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Intracellular vesicle trafficking involves a com-  SingleCell —  Raman Scattering —>  NIR Fluorescence

plex series of biological pathways used to sort, recycle, and o >
degrade extracellular components, including engineered nano- 2 2
materials (ENMs) which gain cellular entry via active endocytic £ £
processes. A recent.emphas'ls on route.s of I?NM.uptake hfls e Wavelongth
established key physicochemical properties which direct certain -
mechanisms, yet relatively few studies have identified their JL Early Endosome Intracellular Processing

. . o ale VAN —_—>
effect on intracellular trafficking processes past entry and initial
subcellular localization. Here, we developed and applied an /JL\ Late Endosome

approach where single-walled carbon nanotubes (SWCNTs)

play a dual role—that of an ENM undergoing intracellular /)L\ Lysosome
processing, in addition to functioning as the signal transduction
element reporting these events in individual cells with single
organelle resolution. We used the exceptional optical properties exhibited by noncovalent hybrids of single-stranded DNA and
SWCNTs (DNA—SWCNTSs) to report the progression of intracellular processing events via two orthogonal hyperspectral
imaging approaches of near-infrared (NIR) fluorescence and resonance Raman scattering. A positive correlation between
fluorescence and G-band intensities was uncovered within single cells, while exciton energy transfer and eventual aggregation
of DNA—SWCNTs were observed to scale with increasing time after internalization. An analysis pipeline was developed to
colocalize and deconvolute the fluorescence and Raman spectra of subcellular regions of interest (ROIs), allowing for single-
chirality component spectra to be obtained with submicron spatial resolution. This approach uncovered correlations between
DNA—-SWCNT concentration, dielectric modulation, and irreversible aggregation within single intracellular vesicles. An
immunofluorescence assay was designed to directly observe the DNA—SWCNTs in labeled endosomal vesicles, revealing a
distinct relationship between the physical state of organelle-bound DNA—SWCNTSs and the dynamic luminal conditions
during endosomal maturation processes. Finally, we trained a machine learning algorithm to predict endosome type using the
Raman spectra of the vesicle-bound DNA—SWCNTSs, enabling major components in the endocytic pathway to be
simultaneously visualized using a single intracellular reporter.

intracellular trafficking, endosomal maturation, confocal Raman microscopy, hyperspectral imaging,
near-infrared fluorescence, machine learning, immunofluorescence colocalization

entry and localization of ENMs in biological systems have been

Intracellular trafficking is a highly regulated yet diverse system of extensively studied.” The differential uptake of ENMs based on
pathways involving the entry, translocation, and localization of their size,” shape,” and surface chemistry'® has provided insight
cargo internalized by endocytic cells.' > The endosomal
maturation process, which initializes the main cellular
degradation pathway, entails a dramatic series of physicochem-
ical changes; a drop in luminal pH, influx of lysosomal enzymes,
and change of ionic environment all promote digestion of vesicle
contents.” Most types of engineered nanomaterials (ENMs)
gain cellular entry through active endocytic processes,4 where
they are trafficked through these endosomal pathways before
accumulating in lysosomal vesicles.”® The key mechanisms of

on targeting, while the formation of a protein corona on the
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ENM surface is a dynamic process that can further direct
biological interactions.'”'* In contrast, the pathways that these
ENMs are subject to after internalization, as well as the effects
they might have on these pathways, lack the same depth of
clarity despite the importance of these native processes. Proper
lysosomal function and trafficking are essential in multiple
metabolic pathways which regulate basic cellular functions
including autophagy, nutrient degradation, and catabolite
export.’ In addition, dysfunction of the endosomal-lysosomal
pathways has been implicated in Alzheimer’s disease,"
lysosomal storage disorders,''” and infectious diseases.'® As
EMNs are developed for biomedical applications, it is crucial to
understand their environmental interactions in complex bio-
logical systems at the single-organelle level in order to properly
assess their impact on key cellular functions. Intracellular
trafficking is accurately described by a range of characteristics
across a population of vesicles due to the asynchronous nature of
the endocytic pathway,” and thus cell-averaged analysis leads to
systematic and compound errors. By tracking the fate of
individual endosomal pathway reporters, a more accurate
representation of the distribution of processes can be obtained
to provide a deeper understanding of the dynamic ENM
trafficking system.

The continuous evolution of endocytic vesicles presents a
challenging system to investigate since experimental strategies
are often limited by the optical capabilities of a given ENM.
Fluorescence microscopy and organelle colocalization have
routinely been used, providing valuable insight on the spatial and
temporal localization of internalized ENMs;'”'® however,
traditional fluorophores lack environmental responsivity.
Hyperspectral microscopy and confocal Raman imaging,
which can both resolve spectral data with spatial resolution,
are two approaches that can provide information about physical
and chemical components within a system. Near-infrared (NIR)
hyperspectral fluorescence imaging has enabled environmental
sensing within endosomal vesicles of live cells,”*?*° while
Raman probes have been designed to report intracellular
aggregation,”’ pH,”” as well as the molecular composition
within various endosomal vesicles.”* These approaches provide
robust intracellular data which can characterize the complex
ENM interactions in biological settings, however more suitable
methods for processing and interpreting these highly dimen-
sional data sets must be developed to enable widespread
adoption of these techniques.”*

