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Introduction

Molecular imaging of extracellular vesicles in vitro
via Raman metabolic labellingf
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Extracellular vesicles (EVs) are biologically-derived nanovectors important for intercellular

communication and trafficking. As such, EVs show great promise as disease biomarkers and therapeutic
drug delivery vehicles. However, despite the rapidly growing interest in EVs, understanding of the
biological mechanisms that govern their biogenesis, secretion, and uptake remains poor. Advances in
this field have been hampered by both the complex biological origins of EVs, which make them difficult
to isolate and identify, and a lack of suitable imaging techniques to properly study their diverse
biological roles. Here, we present a new strategy for simultaneous quantitative in vitro imaging and
molecular characterisation of EVs in 2D and 3D based on Raman spectroscopy and metabolic labelling.
Deuterium, in the form of deuterium oxide (D,0), deuterated choline chloride (d-Chol), or deuterated
p-glucose (d-Gluc), is metabolically incorporated into EVs through the growth of parent cells on
medium containing one of these compounds. Isolated EVs are thus labelled with deuterium, which acts
as a bio-orthogonal Raman-active tag for direct Raman identification of EVs when introduced to
unlabelled cell cultures. Metabolic deuterium incorporation demonstrates no apparent adverse effects
on EV secretion, marker expression, morphology, or global composition, indicating its capacity for
minimally obstructive EV labelling. As such, our metabolic labelling strategy could provide integral
insights into EV biocomposition and trafficking. This approach has the potential to enable a deeper
understanding of many of the biological mechanisms underpinning EVs, with profound implications for
the design of EVs as therapeutic delivery vectors and applications as disease biomarkers.

of cellular processes such as cell-cell signalling and nucleic
acid transport.>® Due to their purported biological significance,

Most, if not all, cells secrete extracellular vesicles (EVs)." These
are nanoscale entities comprising a lipid bilayer that encases
an aqueous core and contains a wealth of biological materials,
such as proteins, RNA, and miRNA. EVs consist of a population
of vesicles that is highly heterogeneous not only in size, but also
in composition, and this is reflected in their diverse origins and
the variety of biological roles they are thought to play in a host
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much effort has been paid to the development of EVs as both
diagnostic biomarkers and therapeutic delivery vectors.*™®
However, while many promising results have been achieved,
there remains much uncertainty about their innate biological
roles, transportation and uptake mechanisms, and clinical
potential.****

In this respect, characterising how EVs interact with target
cells is vital to fully optimise their use as next generation
therapeutics."> Previous EV imaging work has relied heavily
on fluorescence microscopy to study the intracellular uptake
and biodistribution of EVs. To date, this has been achieved
through labelling with lipophilic dyes,"*** surface functionali-
sation via click chemistry,">'® or genetic engineering of cells
to express fluorescent proteins fused to EV-associated
markers.'”'® However, while these strategies have enabled
the in vitro visualisation of EVs, there remain concerns about
the specificity and stability of fluorescent dye labelling and the
impacts of EV surface modifications on their biological
functions.'®* Further, fluorescent labelling strategies provide
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no information on the molecular composition of EVs or insight
into compositional changes that might occur in the context of
different biological processes. As such, there is a clear need for
in vitro imaging and molecular characterisation strategies that
do not interfere with the native functionality of EVs. These will
help gain a deeper understanding of the mechanisms under-
pinning their functionality towards the development of EV
therapeutic systems.

Raman spectroscopy is one such molecular imaging techni-
que that has received increasing attention as a highly sensitive
tool for studying complex biological systems including
cells, tissues, and various biomaterials.>*® Raman spectroscopy
interrogates the biochemical constituents of a sample through the
collection of inelastically scattered light by different molecular
species. In this way, it provides a fingerprint spectrum for a given
sample on the basis of the chemical bonds present within.>®
Crucially, Raman spectroscopy can be applied to aqueous
samples, enabling non-destructive, label-free spectroscopic ima-
ging and analysis of cells, tissues, and nanoparticles.>**' While
much information can be gleamed from label-free spectro-
scopic imaging of cells, detailed analysis of particular sub-
cellular structures (e.g. EVs) can be confounded by the similarity
of spectral signatures within cells due to the large number of
chemical bonds in common across these structures.*

To circumvent this, numerous studies have investigated the
use of small bio-orthogonal Raman tags, akin to fluorescent
labelling, that vibrate in the silent region (1800-2800 cm™ ")
of the Raman spectrum.**° In this region, no endogenous
biological molecules display Raman signatures, enabling
unobstructed spectroscopic imaging of molecules or structures
labelled with such Raman tags.*®*' This approach has pre-
viously been successfully applied to the visualisation and
tracking of the cellular uptake of various liposomal drug
delivery systems using Raman spectroscopy.*®** Importantly,
these Raman tags, the most common of which are alkyne
(C=C) and carbon-deuterium (C-D) bonds, are much smaller
than fluorescent tags and therefore anticipated to have a much
less significant effect on the structure and function of the
molecules under investigation.*>***>** Deuterium in particular,
despite having a Raman cross-section that is an order of magni-
tude lower than alkynes, can be stably incorporated into multiple
locations (replacing C-H bonds) within a single molecule without
impacting physiological function.*>*® Raman spectroscopy has
recently been applied to the characterisation of EVs isolated from
cells, with both bulk measurements and single-EV measurements
used for detailed compositional characterisation.**™” The capa-
city of Raman spectroscopy to both identify the cellular origin of
EVs and discern subpopulations that exist across cell types has
been demonstrated, with potential applications in the character-
isation of EVs prior to therapeutic use.** However, while the
application of Raman spectroscopy in this way could prove useful
for the characterisation of EVs prior to therapeutic application,
it does not allow for in vitro characterisation of EVs upon cellular
uptake.

