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ABSTRACT

Surface-enhanced Raman spectroscopy (SERS) is an ultra-sensitive vibrational fingerprinting
technique widely used in analytical and biosensing applications. For intracellular sensing,
typically gold nanoparticles (AuNPs) are employed as transducers to enhance the otherwise weak
Raman spectroscopy signals. Thus the signature patterns of the molecular nanoenvironment
around intracellular unlabelled AuNPs can be monitored in a reporter-free manner by SERS. The
challenge of selectively identifying molecular changes resulting from cellular processes in large
and multidimensional data sets and the lack of simple tools for extracting this information has
resulted in limited characterization of fundamental cellular processes by SERS. Here, this
shortcoming in analysis of SERS data sets is tackled by developing a suitable methodology of
reference-based PCA-LDA (principal component analysis-linear discriminant analysis). This
method is validated and exemplarily used to extract spectral features characteristic of the
endocytic compartment inside cells. The voluntary uptake through vesicular endocytosis is
widely used for the internalisation of AuNPs into cells but the characterization of the individual
stages of this pathway has not been carried out. Herein, we use reporter-free SERS to identify the
stages of endocytosis of AuNPs in cells, visualize them and map the molecular changes via the
adaptation and advantageous use of chemometric methods in combination with tailored sample
preparation. Thus our study demonstrates the capabilities of reporter-free SERS for intracellular
analysis and its ability to provide a way of characterizing intracellular composition. The
developed analytical approach is generic and enables the application of reporter-free SERS to

identify unknown components in different biological matrices and materials.



During the last decade, nanoparticle-based surface-enhanced Raman spectroscopy (SERS) has
been extensively employed to study biological systems such as cells and tissues.'” There are
primarily two approaches: The SERS reporter approach and the label-free (reporter-free) SERS
approach. In the former, a molecule is functionalized as a self-assembled monolayer on the
nanoparticle and the SERS detection of its characteristic spectrum serves to visualize the location
of the nanoparticle(s) inside the cell or tissue." > This SERS reporter approach has been used in a
variety of applications including detection of pathologic cells and tissues such as in cancer*® or
cancer markers in biofluids such as blood.” ® The reporters can also serve as pH sensors by an

appropriate choice of the functionalized molecule with an exchangeable H™.”

On the other hand, reporter-free SERS samples the direct environment in the vicinity of
the nanoparticles and makes the spectral features contributed by the multiple molecular
components available for the identification and understanding of the molecular changes around
them. The nanoparticle probes can be tailored, such as by sparse functionalization, to be
delivered inside cells and to specific compartments adding another dimension to their

10, 11
usefulness.

Reporter-free SERS, especially involving spatially resolved maps, however, can
generate large and complex data sets which require more sophisticated analysis methods to
extract significant features.” An accompanying complication especially with the reporter-free
SERS methodology in cells is that the variation in the state of aggregation can result in a large

variation of the intensity and the spatial distribution of the measured spectra'® '?

making single
or average spectra insufficient for complete sample characterization (or -classification).
Additionally the use of natural (random) aggregation of spherical nanoparticles inside cells

makes it difficult to discern any orientational effects of molecules near surfaces in the SERS

spectra. These challenges have been addressed by applying various chemometric methods, such
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as principal component (PCA) and linear discriminant analysis (LDA)," "% Jeast square

14, 21, 22 17, 23, 24

regression as well as cluster analysis, which mostly aim at the extraction of

representative spectral features for the characterization and/or classification of the sample.” '* "
2%.26 Furthermore, traditional SERS analysis, including that in the SERS reporter approach, relies
on the comparison of spectra from an unknown sample to either: (i) one or more known
reference spectral features from a Raman library/literature or (ii) pure samples of expected
components. Thus, the requirement for an existing training or reference group or spectra
highlights a critical shortcoming in current methods especially for reporter-free SERS because
unlike the SERS-reporter approach the molecules being detected are not necessarily known.
Moreover, given the complexity of biological matrices and variation therein, obtaining or
generating pure samples only containing the desired spectral reference pattern is not trivial. This
makes reporter-free SERS in biological samples, although vastly richer in information content,

complex and ambitious compared to the conventional use of SERS in (bio)chemical or materials

characterization studies.

Here, we propose the development and use of a modified chemometric method to achieve
the identification, visual representation and extraction of unknown constituents from reporter-
free SERS data sets which are multicomponent by their very nature. The utility of this
methodology is then demonstrated for endocytosis, the process of cellular ingestion of
extracellular material and their subsequent digestion and degradation. The choice of endocytosis
is both natural and ideal. It has been shown that cells can voluntarily internalize spherical gold
nanoparticles (AuNPs) from their environment which on internalization can serve as intracellular
SERS nanosensors.” > ' '-?” Once internalized, AuNPs are trafficked along the endo-lysosomal

network inside vesicles (also see Figure 1A) with the help of molecular motors and cytoskeletal



structures.” In endosomes molecular sorting and recycling takes place. They further fuse with
other incoming cargoes while they mature into late endosomes via luminal acidification.”” *°
Thereafter, secondary lysosomes are formed when mature endosomes merge with primary
lysosomes that emerge from the Golgi apparatus. Lysosomes contain enzymes (e.g. hydrolase) as
well as various macromolecules from other intracellular, catabolic processes and membrane
turnover.”” *! Although further acidification, molecular digestion and degradation takes place,
vesicles with indigestible material, such as AuNPs, become residual bodies and are secreted by

* % Thus, nanoparticles enclosed inside these membrane-bound vesicles

the cell via exocytosis.
witness the whole maturation process from endosomes to lysosomes and thus are best placed to
report the dynamic changes in the intravesicular molecular composition via the consequent and
inevitable modification of molecules near the surface of AuNPs.> ** Furthermore, these
conditions support/favour the formation of intravesicular AuNP aggregates due to vesicle fusion

as well as the acidic environment which creates ideal conditions for giving rise to strong SERS

enhancements.’