Single-walled carbon nanotubes (SWCNTs) are among the
distinctive materials which exhibit both NIR fluorescence and
resonance Raman scattering as intrinsic optical properties,z‘
making them exceptional reporters of physical and environ-
mental changes. The electronic structure of a given SWCNT,
including its metallic or semiconducting character,” is depend-
ent on its chiral identity (denoted by the integers (n,m)), which
varies by diameter and roll-up angle. Each chirality possesses
distinct optical transition energies between valence and
conduction bands (E;, where i = 1, 2, etc.),”’ and as a result,
the intensity of the Raman spectrum from SWCNTs with E;
resonant with the laser excitation is significantly enhanced by
resonance Raman scattering.28 At the same time, semiconduct-
ing SWCNTs exhibit band gap fluorescence when excited at
their E,, resonances (500—900 nm);*’ however, the two
observed spectra provide discrete information which can detail
their physical state and local environment. The Raman spectrum
contains multiple features, most notably the radial breathing
mode (RBM, 150—350 cm™') and G-band (~1589 cm™),

which can be used to characterize the chiral composition,”’
concentration,”’ aggregation state,”’ and surface chemistry32 of
a SWCNT mixture. SWCNTSs emit fluorescence in the NIR
range (~900—1400 nm), where absorbance and scattering
effects from biological samples are at a minimum,”” to produce a
multipeak spectrum of all excitable chiralities at a given
excitation wavelength. Because SWCNT's exhibit solvatochrom-
ism,”* the emission from each chirality is subject to position and
intensity modulation in response to environmental changes,
including analyte binding,”® changes in charge density,’
aggregation,37 pH,29 ionic environment,*® and reactive oxygen
species.”

Single-stranded DNA, which can disperse single SWCNTs
into a stable aqueous suspension,”’ provides a biocompatible
surface functionalization while preserving their advantageous
optical properties.””** DNA—SWCNTs are internalized by cells
via energy dependent endocytosis and are reported to localize to
intracellular vesicles in the endolysosomal pathway,”'” making
them exceptional candidates to nonspecifically target these
trafficking processes. Therefore, we propose that simultaneous
characterization of (1) the intracellular environmental con-
ditions and (2) the ENMs physical condition can be achieved
using DNA—SWCNTs, allowing for a multispectral character-
ization of the intracellular trafficking processes. Here, we report
the internalization and intracellular processing of DNA-—
SWCNTs within individual primary endothelial cells using a
dual-hyperspectral colocalization technique, which correlated
intracellular fluorescence and Raman spectra. In tandem, the
responsive NIR fluorescence and multifeatured Raman scatter-
ing from DNA—SWCNTs detail the changing intracellular
environment and the resultant condition of the SWCNT hybrids
in primary endothelial cells. We observed a temporal increase in
local concentration of DNA—SWCNTs, inducing exciton
energy transfer (EET)* and aggregation at two distinct rates
within concentrated regions during intracellular processing.
Pharmacological inhibitors of endosomal maturation effectively
eliminated these events, confirming that these processes were
responsible for the observed outcomes, while a DNA sequence
dependence was generally not observed. Common regions of
interests (ROIs) were identified within individual cells to
colocalize the subcellular regions and spectral deconvolution
was performed to obtain single-chirality component spectra. A
relationship between concentration, aggregation, and NIR
fluorescence modulation was identified within nanoscale
regions, exhibiting heterogeneity which varied in time. These
dynamic parameters were correlated to endosomal trafficking
using an immunofluorescence assay to colocalize DNA—
SWCNT Raman spectra with labeled endosomal organelles,
delineating the temporal accumulation and aggregation within
lysosomal vesicles. Finally, a machine learning algorithm was
applied to identify endosomes and lysosomes based on the
Raman spectrum of encapsulated DNA—SWCNTs, enabling the
major components of the endocytic pathway to be simulta-
neously resolved within single cells.

Co-dependence of Fluorescence and G-Band Inten-
sities. To develop a spectral model of nanomaterial trafficking,
we first identified two formulations of DNA—SWCNTSs which
were previously shown to induce differential cellular responses
when internalized by macrophages as potential intracellular
reporters.”’ HiPco SWCNTSs were aqueously dispersed with
(GT)g or (GT);, oligonucleotides via probe-tip sonication and
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Figure 1. Fluorescence intensity and local concentration of DNA—SWCNTs are codependent within single cells. (a) Transmitted light, (b)
broadband NIR fluorescence (950—1350 nm), and (c) G-band Raman intensity micrographs of individual cells dosed with 1 mg L™' (GT);,
SWCNTs for 1 h and incubated in fresh media for indicated times. (d) Fluorescence intensity and (e) G-band intensity histograms of SWCNT-
containing pixels from all examined cells at each time point. The distributions are fitted to log-normal curves, and the widths are estimated by
the log standard deviation parameter (6). (f) Fold change of average fluorescence and G-band intensities with respect to 0 h averages. Error bars
represent mean = s.d. with n > 4 cells per condition. Five pointed stars between columns represent significance between fluorescence and G-
band intensities and six pointed stars above columns represent significance versus 0 h values. (*p < 0.05, **p < 0.01, ***p < 0.001 according to

two-tailed two-sample ¢ test).