Here, we demonstrate a minimally obstructive metabolic EV
labelling strategy for Raman spectroscopic imaging in 2D and 3D.
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Using three deuterium-labelled metabolites, namely deuterium
oxide (D,0), deuterated choline chloride (d-Chol), and deuterated
p-glucose (d-Gluc), as Raman-active biorthogonal tags, we illustrate
the metabolic incorporation of deuterium into EVs to enable
simultaneous quantitative Raman spectroscopic visualisation
of EV distribution in vitro as well as comprehensive molecular
characterisation of EVs both in solution and in vitro. We show that
metabolic labelling of EVs with deuterium is stable, nontoxic, and
has limited effect on their chemical composition. Simultaneous
in vitro visualisation and compositional analysis of metaboli-
cally labelled EVs via Raman spectroscopy thus offers exciting
new opportunities to gain a deeper understanding of their
composition, trafficking, and fate upon cellular uptake with
significant implications for the design and development of EVs
as therapeutic delivery vectors.

Materials and methods

Cell culture

MDA-MB-231 breast cancer cells and MCF10A non-malignant
breast epithelial cells were originally obtained from the ATCC
(Manassas, VA, USA) and authenticated via STR profiling. MDA-
MB-231 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM), supplemented with 1x non-essential amino
acids, 25 mM Hepes, 1x penicillin/streptomycin, and, where
indicated 10% (v/v) foetal bovine serum (FBS), all obtained
through Gibco (Thermo Fisher Scientific, Inc., Waltham, MA,
USA). MCF10A cells were maintained in DMEM/F12 (Gibco),
supplemented with 5% horse serum (Gibco), 20 ng mL™*
epidermal growth factor (EGF, PeproTech, London, UK),
0.5 ug mL ™" hydrocortisone (Sigma Aldrich, St. Louis, MO, USA),
100 ng mL~" cholera toxin (Sigma), 10 pg mL " insulin (Sigma)
and 1x penicillin/streptomycin (Gibco). Both cell lines were
cultured at 37 °C and 5% CO.,.

Metabolic labelling

For metabolic labelling, the standard cell culture medium was
adapted as follows: (i) supplementation with 1 mM deuterated
choline chloride (492051, Sigma), (ii) substitution of b-glucose
with 50% (w/w, or 2.25 g L™ ') deuterated p-glucose (552003,
Sigma), and (iii) substitution of H,0 with 50% (v/v) deuterium
oxide (D,O, VWR International Ltd, Lutterworth, UK).

Cell survival assay

To assess the effects of metabolic labelling on cell survival,
MDA-MB-231 cells were seeded in 96-wells plates at 31 250 cells
per cm?® in serum-supplemented DMEM and allowed to adhere
overnight. Cell culture medium was carefully aspirated cells
were washed once in Dulbecco’s phosphate-buffered saline
(DPBS, Gibco), after which serum-free DMEM with or without
metabolic labelling components was added. After 72 hours
of incubation, cell culture medium was carefully aspirated
and cells were washed once in DPBS, after which serum-
supplemented DMEM was added to all conditions for another
72 hours. Cell survival was determined using the cell counting

This journal is © The Royal Society of Chemistry 2020
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kit 8 (CCK8) assay from Sigma, according to the instructions
provided.

Cell culture for EV production

To maximize EV yield, EVs were collected from MDA-MB-231
cultures, grown non-adherent in 125 mL Erlenmeyer flasks on
an orbital shaker at 125 rpm. Cells were cultured at a starting
concentration of 1 x 10° cells per mL in serum-free medium for
72 hours, before conditioned medium was harvested and cells
discarded. Conditioned medium was filtered using 0.45 pm
bottle top filters (VWR, UK) and stored at —80 °C until further
processing.

EV purification

Conditioned medium was concentrated using ultrafiltration
with Amicon Ultra-15 centrifugal filter units (EMD Millipore,
Burlington, MA, USA). A maximum of 100 mL of conditioned
medium was used per filter unit. Concentration was performed
by centrifugation at 5000 x g until 0.5 mL of volume remained.
EVs were isolated from concentrated conditioned medium
using size exclusion chromatography (column length 30 cm
and diameter 1 cm) with Sepharose CL-2B resin (Sigma). DPBS
was used as the mobile phase and 24 consecutive fractions of
1 mL were collected. EV positive fractions (as determined with
Nanoparticle Tracking Analysis and immunoblotting) were
pooled and stored at —80 °C until successive experiments.

