERS nanoprobes, varies for the different samples. For
example, proximity of Trp to the gold nanoparticles is
indicated by different signals assigned to Trp, namely, a

vibration at 1348 cm™ in the spectra of 3T3 cells treated with
NBDCER (Figure 3A),"” and another Trp band at 419 cm™ in
the samples treated with NBD-Cl (Figure 3B).”>*"** The
signal of the Phe ring breathing mode at ~1000 cm™' is
observed less frequently in the NBD-treated samples after 3 h
of incubation with the SERS probes (compare Figure 3A and B
with C).*”° The bands in the region 640—660 cm ™, assigned
to C—S vibrational modes, appeared more often in the spectra
of the NBD-labeled cells,”>*"**** compared to the controls.
Particularly, in addition to this, in the cells treated with
NBDCER, fewer spectra displayed signals from the band at
500 cm™' assigned to the S—S vibration of the disulfide
bond.'”*"~* These features suggest that NBDCER and NBD-
Cl could alter the interactions of AuNPs and surrounding
components differently when cells were incubated with the
SERS probes longer.

The altered interaction and composition of proteins are
related to the observation that the nanoparticle agglomerates in
the cells treated with the NBD labels display different spatial
arrangements. Slices from the soft X-ray nanotomograms of the
3T3 cells incubated with NBDCER or NBD-Cl as well as from
the control group, respectively, after 24 h of incubation with
the SERS probes were reconstructed (Figure 4). Across the
three experimental groups, AuNP aggregates of irregular
outlines (Figure 4A—C, yellow arrows) were observed in the
vesicular structures near mitochondria and in the perinuclear
region, in agreement with previous work on the endocytotic
uptake of SERS probes into different cell types.*’ Spacing
between the individual nanoparticles or smaller aggregates
indicates loose assemblies of the gold nanoparticles within the
agglomerate structures in all samples. In the control cells
(Figure 4A), the majority of agglomerates range in size from
~100 to ~500 nm, corresponding to approximately 3 to 15
particles. When cells were continuously exposed to NBDCER
and NBD-CI (Figure 4B,C), slightly larger aggregates were
found with sizes up to ~750 nm, corresponding to assemblies
of ~25 particles. In agreement with a continuous incubation of
the cells with gold nanoparticles, also endosomal structures of
very few nanoparticles are present. Interestingly, the cells
treated with NBD-CI exhibit a greater abundance of such small
aggregates and individual nanoparticles between ~40 and ~75
nm (Figure 4C) than the other samples. These changes suggest
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Figure S. Predictions of the samples (top row) and variable importance in projection (VIP) scores (second row) of the PLS-DA models for
discriminating cells of the cell lines 3T3 and J774 treated by NBDCER (red triangles) and NBD-Cl (green squares) after incubation with gold
nanoparticles for (A, B, G, H) 3 h and (D, E, J, K) 24 h. In each group, PLS-DA models were trained by 80% of the data (marked as hollow shapes)
and tested by the remaining 20% of the data (marked as crossed shapes). Samples placed above the threshold (top row, dashed blue line) are
predicted as cells treated by NBDCER, and those below are assigned to cells treated by NBD-CL. (C, F, I, L) Corresponding average SERS spectra
were calculated for cells treated by NBDCER (bottom row, red traces) and NBD-CI (bottom row, green traces). Excitation wavelength: 785 nm.

Excitation intensity: 3.5 X 10° W cm™. Acquisition time: 1 s.

that the uptake of NBDCER and NBD-Cl may affect
endosome maturation and concomitant protein composition,
even in a short incubation time.