high-speed ultracentrifugation, resulting in highly purified,
monodisperse DNA—SWCNT suspensions.”* The presence of
multiple peaks in both the visible and NIR range of their
absorbance spectrum (Figure Sla) confirmed that both ssDNA
sequences had suspended a multichiral mixture with strong
optical absorbance. Excitation with a 730 nm laser produced
bright fluorescence in the NIR range from multiple chiralities
(Figure S1b), while the apparent differences in peak emission
wavelengths were explained by the DNA sequence and
nanotube chirality dependence on the hybrid structures.”” A
1.58 eV (785 nm) laser source was used to acquire the Raman
spectrum of both DNA—SWCNTs (Figure Slc,d), producing
sharp peaks in both the radial breathing mode range (RBM,
150—350 cm™") and the G-band (~1589 cm™). Furthermore,
the low intensity of the D-band (~1350 cm™) from both
samples confirmed the removal of catalyst impurities and
amorphous carbon from the raw HiPco materials.*®

Human umbilical vein endothelial cells (HUVEC primary cell
line), a common in vitro model used to study neovasculariza-
tion,*” were chosen to represent the endothelium, which would
contact any ENMs delivered through intravenous injection.
First, HUVEC cultured in grid-labeled glass bottom Petri dishes
were incubated with 1 mg-L™" of either (GT)g or (GT),,-
SWCNTs for 1 h under standard cell culture conditions, after
which the SWCNT-containing media was removed and the cells
were rinsed with phosphate-buffered saline (PBS). Next, the
cells were either fixed with paraformaldehyde (considered the 0

h (hour) time point) or replenished with fresh media and
allowed to incubate for additional time before fixation. Multiple
cells from each condition, identifiable by their location within
the grid-labeled culture area, were then imaged at 100X
magnification using both NIR hyperspectral fluorescence and
confocal Raman microscopes. Near identical images of the
internalized DNA—SWCNTs were constructed from the
broadband NIR fluorescence and G-band spectral regions
(Figure la—c), each of which depicted distinct subcellular
regions containing the (GT);-SWCNTs. Histograms of the
NIR fluorescence (Figure 1d) and G-band intensities (Figure
le) were constructed using pixel values from the entire data set,
revealing common temporal changes in the intensity distribu-
tions. To quantify these trends, the average intensity fold
changes with respect to 0 h averages were computed (Figure 1f),
showing nearly identical increases of fluorescence and G-band
intensities at 6 h followed by differential reductions from 6 to 24
h. The G-band intensity, which is linearly dependent on
SWCNT concentration,” could only increase over 6 h due to
localized concentration increases in the cell, which we
hypothesized could be due to fusion of intracellular vesicles
over time. Moreover, we suspect the reduced fluorescence at 24
h could indicate an intracellular quenching mechanism such as
DNA—-SWCNT aggregation. Similar results were obtained from
cells incubated with (GT)s,-SWCNTs throughout this study,
indicating no clear dependence on DNA sequence. These results
can be found in the Supporting Information.
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Figure 2. Temporal resolution of DNA—SWCNT spectral features indicates aggregation within subcellular regions. (a) Average fluorescence
spectrum of (GT),-SWCNTs in single cells after variable lengths of intracellular processing, normalized to the total integrated intensity of each
spectrum. Fluorescence bands are indicated by shaded regions. (b) Average normalized fluorescence band intensities from (GT);-SWCNTs in
single cells after variable lengths of intracellular processing. Each spectrum was normalized by the total cell intensity, and average normalized
band intensities are reported. (c) Ratiometric intensity of fluorescence band 4 divided by band 1, with exponential fit, as a function of time. (d)
RBM region of the average Raman spectrum of (GT);-SWCNTs in single cells after variable lengths of intracellular processing, normalized to
the total integrated intensity of each spectrum. RBM bands are indicated by shaded regions. (e) Average normalized RBM band intensities from
(GT)3p-SWCNTs in single cells after variable lengths of intracellular processing. Each spectrum was normalized by the total cell RBM intensity,
and average normalized band intensities are reported. (f) Ratiometric intensity of RBM band 2 divided by band 1, with linear fit, as a function of
time. Error bars represent mean = s.d. for all, with n > 4 cells per condition. (*p < 0.05, **p < 0.01, ***p < 0.001 according to the two-tailed two-

sample t test).

Spectral Features Identify Intracellular Aggregation
of DNA—SWCNTSs. While the broadband fluorescence intensity
from DNA—SWCNTs is the integrated sum of all excited
chiralities, the intensitgr from each individual chirality can be
differentially affected.”” By splitting the fluorescence spectrum
from internalized DNA—SWCNTs into emission wavelength
bands (Figure 2a), the integrated intensities corresponding to
chiralities emitting over various wavelength windows could be
quantified independently (Table S1).*® The integrated intensity
from each band was normalized by the total integrated intensity
from each cell and the average normalized intensities were
computed (Figure 2b), illustrating the relative intensity change
of each band over time. We found that bands with lower
emission energies (higher wavelength) generally increased over
time, while the intensities of the two highest energy bands either
decreased or remained constant, revealing certain chirality
dependences. The ratiometric intensity of band 4 divided by
band 1 (Figure 2c) provided a metric of this trend, which could
be fitted to an exponential curve with respect to time. The
decreasing and increasing of high and low energy emission
intensities, respectively, are characteristics observed from
exciton energy transfer (EET) between individual SWCNT
chiralities in close proximity,”*® indicating a progressive degree
of DNA—-SWCNT flocculation occurring in time due to
intracellular processing.