Nanoparticle tracking analysis (NTA)

EV concentration was measured on a Nanosight NS300 (Malvern
Panalytical Ltd, Malvern, UK) equipped with a 532 nm laser and
SCMOS camera. EVs were diluted in sterile DPBS to a concen-
tration of 108-10° particles per mL. Using NTA V3.0 software,
at least three 30 second videos were recorded in different
fields with a camera level of 15 and analysed with a detection
threshold of 5.

Protein concentration measurements

Protein concentrations were determined using the BCA Protein
Assay Kit (Thermo). 10 pL sample was mixed with 200 pL
working reagent, consisting of 49 parts A and 1 part B, and
subsequently incubated at 37 °C for 30 minutes. Absorbance
was measured at 562 nm on a Spectramax M5 (Molecular
Devices, San Jose, CA, USA).

Immunoblotting: western blotting

Protein lysates were prepared from both cells and EVs. Cells
and concentrated EVs were lysed using RIPA buffer (Cell
Signaling Technology, Danvers, MA, USA), supplemented with
phosphatase and protease inhibitors (Roche, Basel, Switzerland).
Lysates were sonicated with a VibraCell VCX500 sonicator (Sonics
& Materials Inc., Newtown, CT, USA) for 20 s at 20% amplitude on
ice, followed by a 1 hour incubation at 4 °C with gentle mixing.
Samples were centrifuged for 10 minutes at 20000 x g and the
pellets discarded. Protein was mixed with Laemmli sample buffer
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) without reducing
agent, separated by SDS-PAGE on Criterion XT Precast 4-12%
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Bis-Tris gels (Bio-Rad) and blotted onto PVDF membranes
(EMD Millipore). Membranes were blocked in 5% (w/v) nonfat
dry milk (Bio-Rad) in TBS with 0.1% (v/v) Tween-20 (Sigma) for
1 hour at room temperature, washed three times 10 minutes in
TBS-T and incubated overnight at 4 °C in one of four primary
antibodies: mouse-anti-CD9, (Thermo, 10626D), mouse-anti-
CD63, (Thermo, 10628D), mouse-anti-CD81, (Thermo, 10630D)
or rabbit-anti-calnexin (Cell Signaling Technology, #2679) all
diluted 1:1000 in 5% (w/v) bovine serum albumin (BSA, Sigma)
in TBS-T. The next day, membranes were washed three times
10 minutes in TBS-T and incubated for 1 hour at room
temperature with LiCor-dye 800 CW-conjugated goat-anti-
mouse or goat-anti-rabbit (LiCor Biosciences) secondary anti-
body diluted 1:10 000 in TBS-T. After another three 10 minute
washes in TBS-T, membranes were imaged on a LiCor Odyssey
near-infrared imager (LiCor).

Immunoblotting: dot blotting

100 pL of each column fraction (24 in total) was applied to
a 0.45 pm nitrocellulose membrane (Bio-Rad), prewetted in
Tris-buffered saline (TBS), in a BioDot apparatus (Bio-Rad).
Membranes were blocked in 5% (w/v) nonfat dry milk (Bio-Rad)
in TBS with 0.1% (v/v) Tween-20 (Sigma) for 1 hour at room
temperature, washed three times 10 minutes in TBS-T and
incubated overnight at 4 °C in one of three primary antibodies:
mouse-anti-CD9, (Thermo, 10626D), mouse-anti-CD63, (Thermo,
10628D), or mouse-anti-CD81, (Thermo, 10630D) all diluted
1:1000 in 5% (w/v) bovine serum albumin (BSA, Sigma) in
TBS-T. The next day, membranes were washed three times
10 minutes in TBS-T and incubated for 1 hour at room
temperature with LiCor-dye 800 CW-conjugated goat-anti-mouse
(LiCor Biosciences) secondary antibody diluted 1:10 000 in TBS-T.
After another three 10 minute washes in TBS-T, membranes were
imaged on a LiCor Odyssey near-infrared imager (LiCor). Blots
were quantified using the LiCor ImageStudio software.

Cryogenic transmission electron microscopy (Cryo-TEM)

Samples for Cryo-TEM were prepared using an automatic
plunge freezer (Leica EM GP), in which 4 pL was spotted on
plasma-treated (O2/H2 for 15 seconds) HoleyCarbon copper
grids in an environmental chamber (relative humidity: 90%,
temperature: 20 °C). Excess suspension was blotted onto filter
paper and the obtained film was vitrified in liquid ethane.
Samples were stored in liquid nitrogen and imaged at —170 °C
(Gatan cryo-holder) in a JEOL 2100Plus transmission electron
microscope. Micrographs were taken at 200 kV in low electron
dose mode.