In the J774 macrophage cells, the control groups of both
SERS probe incubation times show high resemblance,
especially with respect to the signals assigned to proteins, in
agreement with the very different processing of the SERS
nanoprobes compared to the fibroblast cells (compare Figure
3LL with Figure 3C,F). This is in agreement with the results
from earlier work.”> The treatment of the cells with NBDCER
and NBD-Cl induced great spectral variance and highly specific
patterns for both kinds of labels (compare Figure 3G with H
and J with K, respectively). The variation is very pronounced
for the earlier-stage endosomes (Figure 3G,H) and a bit less
obvious in the samples incubated with the SERS probes for 24
h (Figure 3],K) that were in very late-stage endolysosomes. In
the samples that were exposed to NBD-Cl (Figure 3H), signals
at 1460 and 1518 cm™' can be observed, indicating the
presence of this NBD label in the endolysosomes.*’

The cells treated with NBDCER exhibit a much higher
occurrence of a signal assigned to a C—S vibration at 652 cm™
than other contributions (Figure 3G).*” Accompanied by the
significantly decreased presence of signals assigned to intact S—

19728

S disulfide bonds in the region 460—510 em L3547 this
suggests the exposure of Cys residues and a potential
disruption of disulfide bonds, which may be related to protein
structural destabilization.”>>*

Similar to the signals present in the 3T3 fibroblast samples,
also the macrophage cells exposed to NBD-Cl (Figure 3H)
result in many spectra with signals of Trp at 417 cm™,
pronounced contributions from an amide II mode at 1233
cm™, and a decreased occurrence of protein backbone C—C/
C-N modes around 1120 cm™" as well as Tyr vibration ~840
cm™ (compare Figure 3H with I),'7**7#%595% guggesting the
destabilization of protein structures in the immediate environ-
ment of the SERS nanoprobes and/or a changed protein
composition in the endolysosome.

The changes in protein structure and composition upon
exposure of the macrophage cells to NBD-Cl in less mature
endosomal structures (Figure 3H) are also found in cells
containing more very late-stage endolysosomes (Figure 3K),
here mainly displayed by abundant signals of amide III at 1272
cm™’, the disulfide S—S band at 549 cm™' and C—S signal at
628 cm™,*>* 7% suggesting an increased exposure of the
proteins to the nanoprobe surface. Moreover, signals of Trp at
416 cm™" occurred more frequently,”*”** while both Phe and
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Tyr signals are absent (Figure 3K).'”*7°%%% In the
predominately late-stage endolysosomes of macrophage
samples exposed to NBDCER (Figure 3]), the spectra show
many contributions from lipids in addition to the signals
assigned to proteins, e.g, at 1449, 1086, 80S, and 783
em™L17183549%7 Thig s also the case in the cells treated by
NBD-CI (Figure 3K), albeit here other lipid bands are found,
including bands assigned to deformation mode of CH, groups
at 1428 and 1362 cm™}, C-C stretching modes at 1101 and
1068 cm ™', and the lipid ester O—P—O stretching mode at 798
em- 1 171835,40,47,50,51,54

Multivariate Classification Based on Different Endo-
lysosomal Composition upon NBDCER and NBD-CI
Exposure. Principal component analysis (PCA) was used to
assess the spectral variance within and between the different
data sets and to further identify major spectral patterns that are
characteristic of the treatment of the two cell types with the
two NBD-based labels. Analyses were done with spectra from
one cell line and the same gold nanoparticle incubation
conditions, corresponding to the columns shown in Figure 3,
and their results are shown in Supporting Figure S4. The low
variation that is covered even by the first principal components
is in good agreement with the high inherent variability and
fluctuation of SERS data from complex cellular systems that
have been reported before.** When using the spectral range of
400—1800 cm™', several of the groups of data sets show
overlap in the scores plots (Figure S4), due to a large
heterogeneity within each data set. The spectra obtained from
NBDCER labeled J774 macrophage cells are very distinct from
the other data, with variance determined by the spectral
features discussed above and in good agreement with the more
prominent differences in the bands assigned to proteins
(Figures 3G and S4E,F) and to lipids (Figures 3] and S4G,H)
in earlier and later-stage endolysosomes, respectively. The
NBD signals (1519 and 1459 cm™)* in the loadings of PC1
and PC2 that separate NBDCER and NBD-CI] treated cells
from the controls, respectively, clearly indicate the presence of
the labels in the earlier-stage endolysosomes of the J774
macrophages (Figure S4E,F).