Furthermore, while the endo-lysosomal pathway is extremely important for many
intracellular functions, there have been relatively few studies using SERS to explore and
characterise this pathway.” ° SERS-based investigations within the endocytic pathway have

2,3,9,17,34-39 -
hn always employing reporter molecules

mainly been centred on pH sensing of vesicles,
such as para-aminothiophenol.>'” Although, the nanoenvironment surrounding the SERS probes
has been observed to constantly change, there is lack of information on compartment-specific
molecular changes.” '’ Thus, despite the importance of this pathway for the intake and exit of
4.2 3. 40-

SERS nanoparticle probes, the vesicles themselves have not been studied or characterize

*2 While Ando ef al. have studied selective time points during the first minutes to hours of the



cellular intake process, focussing on single-particle tracking in combination with SERS

40, 42
measurements, 0.

Kneipp and co-workers have studied the level of SERS enhancement during
the first three hours of AuNP intake and the role of adenosine mono- and triphosphate-based
acidification in endosomal maturation.” *' To the best of our knowledge, no SERS study has

aimed at characterizing of or distinguishing between the molecular content of vesicles, namely

endosomes and lysosomes, involved in the different stages of endocytosis.

In this work, we develop a chemometric methodology wused to extract
features/components from complex SERS data sets. This method is exemplarily applied to cell
samples to shed light on the molecular make-up of endosomes and lysosomes employing a
reporter-free SERS approach. The experimental methodology and statistical data analysis are
used in combination to allow for the generation of a reference sample that can then be employed
for a differential analysis of SERS data sets. This method termed reference-based PCA-LDA
analysis allows for the identification of unknown (molecular) spectral features within a data set,
which in this case corresponds to the endosomes. The method is further successfully applied to
generate a color coded distribution of PCA-LDA derived spectral features in SERS maps of cells
allowing for the visualization of endosomes and lysosomes within SH-SY5Y human
neuroblastoma cells. This enables the detailed hyperspectral characterization of endosomes and
lysosomes as well as the determination of the precise vesicular localization of nanoparticles
during the uptake process at the same time. As such our study paves the way for the extraction
and improved characterization of unknown components and structures using the reporter-free

SERS approach inside cells.



RESULTS AND DISCUSSION

We first introduce the methodology for the extraction of the unknown features from a
hyperspectral data set and subsequent generation of pseudo-color SERS maps. By adapting the
experimental methodology, we created a sample wherein the internalized AuNPs are all in a
particular stage of the endo-lysosomal pathway. This creates a ‘reference state’ used for
developing our chemometric methodology termed reference-based PCA-LDA. This is described
in the context of the endo-lysosomal pathway and is used to investigate the molecular content of

the vesicle types, i.e. endosomes and lysosomes.

Experimental design based on the pulse-depletion technique to generate a ‘reference state’

41,4 .
+43 was modified to create a reference state

In this work, the conventional pulse-chase technique
as shown in Figure 1. Briefly, an incubation pulse with AuNPs in the cell culture medium (Figure
1A.i1) of 72 h (for details see Materials and Methods) was used to allow for the uptake of a large
number of particles in order to allow for them to sample the molecular diversity inside cells and
to also allow for the generation of high SERS signals. After the incubation pulse AuNPs are
expected to be localized in all types of endocytic vesicles, i.e. endosomes (green vesicles) and
lysosomes (blue vesicles, schematic in Figure 1B.i). SERS map data from these cells with
AuNPs, which are present in both endosomes as well as lysosomes, was acquired and is called
the sample group. To create a reference state, cells underwent the same incubation pulse but then
were washed to remove all extracellular AuNPs and incubated in fresh medium without any

AuNPs for 48 h (Figure 1A.ii1). This is referred to as the depletion phase. This depletion pulse

time was optimized (described in next section) and ensures that all of the internalized AuNPs end



up in lysosomes and are completely absent from the endosomes (Figure 1B.ii). SERS data from

cells with only lysosomal AuNPs is termed the reference group.

ii / iii
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Figure 1: Schematic of experimental design. (A) Full experimental procedure involves AuNPs (red
spheres) being added to the cell culture environment after (A.i) cells have sufficiently attached to the
culture dish. (A.ii) Following uptake of the particles into the cell via endocytosis during the incubation
pulse, extracellular particles were washed out. (A.iii) Fresh culture medium without AuNPs was added
and the cells were left until incorporated particles were processed into lysosomes (depletion phase). (B.i)
During the incubation phase, cells constantly internalize AuNPs, which accumulate inside endosomes
(green vesicles) and lysosomes (blue vesicles). Their acquired SERS map data serves as the sample group
for analysis. (B.ii) Following the wash-out, vesicular AuNPs are processed along the endo-lysosomal
pathway and are eventually found exclusively in lysosomes. SERS maps of fixed cells with only

lysosomal AuNPs serve as the reference group for the data analysis. Golgi apparatus (G).