Cell culture for Raman spectroscopy

For analysis with Raman spectroscopy, cells were grown on
magnesium fluoride windows (Global Optics Ltd, Bournemouth,
UK). 20000 cells per cm” were seeded in serum-supplemented
DMEM and allowed to adhere overnight. Experiments were
performed in serum-free conditions. For cell uptake experiments
of EVs, purified EVs were mixed 1:1 with 2x DMEM (Gibco) and
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filtered sterile with 0.45 um syringe filters (Corning Inc. New York,
NY, USA). Upon completion of the experiments and prior to
imaging, cells were washed with DPBS and fixed with 4% (v/v)
paraformaldehyde (PFA, Sigma) in DPBS for 30 minutes at room
temperature. PFA solution was aspirated and samples washed three
times with DPBS.

Raman spectroscopic cellular imaging

Raman imaging of MDA-MB-231 cells was performed using
a confocal Raman microscope (alpha300R+, WITec, GmbH,
Germany). A 532 nm laser light source at 35 mW power output
was applied through a 63x/1.0 NA water-immersion micro-
scope objective lens (W Plan-Apochromat, Zeiss, Germany).
Inelastically-scattered light was collected through the objective
and directed via a 100 pm diameter silica fibre, acting as a
confocal pinhole, to a high-throughput imaging spectrograph
(UHTS 300, WITec, GmbH, Germany) using a 600 groove per mm
grating and equipped with a thermoelectrically cooled (—60 °C)
back-illuminated charge-coupled device (CCD) camera. Raman
spectra were acquired in the range from 0 to 3700 cm™ ' with a
spectral resolution of 11 cm ™. PFA-fixed cells on MgF, windows
were imaged with 500 nm resolution and 1 second integration
time. Spectral image processing was performed using Witec
ProjectFOUR software. Briefly, spectra were first cropped to
remove laser contribution. Background autofluorescence subtrac-
tion was performed using a ‘shape’ background filter with
parameter size 500 and spectra normalised to the area under
the curve. System spectral background subtraction was then
performed using spectra from the exterior of the cell, prior to
analysis. Univariate image analysis was then performed by
calculating the total area under the curve for different spectral
features, namely: 985-1015 cm ' (‘nucleoli’), 775-805 cm ™'
(‘nuclei’), 1425-1485 cm ™" (‘lipids’), 1635-1685 cm ™" (‘proteins’),
and 2800-3000 cm™ " (‘whole cell’). Univariate analysis of deuter-
ium content was then calculated according to the full width at half
maximum (FWHM) of the peak between 2025-2275 cm ™', where a
sharper peak corresponds to a greater relative deuterium content.

Raman spectroscopic extracellular vesicle trapping analysis

Pooled extracellular vesicle fractions isolated from cells were
incubated at 37 °C, 5% CO, for 0, 1, 2, 4, 8, or 24 hours and then
placed at —80 °C prior to Raman analysis. Extracellular vesicle
solutions were diluted to obtain a clear solution such that
trapping efficiency was approximately 10%; corresponding to
particle concentrations approximately between 1 x 10'°-1 x
10" particles per millilitre. 100 pL of extracellular vesicle
solution was placed onto a 22 mm coverslip affixed to a
standard microscopy slide with a drop of phosphate buffered
saline (DPBS). The sample was then placed underneath the
63x/1.0 NA water-immersion objective and measured using
the confocal Raman spectroscopy system described above.
Individual EVs were trapped using a previously described
method.* Spectra of individually trapped EVs were acquired
with a 5 second integration time, with the laser manually
disabled for at least 5 seconds between acquisitions to enable
diffusion of the previously trapped EVs. The deuterium content
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of each extracellular vesicle was determined by calculating the
ratio of the peak intensity at 2140 cm™" to the peak intensity
at 1440 cm ™, corresponding to the ratio of carbon-deuterium
(C-D) bonds to carbon-hydrogen (C-H) bonds in the EVs.

Raman spectroscopic image processing and analysis

Automated Raman spectroscopic image processing and analysis
was performed using a custom-built script in MATLAB. Previously
generated univariate whole cell and deuterium images were
overlaid to identify deuterium signal present inside and outside
the cell. Deuterium cell content and the distances between
each deuterium-positive pixel and the nearest segment of cell
membrane were calculated to quantify EV uptake. Raman spectral
signatures for deuterium-positive pixels were extracted and
analysed via PCA using PLS_Toolbox (Eigenvector Research).

Results and discussion

In this work we present the Raman spectroscopic analysis
of metabolically labelled EVs and their subsequent cellular
uptake. An overview of the study is given in Fig. 1. Raman
spectroscopy was performed using a confocal spontaneous
Raman microspectroscopy system. This system enables both
spectral compositional analysis of isolated and optically-
trapped EVs in solution®® as well as high resolution spectro-
scopic imaging of cells and EV uptake in vitro in 2D and 3D.