The same band deconvolution process was applied to the two
dominant regions of the RBM spectrum (Figure 2d), and the
average normalized intensities from cells at each time point were
determined (Figure 2e), revealing a monotonic increase of band

2 with increasing incubation time. The ratiometric intensity of
band 2 divided by band 1 (Figure 2f) quantified the intensity
changes, displaying a linear increase in time. To explain these
findings, we acquired Raman spectra of DNA—SWCNTs both in
solution and aggregated out of solution (Figure S3) and
identified the contributing chiralities present in each band along
with their E,, transition energies when dispersed in a solution
(Table $2).*” In general, chiralities in band 1 were within the
excitation resonance range of the 1.58 eV laser, resulting in
higher intensity RBM features compared to band 2 when in
solution. However, the dramatic increase of band 2 intensities
upon aggregation is explained by a decrease in E,, transition
energies, bringing these chiralities into resonance with the laser
while simultaneously shifting band 1 chiralities out of
resonance.”’ Therefore, we attribute the increase of band 2
intensity over time to intracellular aggregation of DNA-
SWCNTs, in agreement with previous findings,” and propose
the ratiometric intensity of band 2 divided by band 1 could be
used to quantify the degree of aggregation. The fluorescence and
RBM band ratios established could potentially discern between
tightly compacted and irreversibly aggregated DNA—SWCNTs,
respectively, due to their differing responses to complete
SWCNT bundling. The fluorescence intensity of DNA—
SWCNTs rapidly decreases upon formation of hard aggregates
(i, direct contact between exposed SWCNT surfaces),”””"
eventually causing EET to reach a maximum level before
becoming undetectable due to fluorescence quenching. In
contrast, the RBM remains optically active regardless of
dispersion quality, and thus a transition from closely packed
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DNA—-SWCNTs to directly aggregated SWCNT bundles could
be identified as the point where fluorescence band 4/1 plateaus
and RBM band 2/1 continues to increase.

Inhibition of Endosomal Maturation Reduces Spectral
Changes. To confirm the observed spectral changes were
induced via vesicle trafficking and endosomal maturation, we
investigated the effect of inhibiting these native processes using
two mechanistically different pharmacological inhibitors.
HUVEC cells were incubated with DNA—SWCNTs following
the same procedure previously described; however, the cells
were treated with 10 g mL™ nocodazole (NOC), which
polymerizes microtubules and inhibits vesicle motility,”* or 100
UM chloroquine (CQ), which elevates the luminal pH of
endosomal vesicles,”® for 6 h following DNA—SWCNT
removal. The fold change of G-band and fluorescence intensities
with respect to 0 h averages were computed for cells treated with
both compounds (Figure 3a,b), revealing inhibited increases of
G-band intensities from both treatments and a reduction of
fluorescence from CQ-treated cells when compared to the 6 h
control condition. We extended this analysis to examine the
effect of pharmacological inhibition on intracellular EET and
aggregation by calculating the fluorescence band 4 divided by
band 1 intensity ratio (Figure 3c) and RBM band 2 divided by
band 1 intensity ratio (Figure 3d). Significant inhibition of EET
occurred from both treatments, while a high degree of variability
in aggregation from individual cells was observed. Notably, the
two treatments differentially affected the processes of intra-
cellular trafficking and endosomal maturation, resulting in
spectral similarities between 0 h or 3h untreated cellsand 6h CQ_
or NOC treated cells, respectively (Figure 3e,f). This could be
explained by their differing mechanisms of action; CQ prevents
endosomal maturation and vesicle fusion by directly inhibiting
endosomal acidification,” while NOC does not inhibit the
initial acidification of endosomes,”” but rather prevents cargo
from reaching and fusing with more acidic organelles.”” This
could allow the initial steps of vesicle maturation to occur during
treatment with NOC, while initiation of these processes was
immediately inhibited following treatment with CQ.