While many of the spectra of the NBD-labeled cells are
different from those of the respective control groups, the data
from endolysosomes of cells exposed to NBDCER and NBD-
Cl differ from one another (Figures 3 and S4). Partial least-
squares-discriminant analysis (PLS-DA) was conducted to
identify the differences between the four data sets from the
cells treated with the two different NBD labels. PLS-DA is a
supervised multivariate technique that we use here to classify
the spectra based on their known origin from a particular
sample. In each group of samples, that is, the spectra from the
same cell type and SERS probe incubation of cells exposed to
NBDCER and those exposed to NBD-Cl, a discriminant model
with 10 latent variables was developed. Table 1 shows the
classification results as assessed based on cross-validation of
the training data as well as on the classification of an
independent test set. The prediction performance of the PLS-
DA models is visualized in Figure S (top row). The
performance of the PLS-DA model to identify unknown
spectra from earlier-stage endolysosomes of 3T3 cells labeled
with NBDCER was found to be the lowest (Table 1, first line,
second column).

In order to identify the spectral variables contributing to the
variance between the cells exposed to the two different NBD
labels, we determined the variable importance in projection

(VIP) score and selected those signals with values greater than
1 (Figure 5B,E,H,K).>**° Overall, the qualitative differences
indicated in the VIP score plots of the data sets (Figure
SB,E,H,K) agree well with the differences regarding lipid and
protein composition found in the frequency of occurrence
plots discussed in detail above (Figure 3) and the loadings of
the first principal components (Supporting Information Figure
S4). For comparison, Figure S also displays the respective
average spectra of each data set (Figure SC,F,LL).

In the earlier-stage endolysosomes of 3T3 fibroblast cells,
differences between NBDCER and NBD-CI treatment include
lipid signals at 1171 and 1051 cm™" (Figure 5B).”'¥***7* 1n
the samples that were incubated longer with the SERS probes
and contained a wider range of endolysosomal stages (Figure
SE), differences between the incubation with the different
NBD labels arise from amide II and amide III contributions,
indicating a changed protein composition.

Similar to the PC loadings in Figure S4F, also the VIP scores
indicated that the macrophage J774 cells show differences
attributed to the NBD group and amide II, III vibrations
(Figure SH) in the earlier-stage endolysosomes. In agreement
with the average spectra in Figure SI, exposure to NBDCER
(Figure 51, top trace) contributes to this distinction e.g., by the
signal of the disulfide C—S band at ~660 em™L'7** and
Trp at ~420 cm™",*>**® featured in the average spectrum of
cells with NBD-Cl (Figure 51, bottom trace), produces a strong
variance (Figure SH). In the J774 samples that have a wider
range of endolysosomal stages upon 24 h incubation with the
nanoprobes (Figure SK), the contributions from lipid acyl
chains appear stronger and underpin their observation in the
PC loadings (Figure S4H). Moreover, the pronounced S—S
and C—S vibrational modes at 664, 633, 582, 552, 514, 491,
and 466 cm™' are found to be important in the distinction
between the two labeling conditions (Figure SK).'7*>* =
Accordingly, spectral signals are found in the average spectrum
of the cells incubated with NBD-Cl (Figure SL, bottom trace).
This indicates that NBD-Cl may affect the interaction of the
endolysosomal proteins by sulfur-containing amino acid
residues differently.