To achieve Raman spectroscopic imaging of EVs, we first
optimized our procedures for isolation of EVs from cell culture
supernatants, using serum starved MDA-MB-231 breast cancer
cells. We used ultrafiltration to concentrate the conditioned
medium, followed by size exclusion chromatography (SEC) to
separate EVs from other components. Fig. S1 (ESIT) shows the
column trace of the material collected from the SEC for particle
number as determined by Nanoparticle Tracking Analysis
(NTA), protein quantities and EV marker expression (ESLt
Fig. Sla-c). Together, these results show the separation of
particles, expressing EV markers from free protein in later
column fractions. We next pooled the EV-containing fractions
and assessed morphology using cryo-transmission electron
microscopy (cryo-TEM, ESLt Fig. S1d) and marker expression
using Western blotting (ESL T Fig. Sle). We observed vesicular
structures in the cryo-TEM analysis, indicating the presence of
EVs. Furthermore, analysis of EV markers showed enrichment
for CD9, CD63 and CD81 expression in EVs compared to their
parent cells, whereas the endoplasmic reticulum marker
Calnexin was only observed in cells, not EVs. This is in accor-
dance with the MISEV guidelines.*®

Next, we assessed the effect that deuterium metabolic label-
ling has on cell viability as well as EV production and composition,
given the known low toxicity that deuterium displays towards
animal cells.”® MDA-MB-231 cells were cultured in the presence
of deuterium oxide (D,0), deuterated choline chloride (d-Chol), or
deuterated p-glucose (d-Gluc) for 72 hours. Cells cultured in cell
culture medium containing d-Chol or d-Gluc did not display a
statistically significant reduction in cell viability relative to cells

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Raman spectroscopic imaging and analysis of metabolically labelled EVs in solution and in vitro. lllustration of metabolic labelling and Raman
spectroscopic analysis of cells and EVs using the confocal Raman microspectroscopy system; (i) cells cultured on MgF, windows are imaged via Raman
microspectroscopy (control cells) or (i) are incubated further with deuterium-containing (D,O, d-Chol, or d-Gluc) cell culture medium and imaged via
Raman microspectroscopy (deuterium-treated cells) or (iii) the EVs are isolated from the cells and assessed via Raman trapping analysis or (iv) the
metabolically deuterium-labelled EVs are incubated with unlabelled cells before cell imaging via Raman microspectroscopy (deuterium EV-treated cells).

cultured in cell culture medium without the addition of a deuter-
ated compound, while cells cultured in cell culture medium
containing D,O showed a small, but statistically significant,
decrease in viability (Fig. 2a). We next assessed the effects of
incubating the cells in deuterium-containing cell culture medium
on EV production. MDA-MB-231 cells were cultured in medium
with or without deuterated compounds. Subsequently, EVs were
isolated from the conditioned medium. We performed NTA to
assess the effect of metabolic labelling on EV size and quantity.
The hydrodynamic diameter of the particles showed no difference
between the different conditions (Fig. 2b). No statistically signifi-
cant change was observed in the number of EVs with the exception
of a small, but statistically significant increase, in the number of
EVs from D,O treated cells relative to EVs isolated from control
cells (Fig. 2c). Using cryo-TEM analysis, vesicle morphology was
studied. No obvious morphological changes were observed in EVs
isolated from cells cultured under each condition (ESL1 Fig. S2).
We further investigated whether deuterium metabolic labelling

This journal is © The Royal Society of Chemistry 2020

had an effect on the expression of three EV protein markers CD9,
CD63, and CD81. Protein marker expression was confirmed
via immunoblotting analysis, with expression profiles for each
column fraction following similar trends for each of the culturing
conditions (Fig. 2d-f). Together, these results demonstrate that
metabolic labelling with each of the deuterated compounds
investigated does not affect the size, number, or marker expression
of the EVs produced, indicating the suitability of this method as a
minimally obstructive labelling strategy. However, analysis of the
effects of deuterium labelling on the complex biological functions
of EVs will require further studies.

We next analysed metabolic labelling of the cells using Raman
spectroscopy. We first performed 0.5 um spatial resolution
Raman spectroscopic imaging of control MDA-MB-231 cells
incubated in deuterium-free cell culture medium to demon-
strate both label-free imaging of subcellular components
and an absence of deuterium signal (Fig. 3). Univariate analysis
of specific Raman peaks facilitated imaging of multiple
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Fig. 2 Effect of deuterium labelling on cell viability and extracellular vesicle production. (a—c) Effect of deuterium labelling on (a) cell viability (N = 2,
n = 12), (b) hydrodynamic diameter of isolated EVs (N = 6, n = 3), and (c) particle number of isolated EVs (N = 6, n = 3) for MDA-MB-231 cells cultured

on deuterium-containing medium (containing DO, d-Chol, or d-Gluc) for

72 hours as compared to untreated controls, measured via nanoparticle

tracking analysis. Data presented as mean £ SD (one-way ANOVA, Tukey's honest significant differences post hoc correction, *P < 0.05, **P < 0.01,
***P < 0.001). (d-f) Expression of three different EV markers, (d) CD9, (e) CD63, and (f) CD81, for EVs isolated from MDA-MB-231 cells cultured on

deuterium-containing medium (containing D,O, d-Chol, or d-Gluc) for 72
analysis (N = 6, n = 1). Data presented as mean + SD.