Segmentation and Colocalization of Intracellular
ROls. Spectra acquired within whole cells can provide ensemble
measurements of internalized DNA—SWCNTs, yet the
endocytic system is heterogeneous by nature due to a lack of
synchrony between processes occurring simultaneously,’
potentially resulting in measurement bias toward more
abundant processes while eliminating observation of rare
occurrences within single vesicles.'” To overcome this issue,
we developed a method which could segment a single cell into
multiple regions of interest (ROIs) while colocalizing the signals
from fluorescence and Raman spectra. First, NIR fluorescence
and G-band intensity images (Figure 4a) were constructed,
roughly colocalized, and binarized to create two equally sized
template images. The template images were then segmented
into separate matching ROIs (Figure 4b), which were
individually confirmed and adjusted manually to account for
processing errors and minor discrepancies in ROIlocations. The
pixels within each ROI were then averaged to create a single
fluorescence and Raman spectrum belonging to each subcellular
region (Figure 4c). Finally, the full fluorescence spectrum and
the RBM of the Raman spectrum were deconvoluted to their
chirality components using simultaneous multipeak fitting
algorithms modeled by Voigt’® and Lorentz®” line shapes,
respectively, while the G-band was fit independently to a single
Lorentz curve. The fits were restricted by known peak
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Figure 3. Spectral response to inhibition of endosomal progression.
(a) Fold change of G-band and (b) fluorescence intensities, with
respect to 0 h controls, from intracellular (GT);,-SWCNTs after 6 h
of incubation with nocodazole (NOC, 10 g mL™") or chloroquine
(CQ, 100 uM). Averages from untreated cells at 0 or 6 h are shown
as blue or red lines, respectively. (c) Ratiometric intensity of
fluorescence band 4 divided by band 1 and (d) RBM band 2 divided
by band 1 from inhibitor-treated cells after 6 h. Error bars represent
mean = s.d. for all, with n > 4 cells per condition. Stars above error
bars represent significance versus 6 h untreated cells. (*p < 0.05, **p
< 0.01, **¥p < 0.001 according to two-tailed two-sample ¢ test). (e)
Average intracellular fluorescence and (f) RBM spectra from
inhibitor-treated cells after 6 h compared with spectra from
untreated cells at indicated times. Each spectrum was normalized
to the total integrated intensity.

- . 49,57
characteristics from literature,” >’ and the whole process was

carefully monitored to avoid erroneous and overfitting of
spectra.
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Figure 4. Colocalization of single-cell NIR fluorescence and Raman signals. (a) Transmitted light and brightfield images merged with
broadband fluorescence and G-band intensity images, respectively, of a single cell incubated with DNA—SWCNTs. (b) Segmented ROI mask
images determined from the fluorescence and G-band intensity images in (a). Inset shows magnified fluorescence and G-band intensity pixels
corresponding to the outlined region in the masked image. (c) Deconvoluted fluorescence spectrum and RBM range of the Raman spectrum
from the outlined cellular ROI in (b). Peaks from the fluorescence and RBM spectrum were fit to Voigt or Lorentz line shapes, respectively.

Fluorescence Modulation of Concentration Subcellu-
lar Regions. With the highly improved spatial resolution, we

first revisited the correlation between fluorescence intensity and
G-band intensity using the colocalized subcellular ROIs. Figure
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Figure 5. Fluorescence modulation from DNA—SWCNT's within concentrated subcellular regions. (a) (GT)3,-SWCNT fluorescence intensity
as a function of G-band intensity from all intracellular ROIs, with linear fits, at indicated time points. Pearson correlation coeflicients, displayed
in parentheses, were calculated from scatter data at each time point. (b) Transmitted light images, (9,4)-SWCNT emission maps, and G-band
intensity maps of individual cells at 0 h or (c) 6 h time points. Color scale ranges encompass 20—80% of values from each ROI map. (d) G-band
intensity as a function of (9,4)-SWCNT emission wavelength from all 0 h or (e) 6 h intracellular ROIs. Average values from 0 h data, represented
as dashed lines, were used to compute the percent of ROIs in each quadrant.

Sa shows fluorescence intensity as a function of G-band intensity
of all intracellular ROIs containing (GT)3,-SWCNTs at various
time points. A linear regression was performed, and the Pearson
coeflicient (rP) was calculated for each data set, revealing a
statistically significant positive correlation (VP >04,p<le4)at
each time point. The sustained positive relationship between
fluorescence intensity and DNA—SWCNT concentration
confirmed a common mechanism could explain their temporal
fluctuations, including the simultaneous increases observed
from 0 h to 6 h. Since it is not possible for more DNA—SWCNTSs
to enter the cells after their initial dosing, we conclude that this is
a signal of coalescence between vesicles of the endolysosomal
pathway.

We next investigated the relationship between subcellular
DNA—-SWCNT concentration and fluorescence emission
modulation. Hyperspectral maps of (9,4)-SWCNT emission
wavelength and G-band intensity were constructed from the
ROIs of cells imaged at 0 or 6 h (Figure Sb,c), revealing that red-
shifted regions were generally correlated to more concentrated
areas regardless of incubation time. To quantify this trend,
scatter plots were created to compare these two measurements
from all ROIs at 0 or 6 h time points (Figure 5Sd,e). Average
values from 0 h data were used to split the ROI population into
four quadrants, thus providing a quantitative measure of their
change due to intracellular processing events. The majority of
DNA—-SWCNT-containing ROIs had simultaneously red-
shifted and increased in concentration after 6 h; however,
these shifts were completely prevented in cells treated with
NOC or CQ (Figure S7), confirming the mechanism related to
vesicle trafficking processes. The same trend was observed
comparing the G-band intensity to (8,6)-SWCNT emission
wavelength (Figure S9), revealing no apparent dependencies on
SWCNT chirality. We partially attribute this correlation to the

formation of DNA—SWCNT-protein aggregates once the
nanotube concentration reaches a certain threshold, in which
densely packed proteins can increasingly perturb the DNA
wrapping to increase solvent accessibility to the nanotube
surface. This ultimately modulates the local dielectric environ-
ment, thus red shifting the SWCNT emission.”>*® At the same
time, mature late endosomes and endolysosomes undergo a
series of changes in their luminal environments, including a
fluctuation of ion concentrations and an increase in negative
surface charges,3 which could further decrease the fluorescence

36,38 . o
We surmise that a combination of these

emission energy.
factors could be contributing to the observed ROI character-
istics.