While the presence of the two NBD labels affects the same
cell line differently, they may also have a different influence on
the two different cell types. PLS-DA was also carried out to
assess the spectral variations between the two cell lines when
exposed to the same NBD label for 24 h with the SERS probes
in the cells (Table S2). As shown in Table S2, the models
effectively distinguish between fibroblast 3T3 and macrophage
J774 cells in both the training and independent test data sets.
The only exception was ]J774 cells exposed to NBDCER, with a
low success rate for the identification of independent test
spectra. The VIP scores for the three experiments are shown in
Figure SS. When comparing them for NBDCER (Figure SSA)
and NBD-CI (Figure SSB) treated macrophage and fibroblast
cells, extra features from lipid skeletal vibrations in the region
1040—1100 cm™!'7#0#2°05L53 indicate an altered lipid
composition in the endolysosomes of the two cell types, and
a different exposure of protein side chains, indicated by
important signals at ~1030, 1005, and ~420 cm ™ 354748,50,56
Additional differences between 3T3 and J774 cells were found
for the amide II protein signals after exposure of the cells to
NBD-CI (Figure SSB). An assessment of differences between
unexposed (control) cells of both cell lines was conducted, as
well. The VIP scores of the control group (Figure SSC)
illustrate that the prominent features to differentiate between
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Figure 6. Spectral variables co-occurring with the important bands (left) selected by SMD analysis (cf. Figure S6) of SERS spectra from (A, B) 3T3
and (C, D) J774 cells treated by NBDCER and NBD-Cl after incubation with gold nanoparticles for (A, C) 3 h and (B, D) 24 h. Bands assigned to

proteins marked in blue, to lipids in yellow, and to NBD in green.

the two cell lines are mainly attributed to protein backbone,
amino acids, and disulfide residues. The great contribution of
the bands at 1320 cm™ accompanied by peaks at 1420 and
1042 cm™" indicates distinct lipid environments,'*>%*%#74%5!
This further supports that the spectral differences between the
cells exposed to the different NBD labels and within the
controls from both cell lines may be linked to a cell-type-
specific response to NBDCER and NBD-ClL

Random Forest Analysis Points to Different Endoly-
sosomal Responses. Using the same training and test data
sets as for PLS-DA, random forest (RF) models were trained
for the classification of the data of the cells treated with the
different NBD labels. Their classification performances are
listed in the last two columns of Table 1. More than 80% of
spectra in the independent test data sets were classified
correctly. Overall, the results of the random forest classification
are comparable to those based on PLS-DA (Table 1).
Classification is attained according to the effects of the two
NBD labels in the two cell lines and in experiments that use
two incubation times with the SERS probes, yielding four
classification experiments.

Since it is possible to discriminate between the different
spectral classes that represent the different samples with a high
success rate (Table 1), surrogate minimal depth (SMD) can be
usefully applied here to identify the spectral variables used by
the RF model.'® In this way, those spectral features that are
needed to attain classification can be identified. More
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importantly, the utilization of SMD can identify co-occurring
spectral features and thereby help to analyze the interaction of
different molecules. The selection of important bands utilizing
SMD importance for the four classification experiments is
shown in Figure S6. In addition to several features from
proteins and lipids that were already identified by the VIP
score of PLS-DA above (cf. Figure SB,E,H), RF-SMD reveals
several more differences, including other signals from the same
molecules (Figure S6). This confirms the assignment of smaller
differences of protein and lipid signals in the spectral classes
and the conclusions that changes in their composition and
interaction differ upon uptake of NBDCER and NBD-ClI into
the cells.

In order to quantify the relationship between the features,
the parameter mean adjusted agreement (MAA) is also
determined by SMD. This parameter evaluates how well
features can replace each other in the RF and can be
considered a supervised correlation coefficient. The relation-
ship of all pairwise combinations of spectral variables by the
MAA results in large data matrices that can be used to infer the
co-occurrence of signals and on colocalization of molecular
groups, molecules, and/or their interactions. Figure 6A—D
shows the relation parameters of all spectral variables with the
important bands identified in Figure S6, corresponding to each
of the data groups (each cell line and SERS probe incubation
time), highlighting their assignments to different molecular
classes through different colors (blue markings, protein; yellow
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markings, lipid; green markings, NBD group). The result
shown in Supporting Figures S7—S10 displays the full MAA
matrices for each of the RF models shown in Figure 6. A higher
MAA of a variable indicates its closer relation to the selected
important bands (compare the color scale/shade within each
of the Supporting Figures $7—510).>"