sub-cellular components as well as the metabolically labelled
EVs. Here, univariate analysis represents a simplified represen-
tation of the complex, information-rich Raman spectra - useful
to make visual comparisons to existing techniques such as
confocal fluorescence microscopy. Univariate identification of
sub-cellular components was achieved using tentative spectral
band assignments of 775-805 cm™ "' for phosphodiester bond
stretching in DNA (nuclei),’®”" 985-1015 cm™ " for phenyl-
alanine (nucleoli),”> 1425-1485 cm™ " for CH, bending (lipids),>
1635-1685 cm ™" for the amide I region and C—C stretching
(proteins),>* 2025-2275 cm™" for C-D vibrations (deuterium),””
and 2800-3000 cm ™ for CH, CH,, and CHj vibrations in proteins
and lipids (whole cell).>* Due to the many chemical species
in common across these biological components, their Raman
spectra appear quite similar. This is particularly the case for lipid
and protein signatures. However, the high specificity of Raman
spectroscopy enables ready distinction between components via
univariate analysis due to variations in peak ratios, etc., while
more complex multivariate analyses and machine learning tech-
niques can be applied to gain deeper insights into the high
information content Raman spectra. As expected, no deuterium
signal was observed in the unlabelled control MDA-MB-231 cells
(Fig. 3).

We then performed Raman spectroscopic imaging and uni-
variate spectral analyses on MDA-MB-231 cells incubated in cell
culture medium containing either D,0, d-Chol, or d-Gluc for

4452 | J Mater. Chem. B, 2020, 8, 4447-4459

hours as compared to untreated controls measured via immunoblotting

72 hours (Fig. 4 and ESI,f Fig. S3, S4). In each case, a clear
deuterium signal between 2025 and 2275 cm™ " was observed
throughout the cell, with subtle differences in the location of
the main deuterium peak and with the appearance of addi-
tional peaks in the d-Chol sample owing to the different
deuterium environments of the compound (ESL T Fig. S3 and
$4).°> These subtle differences provide insight into the meta-
bolism of each of these compounds, with high deuterium
content detected in protein-rich regions for d-Gluc cells as
opposed to predominantly lipid-rich regions for d-Chol cells,
presenting a potential avenue to exploit and identify different
EV biogenesis pathways. The detected deuterium signal
was most intense and prevalent for cells incubated in D,O-
containing medium. Using a single particle automated Raman
trapping analysis technique we recently developed for EV-sized
particles,”® we also confirmed that the highest deuterium
signal was observed in EVs isolated from cells incubated in
D,0O-containing medium (ESL T Fig. S5). We therefore focussed
on D,0-labelled EVs for in vitro imaging and molecular charac-
terisation studies.

To determine whether we could observe and characterise
metabolically labelled EVs in vitro using confocal Raman
spectroscopic imaging, we first assessed the stability of the
metabolic labelling of EVs with D,O under cell culture conditions.
Isolated D,O EVs were incubated at 37 °C and 5% CO, for
increasing lengths of time (0, 1, 2, 4, 8, and 24 hours), with

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Raman spectroscopic imaging and univariate analysis of untreated MDA-MB-231 cells. (a—c) Univariate images of normalised Raman spectro-
scopic data for untreated MDA-MB-231 cells (n = 3) highlighting the distribution of different subcellular components including deuterium (red,
2025-2275 cm 1), nucleoli (cyan, 985-1015 cm %), nuclei (blue, 775-805 cm ™), lipids (yellow, 1425-1485 cm™?), proteins (green, 1635-1685 cm %), and
the whole cell (2800-3000 cm™3). Scale bars = 10 pm. (d) Exemplar Raman spectra and (e) magnified silent region of cell areas positive for nucleoli,
nuclei, lipids, and proteins (arrows indicate FWHM peak measurement, see Materials and methods for details).

subsequent Raman trapping analysis performed at each time-
point. No changes in the EV Raman spectra or the deuterium
peak intensities were observed over a period of 4 hours,
indicating that both the EV composition and metabolic label-
ling remained stable over this period of time (ESI,T Fig. S6).
While a small, but statistically significant, reduction in deuter-
ium peak was observed at 8 and 24 hours, this peak remained
readily observable, enabling Raman imaging of deuterium-
labelled EVs at up to 24 hours post incubation. After confirming
the stability of both EV composition and metabolic labelling,
we sought to simultaneously image and characterise the EVs
in vitro via confocal Raman spectroscopy. First, we incubated
unlabelled MDA-MB-231 cells with unlabelled EVs for 4 hours
to determine whether the addition of EVs had any effect on the
Raman spectroscopic imaging and analysis. No deuterium
signal was observed between 2025 and 2275 cm ™ *, as expected,
while univariate identification of the subcellular components
was maintained (ESL ¥ Fig. S7).