Intracellular Aggregate Formation Is Time Depend-
ent. The RBM of a DNA—SWCNT Raman spectrum is directly
related to the resonance of a chirality’s transition energy with the
excitation laser source.”® In the case of SWCNT aggregation, a
global decrease of transition energies causes distinctive changes
to components of the RBM spectrum (Figure S11).*" More
specifically, we observed that chiralities with E,, < E, .., (E,, >
Ei,r) displayed a substantial intensity decrease (increase) upon
aggregation in control experiments (Figure S12a), providing a
viable basis to probe the dynamics of intracellular aggregation
using fitted RBM data (Figure 6a). To visualize the temporal
progression of chirality components in all ROI spectra, we
constructed a heat map illustrating the relative intracellular
intensity change of each chirality with respect to solution
intensities (Figure 6b) and included the aggregated controls as a
reference. Each chirality was grouped based on its solution E,,
value, revealing a clear trend as almost every chirality
experienced an intensity change that suggested some amount
of intracellular aggregation.
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Figure 6. Intracellular aggregate formation is time dependent. (a) The RBM peak intensity of a single SWCNT depends on its transition energy
(E,,) and the excitation energy (Ey,.). Aggregation shifts the optical transition to lower energies (AE,,), resulting in selective intensity
enhancement for chiralities brought into resonance (E,,*"™ > E,,..) and intensity reduction for chiralities brought out of resonance (E,,**™ <
E,,..) with the excitation. (b) Heat map representing the change of intracellular (GT);,-SWCNT RBM intensities from solution as a function of
chirality and time. Control intensities of intentionally aggregated (GT);,-SWCNTs are displayed as a reference. The chirality intensities from
each ROI or control replicate were normalized by the total RBM intensity and average values are reported. (c) The ratio of RBM (10,2)/(10,5)
intensities of all intracellular ROIs as a function of time. Boxes represent 25—75% of the data, white squares represent means, trend lines
connect medians, and dashed lines indicate values from aggregated or solution controls. One-way ANOVA with Tukey post hoc analysis was
performed (*p < 0.05, **p < 0.01, ***p < 0.001, ***%p < le-4). The ratio of RBM (10,2)/(10,5) intensities as a function of (9,4)-SWCNT
emission wavelength of all (d) 0 h, (e) 6 h, or (f) 24 h ROIs. Boxed column scatter plots on the right-hand side depict RBM ratio values from
ROIs with poorly fitting or quenched fluorescence. Median values from 0 h data, represented as dashed lines, were used to compute the percent
of ROISs in each quadrant. Shaded regions indicate the RBM (10,2)/(10,5) intensity threshold identified from aggregated controls.

Next, we devised an intracellular aggregation measurement
based on the RBM intensity changes observed upon SWCNT
aggregation. We identified the ratiometric RBM intensity of
(10,2)/(10,5) as a suitable metric for a number of reasons: (1)
distinguishable RBM peaks from both chiralities are present in
aggregated and solution controls, (2) the E,, of (10,5)-
SWCNTs in solution (~1.58 eV) is directly in resonance with
the laser and can only decrease with aggregate formation, and
(3) the E,, of (10,2)-SWCNTs in solution (~1.69 eV) is greater
than the laser energy and would move into resonance upon
aggregate formation; however, the expected shift (~70 meV)>’
due to complete bundling could not decrease the transition
below the laser energy. Therefore, the RBM (10,2)/(10,5)
intensity ratio (hereby referred to as the “RBM aggregate ratio”)
could directly relate chirality intensities to their transition
energies to provide a quantitative measure of aggregation.
Significantly different values of the RBM aggregate ratio were
calculated from DNA—-SWCNT controls of solution and
aggregated spectra (Figure S12b), providing reference points
to compare against the cellular data. The RBM aggregate ratio
was then calculated for every intracellular ROI containing
(GT);3p-SWCNTs and box plots were constructed for the full
data set (Figure 6c), revealing significant differences between
the distributions which increased and broadened in time. We
then investigated whether a relationship could be identified
between the degree of aggregation, environmental conditions
within ROIs, and time of DNA—SWCNT processing within the

cells. Scatter plots of the RBM aggregate ratio as a function of
(9,4)-SWCNT emission wavelength were constructed from
ROIs after 0, 6, or 24 h of incubation with internalized (GT),-
SWCNTs (Figure 6d—f). Each set of ROIs were split into four
populations based on median values from O h data. The
percentage of ROIs with red-shifted and increased RBM ratios
effectively doubled from 0 h to 6 h, yet this number plateaued
with additional incubation time. At the same time, an increasing
number of ROIs became quenched over time (Figure S13). The
majority of quenched ROIs, however, exhibited substantial
aggregation, as shown in the right-hand column scatter plots of
each time point. These spectral characteristics could be
indicative of increasingly harsh environmental conditions
which the DNA—SWCNTSs were subjected to during later
stages in the processing pathway, as evidenced by sequential red
shifting, aggregate formation, and fluorescence quenching due to
excessive aggregation.so’51