In the fibroblast cells where probing occurred in
endolysosomes of earlier stages (Figure 6A), the signals of
the C—C/C-N vibrational modes of protein chain ~1130 cm™"
and of their disulfide bonds at 683 and 500 cm™ are related to
the bands assigned to deformations of lipid CH, and CH,
groups at 1305 and 1380 cm™L.'7*%*"#%3957 Considering that
these signals can be associated with an interaction of the SERS
probes with lipid tails and the protein backbone, the
differences between the NBDCER and NBD-Cl treatment
are likely in probing different Iysosomal proteins and lipids that
undergo varying degradation depending on the NBD label to
which they are exposed to. In agreement with this, signals of
specific protein side chains, e.g., at 930, 764, and 750 cm ™" and
617 cm™’, attributed to Pro, Trp, and Phe co-occur with lipid
alkyl group deformations at 1438 cm™" that are altered when a
packed organization of lipid membranes was probed'”'%**%57
(Figure 6A) and suggests that NBDCER and NBD-Cl may
differently affect the exposition of amino acid residues adjacent
to organized lipid membranes. When a wide range of
endolysosomal stages, including very late-stage lysosomes, are
probed in the 3T3 cells (Figure 6B), the protein structure-
sensitive amide I vibrations ~1700 cm™ and a C—S vibration
at 675 cm™! co-occur with a signal from the C—C stretching of
lipid hydrocarbon chains at 1117 and 1048
cm™L!739A0A47505L3357 This s a further indicator that the
integrity of membrane proteins and the nearby lipid
membranes may be influenced to varying extents when
NBDCER and NBD-C] are present in the cells.

The J774 cells exhibited a more sparse variable selection, but
the less selected variables showed strong relations with other
variables (Figure 6C,D). Particularly, the spectral features that
were found to be related to important bands can be assigned to
proteins (Figure 6, blue markings), lipids (Figure 6, yellow
markings), and NBD (Figure 6, green markings), respectively.
When comparing the cell lines 3T3 and J774 for the same
SERS probe incubation time of 24 h (compare Figure 6B,6D),
the related variables in the RF model of the J774 cells contain
more signals that can be assigned to lipid vibrations.
Interestingly, also in this analysis, the signals of lipids in J774
are often related to bands that can be directly assigned to
NBD. NBD signals were also found in the J774 spectra
analyzed in Figure 3, in the PLS-DA VIP scores (Figure SH,K)
and were selected by the surrogate minimal depth (Figure
S6C,D, y-axis in Figure 6C,D). Figure 6D shows the
simultaneous presence of lipid CH,/CHj; group deformation
modes, vibrations of the phosphate ester bond, protein C—S
stretching modes, and the NBD vibrations at 1374, 1193, 670
and 469 cm™1*0*"*7%%39 This indicates that free NBD-CI in
J774 is likely to react with Cys residues of proteins near
membranes that are rich in phospholipids. The observation of
NBD signals in the endolysosomes of J774 but not of 3T3 cells
could be related to the specialized functions of macrophages
that are highly active in phagocytosis and endocytosis.”® The
cells were exposed to NBD-Cl for a short period of 20 min
(Scheme 1), during which the fibroblast cells may not take up
and process the external molecules in lysosomes as efficiently
as macrophage cells do. In the endolysosomes, NBD-Cl is

highly reactive toward nucleophiles, particularly amines and
thiols, which are prevalent functional groups in proteins and
peptides.'* Its interaction with numerous proteins within the
endolysosomes of the macrophage cells would also facilitate
their interaction with the SERS nanoprobes and make them
visible in the spectra.