Verification of the pulse-depletion method to create a reference state and to confirm the

location of the AuNPs

We verified our pulse-depletion approach in its ability to achieve the required differential
localization by using transmission electron (TEM) and fluorescence microscopy. TEM
micrographs in Figure 2A-D show representative examples of the intracellular localization of
40 nm AuNPs inside membrane-bound vesicles of the endo-lysosomal system in human
neuroblastoma cells (SH-SYS5Y cell line). As expected, immediately after the incubation pulse,
AuNPs are found in both endosomal (including phagosomes, green arrow) as well as lysosomal
vesicles (phagolysosomes and secondary lysosomes, blue arrow) as seen in Figure 2A (also see
Supporting Information Figure S1). TEM micrographs were further obtained after a depletion
phase of 24 h, 48 h and 72 h as shown in Figure 2B-D to confirm the localization of AuNPs in
lysosomes only — the reference state. Although all three TEM micrographs (B-D) showed only
marginal differences, it is clear that a depletion time of 48 h was adequate to ensure that all

intravesicular AuNPs were processed into lysosomes.

Fluorescence microscopy further confirmed the results obtained by TEM imaging (Figure
2D-E). For cells, imaged directly after the incubation pulse (Figure 2D), clusters of AuNPs
(recognizable as black spots) co-localized with the immunofluorescence labelling of lysosomes
(red) and endosomes (green). In contrast, after a depletion phase of 48 h, AuNPs only co-
localized with the lysosomes (red). Based on the evidence from TEM and fluorescence
microscopy experiments, a depletion time of 48 h was chosen for generating the reference group

data. Metabolic and integrity tests were carried out on the cells throughout the incubation and



depletion phases and showed that the AuNPs had very little effect on the cellular health and

viability of the cells (see Supporting Information Figure S2).
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Figure 2: TEM (A-D) and fluorescence images (E-F) of neuroblastoma cells after incubation and
depletion pulses. (A) After an AuNP incubation pulse aggregates of different sizes are found in
endosomal vesicles (endosomes and phagosomes, green arrow) as well as lysosomal vesicles
(phagolysosomes and secondary lysosomes, blue arrows). Following a depletion phase of 24 h (B), 48 h
(C) or 72 h (D), AuNPs aggregates of different sizes were found in lysosomes only. (A-D) Scale bar:

500 nm. Additionally, fluorescence microscopy images using stains for the nucleus (N: blue), endosomes
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(Endo: green) and lysosomes (Lyso: red) confirmed the localization of AuNPs (E) in endosomes and
lysosomes at the end of the incubation pulse and (F) only in lysosomes after 48 h of depletion pulse. (E-F)

Scale bar: 10 pm. PM (plasma membrane), m (mitochondrion), n (nucleus).

Analytical approach for the Visualization of two classes in SERS maps: Imaging

endosomes and lysosomes in a SERS map of a cell

By using the aforementioned experimental conditions, we thus successfully created two groups
for SERS mapping experiments; the sample group (nmpie = 20) containing SERS probes in both
endosomes and lysosomes and the reference group (nyeference = 14) containing SERS probes in the
lysosomes only. The analytical method developed here allows then for the characterization and
mapping out of both endosomes and lysosomes within the cells in addition to the extraction of
differential spectral features (see also Supporting Information Figure S3). The details of the
methodology are described using an exemplar whole cell containing AuNPs in endosomes and

lysosomes as shown in the bright-field image in

11



Figure 3A. A SERS map of the same cell showing integrated intensity in the spectral range

(400 - 2000 cm™) is presented in

Figure 3B. Exemplar SERS spectra from different map positions (indicated by corresponding
colored markers in Figure 3B) are shown in Figure 3C. The spectra represent the variation that
occurs within endocytic vesicles of a cell. The large amount of spectral data collected in a SERS
map and the variation between spectra necessitates the use of chemometric tools to extract the
high amount of information in them which goes well beyond single or an average spectrum from

a cell.

12



i) Background exclusion from map scans. In a first step, it is necessary to identify and
discard the sample background, areas where the SERS effect is absent as there are no AuNPs
present, both inside and outside the cell. For objective discarding of the sample background
rather than by subjectively adjusting the look-up table (LUT) in intensity maps or excluding
spectra of low intensity, a low-level correlation based method was implemented which
considered the main spectral features, identified through principal component analysis (PCA).
PCA is an unsupervised multivariate method, increasingly used for spectral characterization of

10, 14-18 p loadings are commonly used to

SERS from inside cells and/or intracellular processes.
identify features within the data set which best explain the variance in the data.** The spectrum-
like PC loadings characterise the main spectral features with the highest significance in the data
(e.g. peaks in a SERS spectrum)® as well as they correlate the corresponding PC score to the
original data.