Immunofluorescence Colocalization Identifies Dy-
namics of Intracellular Trafficking. To corroborate the
observed spectral changes with specific organelles from the
endosomal pathway, we devised an immunofluorescence assay
to colocalize fluorescent antibody markers with Raman spectra
from intracellular DNA—SWCNTs. We identified four specific
protein markers to distinguish key intracellular compartments
using fluorescent antibody labels. These protein markers
included early endosome antigen 1 (EEA1), Ras-related
proteins 7 and 11a (RAB7, RAB11a), and lysosomal-associated
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Figure 7. Immunofluorescence identifies dynamics of endosomal trafficking. Fluorescence images of cells labeled with (a) EEAl (early
endosome), (b) RAB11a (recycling endosome), (c) RAB7 (late endosome), or (d) LAMP1 (lysosome) antibody markers. Left panels (green)
show immunofluorescence markers, middle panels (red) show Raman maps of (GT)3,-SWCNTs, and right panels show the overlay. (e) Average
fraction of SWCNT ROIs colocalized with each vesicle marker with respect to incubation time. Error bars represent mean + s.d. for all, with n =
7 cells per condition. One-way ANOVA with Tukey post hoc analysis was performed (*p < 0.05, **p < 0.01, **¥p < 0.001).

membrane protein 1 (LAMP1), which corresponded to early lysosomes,” respectively. HUVEC cells which had been
6

endosomes,”’ late endosomes,”’ recycling endosomes,®” and incubated with (GT);,-SWCNTs in the same method

| https://doi.org/10.1021/acsnano.1c04500
ACS Nano XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acsnano.1c04500?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c04500?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c04500?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c04500?fig=fig7&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c04500?rel=cite-as&ref=PDF&jav=VoR

ACS Nano

www.acsnano.org

a . b e

(g}

5
6
> > | rse
_‘7)4_ §‘4_ .(7)5_ *t** .
c (7 s —
g 5 = ;
53'JWL £ 31 = 44 ;
o O /'5. | !
ﬁz- N,. 23]
© © = 1
£ £ N24 :
= .
21 Z S 1:
s 11, :
O-I T T T T T T T T 0 T T T T % ] “F T ;"-
200 600 1000 1400 1800 175 200 225 250 275 300 325 04

Raman Shift (cm ™)

e Early Endosome

Recycling Endosome

Raman Shift (cm ")

Late Endosome e Lysosome

Figure 8. DNA—SWCNTs aggregate within lysosomes. (a) Average Raman spectrum and (b) RBM spectrum of (GT);,-SWCNTs colocalized
with endosomal markers. Each spectrum was normalized by the total integrated intensity. (c) Ratio of RBM (10,2)/(10,5) intensities of all ROIs
colocalized with endosomal markers. Boxes represent 25—75% of the data, white squares represent means, black line represents the median, and
whiskers represent mean = s.d. One-way ANOVA with Tukey post hoc analysis was performed (*p < 0.05, **p < 0.01, **¥p < 0.001, ****p < le-

4).

previously described were fixed, labeled with one of four
organelle markers, stained with a fluorophore-conjugated
secondary antibody, and imaged with a confocal Raman
microscope. Antibody fluorescence was collected by scanning
single-cell areas using a low power (10 W) 532 nm laser
excitation source. Although DNA—SWCNTSs produce distinct
Raman spectra using a 10 mW 532 nm excitation source, control
experiments confirmed that the reduced laser power used to
acquire fluorescence data could not produce detectable Raman
scattering (Figure S15). Next, the sample area was rescanned
using a 785 nm laser excitation source to collect hyperspectral
Raman maps from the intracellular DNA—SWCNT s within the
same area. The immunofluorescence data, generated as a 3D
hyperspectral cube, was converted into a confocal fluorescence
image by integrating along the spectral dimension, while the
corresponding Raman intensity image was produced by
integrating the RBM range of the spectral dimension (Figure
S16).

Parts a—d of Figure 7 show representative images of antibody
fluorescence intensity, DNA—SWCNT Raman intensity, and
merged two-channel images for each investigated condition.
Early endosomes and lysosomes appeared to colocalize with the
DNA—-SWCNTSs the most at initial and later time points,
respectively, while little colocalization was observed with
recycling and late endosomes. To quantify the degree of
colocalization between images, we applied a global series of
image processing techniques (see the Methods for details) to
each set of antibody fluorescence or Raman images to create
binary representations of the intracellular vesicles and
internalized DNA—SWCNTs (Figure S17). The binary images
of DNA—SWCNTs were then split into individual ROIs, and the
fraction of ROIs which colocalized with the immunofluor-
escence labels was determined for each cell after various
incubation times (Figure 7e). We note that the total fraction of
colocalized ROIs exceeded 1 by varying amounts at each time
point, however this could be interpreted as fartial overlap
between the different endosomal markers.'®* Trends were
most apparent among early endosomes and lysosomes, in which

the fraction of colocalized ROIs monotonically decreased or
increased with incubation time, respectively. Small amounts of
DNA—-SWCNTs colocalized with late endosomes throughout
all time points, while recycling endosomes did not appear to play
a major role in these processes at any time point. ROI
colocalization with lysosomes significantly increased over a 24 h
incubation time, after which ~80% of all nanotube ROIs were
contained within lysosomal organelles. These findings corrob-
orate with previous reports™'” to confirm that DNA—SWCNTs
progress through the endosomal pathway before accumulating
within lysosomal vesicles. Additionally, we have previously
shown that a fraction of DNA—SWCNTSs can be released by a
cell to the surrounding media through lysosome-mediated
exocytosis,”” a process in which a lysosome fuses with the plasma
membrane to release its contents. The presence of DNA—
SWCNTs in early endosomes after 24 h could be an indication
that small amounts of DNA—SWCNT's were released from a cell
and subsequently re-endocytosed.