In the RF model of J774 macrophage long-incubation time
endolysosomes (Figure 6D), the presence of phosphate and
choline groups at 832 and 718 cm™} respectively, is also
associated with vibrations of Pro, Trp, and a C—S stretching
mode at 924, 756, and 670 cm™!, respectively, of
proteins.'**%**%% This may indicate a slight temporary
increase of sphingomyelin and choline in the lysosomes that is
a possible consequence of a feedback regulation against
overabundant ceramide that entered the cells with the
NBDCER label.">*? Similar to the observations made in the
3T3 fibroblast cell line, spectral contributions by the Tyr, Phe,
and disulfide S—S vibrations'”***"~* co-occurring with above
phospholipid signals also suggests that proteins in the
proximity of the phosphate-rich membranes may alter their
structure differently in the presence of NBDCER and NBD-CL

Interestingly, the signals of phosphoinositide at 590 and 406
cm™! as important bands were found to be related to those of
amino acid carboxylate groups at 1417 cm™' and a Pro C—C
vibration at 924 cm™, respectively, along with bands ascribed
to protein amide modes, Trp, disulfide, lipid C—C, and
phosphate vibrations'”*’~>"*>* (Figure 6D). It was reported
recently that the generation of phosphoinositide could be
stimulated by the permeabilization of the lysosomal membrane
and that it could attract specific complements of functional
proteins to membranes in order to support lysosomal
membrane repair.’’ NBD-Cl can inhibit nicotinamide
nucleotide transhydrogenase activity and mitochondrial
respiratory function, causing lower NADPH supply and higher
sensitivity toward cell death that is induced by reactive oxygen
species”’ that may destabilize the lysosomal membranes.®”
Moreover, the phosphoinositide-3-kinase to produce phospha-
tidylinositol 3,4-bisphosphate, which locates at endosome
membranes,®® could be activated by C6-ceramide.®* The data
reported here suggest that we probe such an accumulation of
proteins at the endolysosomal membranes by the attraction of
phosphoinositide as a consequence of excessive NBDCER and
NBD-CIL. In the earlier-stage endolysosomes in the macrophage
cell lines, the relationships among signals of amide vibrations,
Trp, and NBD, as indicated in Figure 6C imply that the
colocalization of unfolded proteins and NBD-Cl molecules
could be an important indicator of the particular action of the
reactive NBD-CL>>***7*% QOverall, we conclude that the
exposure of the cells to NBDCER and NBD-Cl leads to
subtle and reproducible changes of protein environment as
well as of the surrounding membrane region in endolysosomes
of different maturation stages.

Observed Effects of NBD Labels on Cellular Bio-
chemistry can be Related to Their Uptake and
Intracellular Processing. The SERS spectra obtained from
the cellular models mainly probe the molecular composition
and structure of the endolysosomes. Compared to SERS
spectra from the control groups, the spectral features of NBD-
Cl exposed cells suggest that the cellular uptake of NBD-CI
could alter the endolysosomal environment differently, with
interactions of the NBD group and the SERS probes becoming
visible directly when NBD-Cl was taken up by macrophages. In
addition to a change in processes in the endolysosomes, these
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changes are likely the cause of the inhibition of important
enzymes by NBD-CI. Particularly, NBD-CI has been reported
to inhibit Bovine F1-ATPase by covalently reacting with a Tyr
residue in the SE subunit of the enzyme, preventing it from
adopting a nucleotide-binding state.” The availability of ATP
can have a significant impact on the activity, e.g., of the V-?Ipe
ATPase that is responsible for lysosome acidification.’>*
Moreover, the toxicity of NBD-CI was shown at concentrations
that were partially effective in inhibiting enzyme activities and
led to t}?ical apoptosis features and a significant decrease in
viability.”” Biochemical changes in endolysosomes under
NBD-CI treatment are also possibly associated with mitochon-
drial NADPH decline, which can disrupt cellular homeostasis
and apoptosis.