However, when unlabelled cells were incubated with D,O
labelled EVs, Raman spectroscopic imaging and subsequent

This journal is © The Royal Society of Chemistry 2020

univariate analysis indicated the presence of deuterium signal
at discrete locations throughout the cytoplasm (Fig. 5). The
observation of deuterium signal at discrete locations suggests
that the EVs have not, at this point, been degraded, as upon
degradation we would expect to see weak deuterium signal
dispersed throughout the cell. The spectra at these locations
contained the same protein and lipid signal hallmarks as
observed for the D,O EVs in solution, in addition to signal
contributed from the surrounding cell (ESLt Fig. S5). As the
size of the isolated EVs, measured at approximately 120 nm via
NTA, is less than the applied Raman spectroscopic imaging
resolution of 500 nm, the detected deuterium signal likely
corresponds to clusters of EVs, possibly packaged within endo-
somes or lysosomes as indicated by prior imaging studies.'*"®

We then aimed to observe the distribution of EVs in vitro in
3D using our previously developed qVRI method for volumetric
Raman imaging.>® Employing the confocality of our Raman
microspectroscopy system, we acquired a 3D image of an
MDA-MB-231 cell that had been incubated with D,O EVs for
4 hours (Fig. 6 and ESI,} Video S1). As in the 2D case, univariate

J. Mater. Chem. B, 2020, 8, 4447-4459 | 4453
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Fig. 4 Raman spectroscopic imaging and univariate analysis of D,O-treated MDA-MB-231 cells. (a—c) Univariate images of normalised Raman
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subcellular components including deuterium (red, 2025-2275 cm™), nucleoli (cyan, 985-1015 cm™Y), nuclei (blue, 775-805 cm ™Y, lipids (yellow, 1425
1485 cm™Y), proteins (green, 1635-1685 cm™?), and the whole cell (2800-3000 cm™Y). Scale bars = 10 um. (d) Exemplar Raman spectra and (e) magnified
silent region of cell areas positive for deuterium, nucleoli, nuclei, lipids, and proteins (arrows indicate FWHM peak measurement, see Materials and

methods for details).

analysis enabled spectroscopic identification of multiple sub-
cellular components as well as the metabolically labelled EVs.
These results thus demonstrate the unprecedented capacity of
Raman spectroscopy to perform simultaneous imaging and
characterisation of EVs in vitro in 2D and 3D.

Lastly, to highlight the potential of Raman spectroscopic
molecular imaging of EVs, we demonstrated how the informa-
tion rich Raman spectral images can be used to perform
relative quantification and comparison of EV uptake. To do
this, we incubated D,0O EVs isolated from MDA-MB-231 cells for
4 hours with both non-malignant MCF-10A cells at 37 °C and
with MDA-MB-231 at 4 °C. In each case, we hypothesised that
we would observe a reduced uptake of D,O EVs relative to the
MDA-MB-231 cells at 37 °C, due to the reported self-selectivity
of the interactions governing EV uptake by cells and the
inhibitory effects of incubation at 4 °C on EV uptake.’”
In each case, we observed a decrease in deuterium signal inside

4454 | J. Mater. Chem. B, 2020, 8, 4447-4459

the cells, though with increased deuterium signal at the cell
surface, relative to the MDA-MB-231 cells (37 °C) (ESI,} Fig. S8
and S9).

We next developed an automated Raman spectroscopic
image processing and analysis framework to perform relative
quantification and comparison of D,O EV uptake in cells
across the different conditions. This framework, which takes
corresponding univariate Raman images of the whole cell and
deuterium as well as the Raman spectral information as inputs,
automatically identifies the location of any deuterium signal
within the cell to quantify EV uptake and internalisation
distances (ESI,T Fig. S10). Using this framework, we identified
that D,O EVs were located further into the interior of MDA-MB-
231 cells (37 °C) as compared to the MDA-MB-231 cells (4 °C)
and the MCF-10A cells (37 °C) (Fig. 7a-c). We also confirmed
the increased proportion of deuterium signal inside (or associated
with) the MDA-MB-231 cells (37 °C) relative to the other cell

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Raman spectroscopic imaging and univariate analysis of MDA-MB-231 cells after 4 hour incubation with EVs isolated from D,O-treated
MDA-MB-231 cells. (a—c) Univariate images of normalised Raman spectroscopic image data for MDA-MB-231 cells (n = 3) incubated for 4 hours
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2275 cm™), nucleoli (cyan, 985-1015 cm™), nuclei (blue, 775-805 cm™), lipids (yellow, 1425-1485 cm™3), proteins (green, 1635-1685 cm™Y), and the
whole cell (2800-3000 cm™). Scale bars = 10 pm. White arrows indicate deuterium positive regions. (d) Exemplar Raman spectra and (e) magnified silent
region of cell areas positive for deuterium, nucleoli, nuclej, lipids, and proteins (arrows indicate FWHM peak measurement, see Materials and methods for

details).