Here background exclusion was objectively carried out using PC scores. Prior to PCA, spectra

1045 We considered only the

were baseline-corrected and mean-centred, as described previously.
first principal component (PC1) and thus only use PC1 score values to discriminate the sample
background. All spectra which corresponded to PC1 scores lower than 25% of the maximal value
were discarded Figure 4A shows the spatial distribution of the PC1 scores, normalized to [0, 1],

within the cell map. All values below 0.25 (in white) correlate well with the intensity based

sample background (black) in the original SERS map in

13



Figure 3B. The aim was to reduce the number of spectra which do not relate to the endosomal

and lysosomal

vesicles. A
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Figure 3: Cellular SERS imaging. A bright-field image (A) within which the box outlines the
area scanned for SERS mapping. The corresponding SERS map showing the absolute intensity
distribution (integrated over 400-2000 cm™) is shown in (B). Eight spectra (C) from different
positions within the SERS map (indicated by corresponding colored markers in (B)) illustrate the

chemical variation sampled by SERS nanoprobes inside endocytic vesicles. Scale bars: 10 pm.

ii) Classification of SERS spectra: Assignment of spectra to endosomes and lysosomes. In
a second step, a modified way of applying PCA followed by linear discriminant analysis (LDA),
called reference-based PCA-LDA, was used to assign the remaining spectra to either endosomes
or lysosomes. LDA allows for the transformation of PC data to achieve maximum segregation
based on differences in features. The assignment of the spectra to endosomes or lysosomes was
based on their correlation to hyperspectral SERS features of the reference group (cells after
pulse-depletion; Figure 1B). Without applying our reference based method a simple color-coded
PCA-LD1 scores map is shown in Figure 4. It shows that areas classified as sample background
(white areas in Figure 4) do not necessarily correlate to a specific range of LD1 scores (see
Supporting Information, Figure S4 for a PC1 vs. LDI1 scores plot). LD1 scores are thus
inadequate in themselves to visualize and therefore assign corresponding spectra to different

types of intracellular vesicles.

15



0.1

-0.1
-0.2
10 0.3
0.4
15 -0.5
-0.6

20 -0.7

C 2:0,(s)

e

o o
L= = -

o

Normalised intensity
=

0.2

-0.2

0
LD1 scores

oF oF

10

10

15 15

20 20

Figure 4: Demonstration with a test sample cell of different analysis steps and comparisons.
Pseudo colour PC1 intensity map (A) of the same cell (as in Fig. 3) after PC analysis shows the
sample background as white for PC1 scores values smaller 0.25. LD1 scores map (B) of the
sample cell prior to endosomes/lysosomes classification. (C) Assignment of components from
the LDI1 scores intensity distribution to either lysosomes (LDI(s)>-0.35) or endosomes
(LD1(s) <-0.45) highlighted in blue and green, respectively. Assignments were made with
respect to the modes u;(ref) and u,(s) as well as the standard deviations o;(ref) and o(s) marked
as dotted lines. The light grey region between the green and blue regions is a transition region to

guarantee an accurate classification. (D) Based on scores for respective class assignments
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derived from (C), scores were projected back into a false-color map. This generates a color-
coded reference-based PCA-LDA map showing endosomes (green) and lysosomes (blue). (E) A
color map was reconstructed after k-means clustering of the test data set for the three groups
(white, grey, black) confirming the group segregation facilitated using our color-coded

reference-based PCA-LDA method. Pixel size: 600 nm x 600 nm.

It is worth noting here that while the PC1 scores map (Figure 4) expresses the inherent
correlation to the principal spectrum of the sample data set, the LD1 scores map (Figure 4)
reveals only a correlation with respect to each other. Thus the information, which can be used to
distinguish the endosomal and lysosomal spectra, is extractable by realising that similar scores in
the LD space indicate similar characteristics (i.e. the same peak positions and or intensities).
Hence we used the LD1 intensity (histogram of LD1 scores) curves of both the sample and the
reference to recognize common features in both respective groups. The scores corresponding to
the overlapping region (blue shaded region) of the sample and reference histogram curves thus
indicate spectral features common to both groups. Since the lysosomal vesicles are common to
both groups the spectra corresponding to these scores can be assigned to them. Based on this
understanding, a mathematical strategy for segregation of lysosomes can be derived by using
parameters of double Gaussian fits to the individual LD1 intensity curves.

The mathematical description of the scores for lysosomal components LDIpo50mes(s) (blue
region, Figure 4) is given by:

t(ref) — 3oy (ref) < LD1yyso50mes(s) < max[LD1(s)],
where u; refers to the score position of the major mode of the curve and o; to the standard

deviation. ref and s refer to the reference and the sample group, respectively. Maximal class

17



assignment is ensured by using the projection of three standard deviations of the major mode of
the reference curve. Similar criteria thus could be derived for all cases where the reference curve

is positively skewed (see Supporting Information).

Based on the same logic, the non-overlapping region of the sample curve can be assigned
to SERS from endosomes as it does not share the scores, and consequently spectral features, with
the reference group. The assignment of scores, highlighted in green in Figure 4, was based on the

fit parameters of the minor mode of the sample curve and can be written as

LD endosomes(s) < (H2(5) = 202(5)) A (LD Liysosomes(s)).

where the logical operator (A) indicates that both conditions must be fulfilled simultaneously.
The data classification (endosomal and lysosomal origin, Figure 4) deliberately leaves a gap in
the scores between the two groups. This transition region allows for the correct classification by
excluding borderline cases. After assigning LD1 scores to the classes and colors, back-projection
of the data generates a pseudo-color map clearly outlining the localization of the endosomes
(green) and lysosomes (blue) within the cell (Figure 4). Furthermore, it allows for the
identification of the localization of the intracellular nanosensors within the endo-lysosomal
pathway. This scores distribution was subsequently used for several individual cells (see
Materials and Methods) to assign their spectra to the two different classes, endosomes and
lysosomes, in order to characterize them and understand spectral differences in the context of

endo-lysosomal processes.