Upon addition of NBDCER to cells, no NBD signals were
observed in the SERS spectra of the endolysosomes, in
agreement with NBDCER shown to stain the Golgi complex
and to translocate to the plasma membrane of living cells.”"
However, the comparison of the spectral signals from these
samples with those of the control group also revealed changes
of protein and lipid structure and composition, suggesting that
the uptake of NBDCER into the Golgi may indirectly affect the
biochemical composition of the endolysosomes. This observa-
tion could be related to the action of exogenous C16 ceramide
as a potent inductor of apoptosis,”® as shown by reduced cell
viability in coronary artery endothelial cells.”® Although no
apparent visual signs of apoptosis were observed in the
fibroblast or macrophage cells exposed to NBDCER (Figure
2B,C), we assume that external ceramide at a concentration of
S uM, labeled with NBD, could lead to apoptosis-related
metabolic activities that could result in the observed changes in
the endolysosomal composition in those cells that were treated
with NBDCER.

With a number of functional proteins in phospholipid bilayer
membranes and in their proximity, extracellular material and
intracellular components, including proteins and lipids, are
delivered into lysosomes and undergo degradation.69 Notably,
vibrational bands attributed to the NBD group were identified
as important variables in the differentiation of macrophage
cells exposed to the two different NBD labels. They were
found to be related to proteins that reveal disulfide bonds. The
data support our hypothesis that NBD-Cl could label
biomolecules through thiol and amine functions and that it
is partially phagocytosed into endolysosomes by macrophages.
In agreement with the known processing and accumulation of
NBDCER in the Golgi, outside the endolysosomal system,
SMD analysis did not indicate the presence of additional
ceramide in endolysosomes in both fibroblasts and macro-
phages.

B CONCLUSIONS

We investigated the biochemical effects associated with the
presence of the two NBD labels, NBD-Cl and NBDCER, on
cellular biochemistry by probing the molecular composition
and interaction in endolysosomes of two different cell lines
using SERS. Both molecules, NBD-Cl and NBDCER, exhibit
strong and distinct SERS spectra when studied in their pure
form using gold nanoparticles as SERS substrates. The spectral
features attributed to the vibrational modes of the NBD group
in the spectrum of NBDCER indicate that the label group is
detectable based on its vibrational spectrum.

The qualitative assessment of spectra from fibroblast and
macrophage cells clearly shows differences in the composition
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and interaction in the endolysosomal system between cells
exposed to both NBD labels and the corresponding controls.
The differences vary for the cell lines and the incubation
conditions.

While NBD-CI can distribute evenly across different cellular
compartments and label different classes of molecules,
NBDCER is known to accumulate primarily in the Golgi
system. The presence of both types of labels induces changes
in the endolysosomal composition. In fibroblast cells, no
signals of the NBD moiety are found in the spectra.

In order to explore the “hidden” contributions of the NBD
group among the dominant spectral signals of the other
components in the endolysosomal compartment that were
revealed in a statistical analysis and to elucidate the molecular
interactions and connections between the different endolyso-
somal constituents further, SMD was applied. Specifically, the
differences between the molecular compositions with the two
different NBD labels were studied in RF models. The co-
occurrence of proteins and lipids is consistent with the
structural complexity and functional roles of the endolyso-
somes and known potential effects that NBD labels can have,
as reported in work with molecular and cell biological
approaches in other cell lines. The differences of the spectral
features reveal that the presence of the label NBD, either as
NBD-Cl or conjugated with ceramide, has different physio-
logical effects within eukaryotic cells, specifically regarding an
altered protein composition and interactions in the endolyso-
somal system.

In conclusion, these results demonstrate the potential of
SERS with gold nanoparticles to probe the intracellular
physiological processing of NBD. The molecule has an impact
on the composition and interaction of molecules other than
the label moiety itself, which can be characterized by SERS.
The integration of the local spectroscopic probing and a
machine learning approach that offers an identification of
classifiers, here, spectral signals of interacting molecular
species, reveals the colocalization of molecules and helps to
understand the effects of external molecules such as drugs and
labels on cellular compartments in vivo. This will clearly apply
as well to nonbiological molecule—nanostructure and mole-
cule—molecule interactions that can be elucidated from SERS
spectra.
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