cohorts (Fig. 7d-f). Analysis of the Raman spectra for the
deuterium-positive pixels identified in each case provided
further insights into the EV uptake across cohorts. The Raman
spectra for the internalised deuterium pixels of the MDA-MB-
231 cells (37 °C) displayed increased protein and lipid peaks
relative to the other cell cohorts, likely due to the background
signature of cellular components in the Raman confocal
volume (Fig. 7g). In contrast, the deuterium signal for the
MDA-MB-231 cells (4 °C) and MCF-10A cells (37 °C) displayed
an increased proportion of deuterium signal and a corres-
ponding reduction in protein and lipid signatures, suggesting
that the deuterium signal in these cases arises from EVs bound
to the cell surface rather than internalised by the cells. PCA
separation of the deuterium Raman spectral signatures clearly
distinguishes between the internal deuterium spectra for
the MDA-MB-231 cells (37 °C) and the deuterium spectra
for the MDA-MB-231 cells (4 °C) and MCF-10A cells (37 °C)

This journal is © The Royal Society of Chemistry 2020

(Fig. 7h and ESI,T Fig. S11, S12). Together, these results high-
light the potential for the exploitation of the high information
content Raman spectral images to gain a deeper understanding
of the biological mechanisms underpinning EVs.

EVs have demonstrated exciting potential as biomarkers for
numerous pathological conditions as well as for bioengineer-
able drug delivery vectors, sparking much research across these
areas.'"®' However, despite the considerable interest in EVs,
much of the details surrounding their biogenesis, secretion,
targeting, uptake, and cargo release remains poorly understood.
The inherent heterogeneity of EVs hampers understanding of
these biological mechanisms. Further, as the biological composi-
tions of EVs reflect their parent cells, it is difficult to observe
EVs both in vitro and in vivo without the use of labelling strategies
that potentially alter their native functionality. As the complex
mechanisms underlying both the targeting and uptake of EVs
appear to depend largely on the EV composition, it is essential to

J. Mater. Chem. B, 2020, 8, 4447-4459 | 4455
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for details).

employ strategies for both imaging and analysis that do not
significantly disrupt this makeup. This is particularly relevant
given that the effects of compositional changes due to existing
labelling strategies such as lipophilic dye labelling or surface
functionalisation remain unclear."*>

The Raman spectroscopic metabolic labelling methodology
we present here represents an exciting advance in the in vitro
imaging and characterisation of EVs. Our approach permits the
acquisition of information-rich whole-cell spectroscopic data,
for both direct EV visualisation and compositional analysis in
2D and 3D through a minimally obstructive metabolic labelling
strategy. Importantly, this EV-specific metabolic labelling strat-
egy enables compositional analysis in vitro, which is not other-
wise possible due to the cellular origins of EVs, which gives
them a similar biochemical makeup to the surrounding cellular
environment. This analysis reveals the lipid rich makeup of EVs
as well as the presence of protein peaks, agreeing with the
Raman trapping analysis of isolated EVs in solution and pre-
vious studies that indicate that EVs consist of a range of lipids,
proteins, and nucleic acid cargoes."®" As the biochemical
makeup of EVs is now known to depend on both the cellular
origin and its physiological state, the molecular characterisa-
tion enabled by this technique could provide important
insights into EV biology and thus help to guide the design of
future EV therapeutic systems.®” The automated Raman spec-
troscopic image processing and analysis framework presented
can further propel comparative studies of EV uptake under

4456 | J Mater. Chem. B, 2020, 8, 4447-4459

different conditions or for different cell types. This would
potentially provide further insights into the roles of different
molecules for EV cellular targeting and uptake, with further
relevance for the design of EV therapeutics.

While the potential for simultaneous imaging and mole-
cular characterisation of EVs in vitro using this technique is
unparalleled by existing EV imaging strategies, there are some
limitations that need to be overcome before it can be more
widely employed. Firstly, while Raman spectroscopy provides a
wealth of biochemical information, unpacking this information
to identify particular lipid, protein, or nucleic acid components
within EVs will require more sophisticated analysis. Multi-
variate analyses and spectral unmixing techniques are likely to
provide more information when examining EVs from multiple
different sources, and correlation with other techniques
such as mass spectrometry would likely allow more advanced
lipidomic characterisation of EVs.>* Secondly, high resolution
Raman spectroscopic imaging is currently too slow to permit
high-throughput cell studies, thus limiting our present study
to fixed cell imaging. However, recent advances in hyper-
spectral stimulated Raman spectroscopic imaging open the
possibility for real time tracking of EVs, thus providing further
insights into EV trafficking and enable high throughput
in vitro EV studies.®*®* Used together, these strategies would
provide comprehensive real time molecular characterisation
and imaging of EVs in vitro to advance our understanding of
EV biology.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Raman spectroscopic analysis of D,O EV uptake for MDA-MB-231 cells and MCF-10A cells following 4 hour incubation at 37 °C or 4 °C with EVs
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Conclusions

The combination of Raman spectroscopic imaging with the
molecular labelling of key biomolecules with Raman-active
reporter molecules opens up exciting opportunities to study
EV biogenesis, uptake, and therapeutic delivery under a variety
of normal and dysregulated cell states. The selective metabolic
labelling of nucleic acids,** amino acids,*® and key EV proteins
such as the tetraspanins® could enable further understanding
of EV compositional changes that occur in response to different
stimuli, facilitating advances in EV production and clinical
application as therapeutic drug delivery vehicles.
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