In order to verify the use of the mathematical rules derived above for group segregation

and its applicability to several cell samples, we used the leave-one-out-cross-validation
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algorithm. The method was also verified with negative controls, that is, on cells with lysosomes
only and the classification was not only accurate but also demonstrated the advantage over single
frequency SERS and simple LD1 score maps (for details see Validation section in Supporting
Information and Figure S5). On a single cell basis, we used supervised k-means clustering (k=3)
as a verification method of spectral classifications achieved by our reference-based PCA-LDA
methodology. Results for the exemplar cell considered above are shown in Figure 4. Our
reference-based PCA-LDA map in Figure 4 shows broad agreement with the generated k-means
clusters (Figure 4E). However, the advantage with our method is that class, and hence spectra,
assignments are based on the comparison to the reference state and therefore have a physical
meaning whereas k-means itself does not allow for unambiguous assignment of clusters to the

specific classes such as endosomes and lysosomes.

Further to validate the generic and broad application of our method, we applied our reference-
based PCA-LDA method to a non-biological sample. The sample was created by drying a
solution of Rhodamine 6G on a silicon substrate and a hyperspectral image was acquired by
Raman spectroscopy. While the components here were known and hence verifiable, the
application of the same classification rules used above resulted in improved/accurate
visualization of the components (see Supporting Information, Figure S3).

iii) Molecular characterization of the endosomal and lysosomal pathways. Earlier studies
have demonstrated great similarities and only small differences of SERS spectra derived from
the molecular environment of the endo-lysosomal pathway.” **’ In order to achieve the ultimate
goal of hyperspectral and molecular characterization of endosomal and lysosomal content, subtle

differences in spectra from both groups need identification. For this reason, SERS maps were
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acquired from 20 individual cells to facilitate a population statistic. Furthermore, to exclude the
effect of spectral intensity variation, due to (typical) inhomogeneous SERS enhancements, on the
representative characterization of endosomes and lysosomes, all spectra were mean-centered and
PCA was applied to each group. PCI loadings together with weighting by frequency of
occurrences further eliminated any dependence of the analysis on low peak intensities as further
described below. The PC1 loadings of endosomes (green) and lysosomes (blue) with their
standard deviation (red, see materials and Methods), as shown in Figure 5A, indicate striking
similarities between them and only marginal differences. Further analysis was carried out by
generating histograms over all peak positions within the spectra of both groups, endosomes and
lysosomes, separately (see Materials and Methods). In the bar chart in Figure 5B, the frequency
of peak occurrence is shown for endosomal (green, top) as well as lysosomal spectra (blue,
bottom). The frequency of occurrence of a peak thus relates directly to its probability.

For a comprehensive characterization of each individual group, information about the peak
probability (Figure 5B) was combined with information about peak intensities and ratios (PC1
loadings in Figure 5A). Therefore, for each group the frequency of peak occurrence (normalized
to [0,1]) was weighted by the PCI loadings and the difference between the two groups,
endosomes and lysosomes, was calculated (Figure 5C) to visualize the spectral changes.
Enlargements of sub regions, in particular in the spectral range of 400 — 1050 cm™ are shown in
Figure S7 in the supplementary information. Identified changes, which exceed the standard
deviation, and assigned molecular processes are highlighted in different colors in Figure 5. These
processes are the breakdown of proteins (purple, p/ — p4) and lipids (yellow, yI — y2), the rising

acidity along the endo-lysosomal pathway (red, »/ — r4) and the degradation of DNA/RNA in the

20



lysosomal system (grey, g/ — g2). The spectral changes with respect to each of these processes

are discussed in detail below.
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Figure 5: Analysis of spectra specific to the endosomal and lysosomal pathway. (A) Normalized

PC1 loadings of all extracted spectra originating from endosomes (green) and lysosomes (blue)
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with their standard deviation highlighted in red. (B) The histogram summarizes the (normalized)
occurrence probability of SERS peaks from endosomes (green bars) and lysosomes (blue bars).
(C) Difference between the PC1 loadings (A) weighted by the frequency of peak occurrence (B)
of endosomes and lysosomes. The corresponding standard deviations are shown in green
(endosomes), blue (lysosomes) and grey (both groups). Strong minima and maxima suggest
major differences between both groups. Highlighted regions refer to molecular processes in the
endo-lysosomal system such as the breakdown of proteins (purple, pl-p4) and lipids (yellow, y1-
y3), the rising acidity along this pathway (red, r1-r4) and the degradation of DNA/RNA in the
lysosomal system (grey, gl and g2). Marked regions are as following (in cm™): pl: ~500; p2:
640 — 650, p3: 1550 — 1640; p4: 1625 — 1700; y1: 1080 — 1130; y2: 1440 — 1460; r1: 980 — 1030;

r2: ~1160; r3: 1270 — 1370; r4: 1470 — 1500; g1: 808 — 830; g2: 880 — 910.

Breakdown of Proteins and Lipids

The endo-lysosomal pathway is a protein-rich environment which is a major protein
degradation pathway within the cell where they are subject to structural changes and
denaturation*®. Bond conformations are related to the structure of the protein and can be
observed by SERS. SERS bands related to relevant proteins and peptides as well as fatty acids
are highlighted in purple and red in Figure 5, respectively.

S-S stretching vibrations, such as for example in the cysteine-cysteine disulfide bond, result in

a strong band at 500 cm™ (purple band pI in Figure 5A-B).*"*

In lysosomes, this band is
slightly decreased, which suggests the break-down of polypeptides. In light of this, the increase
in the band at 640 — 650 cm™ (bands p2 in Figure 5), corresponding to the C-S vibrational stretch

mode, is related to a better accessibility of the C-S bond in smaller peptides and thus a stronger

interaction with the AuNP’s surface, compared to unbroken proteins where this bond is hidden
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within the protein structure and less accessible for bonding with the surface of AuNPs.”® Due to
the limited access to the protein secondary structure, SERS spectra only rarely show peaks in the
amide I region (~1625 — 1690 cm™),”' which explains the limited occurrence of peaks from this
region in spectra of the endo-lysosomal system. Nevertheless, the weak SERS band at around
1629 — 1637 cm™ can be assigned to the a-helix conformation of the secondary protein
structure,”® which is found to be decreased in lysosomes (see p3 in Figure 5). Moreover, an
increase around 1641 cm™ and 1673 cm™ in lysosomes suggests a related increment of random

coil conformation in polypeptides.53

The modification of intrapeptide hydrogen bonds
corresponding to the band at 1629 — 1637 cm™, which determine and stabilize the secondary
structure of proteins, indicates a structural change of proteins and polypeptides, namely their
dissociation into polypeptides and fragments of it in the endo-lysosomal system.*® As a
consequence of this degradation, NH, groups and N-H bonds are more accessible for binding to
the surface of AuNPs and in addition the NH, group is protonated to form NH;" in the lysosomal
system because of the more acidic pH found within it.**>* > This is indicated by a change in the
frequency of the SERS peak for the N-H hydrogen bond at around 1700 cm™ in endosomes, with
it shifting to 1640 — 1645 cm™ (asymmetric NH;" deformation) in lysosomes. This is shown by

the purple bar p4 in Figure 5A-C°" "'

and is also supported by an increase in the band at around
1560 — 1600 cm™ in lysosomes, which can be assigned to the asymmetric COO stretching
vibration.*’

Alongside protein degradation, the dissociation of lipids also occurs in the endo-lysosomal
system. Lipid molecules are broken down into the head group and the tail chain as also suggested

by vibrational changes y/-4 in Figure SA-B. Generally, lipid bilayers undergo a phase transition

(melting), which depends on changes in the environmental conditions such as temperature,
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concentration and acidity.*’ In endosomes, the SERS band between 1090 — 1100 cm™ (y1) is a
superposition of the symmetric PO," vibration stretch of the lipid head group with the C-C stretch
of the acyl chain. In lysosomes, this band is decreased and downshifted to 1077 — 1082 cm™
(also y1) suggesting an increase in available and accessible C-C bonds of the lipid backbone.*”
Similar behavior has been observed by Carrier and co-workers in the context of temperature
induced melting of lipid bilayers and this denaturation study can be compared to the acid-
mediated break down of lipids such as it takes place in the endo-lysosomal pathway.47’ 6 At the
same time, a shift of the skeletal stretching mode was observed from 1125 — 1130 cm™ in
endosomes to 1120 cm™ in lysosomes (also y/). This might originate from the sensitivity of the
skeletal stretching mode to intrachain disorder and rearrangements as previously observed by
Carrie and co-workers.”® This observed band around 1125c¢m™ in endosomes is also in
agreement with experimental results of Ando ef al involving SERS on live cells looking at early
endosomal vesicles.*> The breakdown of lipids affects the structural conformation of the lipid
backbone and the decrease of the band around 1440 — 1460 cm’™ (»2) in lysosomes supports this
assertion, as this region is assigned to the scissoring and rocking vibrations of CH; and stretching
vibration of CH3.47’ 37

Changes in SERS in endosomes and lysosomes related to pH

The degradation of proteins as well as lipids is mediated by a decreasing pH throughout the
endo-lysosomal pathway. While the extracellular medium and early endosomal vesicles have a
pH of around 7.4 — 7.0, the pH decreases down to 6 during endosomal maturation®® and even 4.5
— 5 in lysosomes to support their digestive enzyme activity. Since amino acids have -NH,; as
well as -COOH groups their spectra ought to reflect changes due to this change in pH. However,

except for histidine, their pK, values are outside the upper physiological range of change in the

endo-lysosomal system. The imidazole functional group of histidine has a pK, of 6 with three
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additional sites for (pH-related) (de)protonation and therefore shows significant structural
changes for a pH decrease from around 7 to 5, which is reflected in the shift of several SERS
bands. SERS bands between 1275 to 1300 cm™ are assigned to coupled skeletal CH, stretching
and bending modes of imidazole as seen in the red band 73 in Figure 5. Similarly, the =C-H in-
plane bending and ring breathing frequency around 1285 — 1300 cm™ assigned to imidazole™” *°
in endosomes shifts down to 1275 — 1285 cm™ in lysosomes. A strong peak at 1349 — 1357 cm’
in endosomes is assigned to the coupled =N-C and C=N ring stretch in imidazole®. This peak
overlays with the CH, wagging mode found at 1325 cm™ in endosomes and shifted up to
1370 cm™ in lysosomes possibly due to the lower pH.*® Furthermore, the N-H in plane bending
coupled with the C=N skeletal stretch of the imidazole ring® shifts higher from 1472 — 1482 cm’
" in endosomes to 1485 — 1497 cm™ in the lysosomes as indicated by the differential frequency
change in the 4 band.

Furthermore, modifications of the functional groups of amino acids or the general acidification
of the molecular environment can alter backbone vibrations of polypeptide. This is suggested by
the marginal shift from 1161 to 1157 cm™ from endosomes to lysosomes (r2 in Figure 5). This
band is assigned to the C-C stretching vibration.®® Additionally, this shift can also be due to ring
N-H deformation coupled to the C=N stretch, which has been observed by Mesu and co-workers
and found to be prominent around 1160 — 1164 cm™ for a pH higher than 6 and to disappear for a
pH lower than 5.% Finally, the 7/ band mainly reflects phosphate peaks in both endosomes and
lysosomes. While the frequency of the aromatic breathing mode of phenylalanine is around
1000 cm™ ** ®! and decreases in lysosomes, an overlap with the phosphate stretching mode at

around 980 cm™ °' can be assumed in endosomes. Furthermore, the effect of a pH decrease might
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be responsible for the shift of the PO, peak®' around 1010 —1020 cm™ in endosomes up to 1025

— 1030 cm™ in lysosomes.

Degradation of DNA/RNA in Lysosomes

Prominent DNA/RNA regions within the SERS spectra are highlighted as g/ and g2 (grey
bands). In particular, peaks around 808 — 830 cm™ and 880 — 910 cm™ assigned to the O-P-O
stretching mode and the ribose phosphate backbone of DNA/RNA, respectively, were found to

6264 At the same time, peaks at 1533, 1585 and 1592 cm™! can be

be more frequent in lysosomes.
assigned to the DNA/RNA nucleobase adenine and are pronounced in lysosomes (not indicated
in Figure 5). Fujiwara and co-workers have shown the existence of an autophagic pathway, in

which DNA and RNA are delivered into lysosomes for their degradation.®>

In this context, the
observed SERS regions g/-2 appear to be indicative of the degradation of DNA/RNA in

65
lysosomes.

CONCLUSION

In this study, we introduced a reference-based PCA-LDA scores differential analysis
methodology for the extraction of unknown features/spectra from a hyperspectral data set,
subsequent generation of pseudo-color SERS maps and biochemical SERS characterization. To
demonstrate its generic applicability, this methodology is exemplarily applied to study
endocytosis with reporter-free SERS. Using this method in combination with an experimental
AuNPs pulse-depletion approach, we were able to achieve a segregation of spectra from the
endosomal and lysosomal pathways within the endocytic uptake system. Results were used to

generate pseudo-color maps indicating the distribution of endosomes and lysosomes
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corresponding to the uptake of AuNP reporter-free SERS probes. Furthermore, a comparison of
molecular and hyperspectral features enabled us to characterize various aspects of the
degradation pathway such as the breakdown of proteins and lipids, the increasing acidity along it
as well as the degradation of nucleic acids in lysosomes. Our findings of the environment within
this important intake route for nanoparticles into cells provide a SERS characterization of the
molecular surroundings which they face inside cells. On this basis, our approach combined with
advanced sample preparation, for instance using targeted SERS probes, can be used to achieve a
further deconvolution of endocytic vesicles towards a holistic molecular characterization of
endocytosis. The generic analytical method developed here provides a tool for dealing with
complex reporter-free SERS data sets especially from biological matrices and understand

biomolecular mechanisms.
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MATERIALS AND METHODS

Cell culture. SH-SY5Y cells were cultured in 87% Dulbecco’s Modified Eagle’s Medium
(GIBCO), 10% heat inactivated fetal bovine serum (PAA), 2% B-27® (GIBCO) and 1%
Antitibiotic-Antimycoticum (GIBCO) at 37°C in a humidified atmosphere. For experiments,
cellular differentiation into a non-dividing phenotype was achieved adding 10 nM staurosporine
(Sigma) to the medium. After at least 3 days, cells were re-seeded on sterile, poly-L-lysine
(Sigma) glass coverslips (13 mm) at a density of ~3.8:10" cells/mm? and left for 24 h before
experimental use. For SERS experiments citrate-capped, spherical gold nanoparticles
(BBintenational, UK) of 40 nm diameter in suspension with culture medium (final particle
concentration of ~1.1-10"° M) were added for 72 h to the cells. Thereafter, cells of the sample
group were washed and fixed with 4% formaldehyde (for 10 min). Cells for a second sample
group (reference state) were washed, suspended with fresh, particle-free culture medium and left
for another 48 h in the incubator before final fixation.

Cell viability, staining and imaging. Trypan blue/dye exclusion method: To assess cell
membrane integrity as an indicator of cell viability, differentiated SH-SYS5Y cells were seeded at
~10 cell per well in a 96-well plate (flat bottom, 0.3165 mm?) for different particle incubation
and depletion conditions as described above. Immediately after treatment, cells were incubated
with 100 pl accutase (Sigma) per well for 20 min in order to detach the cells. Once detached,
cells were re-suspended, centrifuged with 200 pl of culture medium, the supernatant was then
removed and 10 pl of the final cell solution was added to 10 pl of 0.4% trypan blue solution.
10 pl of the mixture were loaded to the Countess® Automated Cell Counter slides. Cells were
allowed to sit for 2 min, and the % of surviving cells was read using the Countess® Automated

Cell Counter. This was repeated six times for each sample.
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Resazurin fluorometric method: To assess cell oxidation/reduction as an indicator of cell
metabolism, differentiated SH-SY5Y cells were seeded at ~10* cells per well in a 96-well plate.
Resazurin cell viability assay was performed as described by the manufacturer (Biotum 30025-
). In short, 15 pl/well resazurin was added to the culture medium and incubated for 3 h.
Colorimetric absorbance was measured at 570 nm and 600 nm and the results obtained using
ODs79 — ODgoo.

Endosome and lysosome staining: To assess the subcellular localization of AuNPs in the endo-
lysosomal pathway, cells were transfected with CellLight® Endosomes-GFP and CellLight®
Lysosomes-RFP, BacMam 2.0, at 120 h after AuNP incubation. Co-localization of AuNPs and
endosomes/lysosomes were conducted using confocal analysis.

Transmission electron microscopy (TEM): Following treatment of cells with the AuNPs as

indicated, cells were washed three times in 0.9% saline and fixed in 3% glutaraldehyde/1%

formaldehyde in 0.05 M sodium cacodylate buffer at pH 7.2 for 2 h at 4°C. Fixed cells were

scraped and washed another three times in 0.05 M sodium cacodylate buffer. Samples were post-
fixed for 1 h at room temperature in 1% osmium tetroxide containing 1.5% potassium
ferricyanide in 0.05 M sodium cacodylate buffer pH 7.4. After rinsing 3 times in deionized
water, cells were dehydrated by multiple exchanges in progressively higher ethanol
concentrations up to 100 %, followed by two exchanges in dry 100% acetonitrile. Afterwards,
samples were left in 50 % acetonitrile/50% Quetol epoxy resin overnight followed by four daily
changes of resin (8.75 g Quetol 651 (Agar), 13.75 g Nonenyl Succinic Anhydride (NSA)

hardener, 2.5 g Methyl-5-Norbornene-2,3-Dicarboxylic Anhydride (MNA) hardener and 0.62 g

Benzyldimethylamine (BDMA) catalyst). Samples were then cured at 60°C for 48 h and thin

29



sections (80 - 90 nm) were cut using a Leica Ultracut UCT ultramicrotome and collected on bare
300 mesh copper grids. Sections were post-stained using lead citrate and uranyl acetate for 3 min
each. Samples were viewed using a Tecnai G2 electron microscope run at 120 keV.

Raman experiments. All SERS experiments were performed using a Renishaw® inVia
Raman microscope with a 633 nm laser in streamline mode for map scans (pixel size:
600 nm x 600 nm). A Leica 100x (NA=0.85) objective was used. Measurements were carried out
using a collection time of 15-20 s per line of spectra over a spectral range from 400 to 2200 cm™.
The excitation intensity was ~2-10* W/cm?. Wire 3.4 software was used for data acquisition and
initial processing.

Data analysis. Exported raw spectra from map scans were background subtracted using
MATLAB 2010b as done previously '’ following mean-centring and vector-normalisation prior
to PCA and PCA-LDA analysis. PCA-LDA analysis was carried out using the [RootLab toolbox
(https://code.google.com/p/irootlab/) for vibrational spectroscopy.” ' For construction of
pseudo-colour maps, PCA and PCA-LDA scores were used as back-projected input information.
K-means was performed with MATLAB 2010b for three clusters.

The method of analysis as described in the results and discussion section was carried out for
several cell samples (n = 20), which were incubated with AuNPs for 72 h (incubation pulse)
followed by 48 h of an AuNPs depletion phase. Cells for the sample and reference groups were
derived from four independent, experimental repeats. The reference group was formed of 150
SERS spectra each from 14 individual cells with AuNPs localized in lysosomal vesicles only,
resulting in a reference pool of 2100 SERS spectra. Spectra from the sample as well as the
reference group were baseline-corrected, mean-centred and vector-normalized prior to grouped

PCA-LDA processing. Extracted raw spectra from inside the endosomes and lysosomes were
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grouped separately; all spectra were baseline-corrected and spectra with a maximal intensity
lower than 100 counts (a. u.) were discarded. In this way, characteristic spectra for endosomes
and lysosomes (Mendosomes = 1817, Riysosomes = 3503) were obtained for further analysis. PCI
loadings for both groups were generated by applying PCA (see Figure 5A) .The variation within
each group was evaluated by comparing subsets of the group data. For each group, 1000 spectra
were randomly chosen from the whole data set and PCA was applied. The standard deviation of
six repeats is shown as red shaded area. Further analysis was carried out by only taking the peak
positions (MATLAB built-in function findpeaks with a minimum peak heights and distance of
15) within the smoothed (moving average filter, span of 21 data points) spectra (see Figure 5B).
This was necessary since SERS peaks show quite some variation in their intensities within each
group. Histograms with a bin size of 4 cm™ were generated for both groups (endosomes and

lysosomes) separately.
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