The Lysosomal Environment Induces DNA—-SWCNT
Aggregation. Next, we extended the colocalization analysis to
directly observe the full Raman spectrum from DNA—SWCNTs
contained in labeled organelles. For each endosomal marker, we
pooled the Raman spectrum from every immunofluorescence-
labeled ROI to compare the average and population character-
istics. The average Raman spectrum from each set of colocalized
ROIs is shown in Figure 8a. Differences between spectra were
most apparent in the RBM region (Figure 8b), which exhibited
sequentially increasing high wavenumber peak intensities as the
endocytic vesicle type progressed from early/recycling endo-
somes to late endosomes and lysosomes. To quantify these
changes in the entire ROI population, we calculated the RBM
aggregate ratio of each ROI and constructed a box plot to show
aggregation as a function of vesicle type (Figure 8c). The RBM
aggregate ratio was relatively constant between the early/
recycling/late endosomes, however a clear and statistically
significant increase in aggregation occurred once the DNA—
SWCNTs progressed to the lysosomes. Notably, the G-band
intensity was mostly unaffected by vesicle type, increasing

https://doi.org/10.1021/acsnano.1c04500
ACS Nano XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c04500/suppl_file/nn1c04500_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c04500/suppl_file/nn1c04500_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c04500/suppl_file/nn1c04500_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c04500/suppl_file/nn1c04500_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c04500?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c04500?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c04500?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c04500?fig=fig8&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c04500?rel=cite-as&ref=PDF&jav=VoR

ACS Nano Wwww.acsnano.org
a Neural Network Neural Network b
Training Application
N N Early
Colocalized Data Unknown Data Endosome
Late Endosome -?-
Late
Endosome
v v v Lysosome
Principle Component Analysis Principle Component Analysis : o e L)
(W W W (N ] :
NV NV S/ d mcemmcey e
Neural Network 100 > 6
Oh G B Antibody Colocalized
80 1 & 5+ [ Model Classified
- 6h +CQ z ns.

& 60 -m-EE 6h +NOC o
X -@-LE e
= 40 LY 3h ﬁ_
o
20 - ® e <
X Early Endosome Early Endosome ¢ 32— =& 24h =
o

OI T T T T T
v/ [ Late Endosome | 0 5 10 15 20 25 0 20 40 60 80 100

X Lysosome Incubation Time (h) % ROIs
\ JAN J .
f X102 g . h I o, J113270m
2.5 { —Early Endosome ~20%° 6 =
> —— Late Endosome : — Sekkk 2 017
3 204 Lysosome A > 54 @ 0.0+
2 A 215 ok £ iR, 3 1131.3n
- 15 7] 32, g 0.2 {gEetem
£ 15 c [Thad T
ko) = L 01
E £1.04 o —~3- 4
= 1.0 4 8 g g 2 0.0
e S L, ° 02_1133.9nm
go.s- -~ 805+ T o 011
b4 § ® 14 ’
0.0 P2d— y y y 300 0 00- 1125 1130 1135 1140
m A T T T T T T
90 1000 1100 1200 1300 EE LE v EE LE LY

Wavelength (nm) Emission Wavelength (nm)

Figure 9. Machine learning facilitates endosomal mapping via DNA—SWCNT Raman spectra. (a) Schematic depicting the general process of
building and applying an artificial neural network. Full Raman spectra from ROIs colocalized with endosomal markers were preprocessed by
principle component analysis (PCA) and input to the untrained neural network (left) to establish and connect weighted variables to
differentiate input classes. Next, the unknown data set was preprocessed, input to the trained neural network (right), and categorized to the
vesicle type with the highest classification probability. (b) Endosomal maps overlaid on transmitted light images of single cells at various time
points, depicting the predicted ROI class output from the artificial neural network. (c) Percent of ROIs categorized as early endosomes (EE),
late endosomes (LE), or lysosomes (LY) as a function of time. (d) Stacked bar graph showing the percent of ROIs categorized as each vesicle
type. (e) Average RBM (10,2)/(10,5) intensity of endosomal vesicles from immunofluorescence-labeled spectra and model-classified spectra. A
two-tailed two-sample £ test was performed between groups to determine significance (p > 0.05 for all). (f) Average fluorescence spectrum of
each predicted vesicle type, normalized by the total intensity. Box plots depicting (g) integrated fluorescence intensity and (h) fluorescence
(8,6)/(6,5) intensity from model-classified ROIs. Boxes represent 25—75% of the data, white squares represent means, black lines represent
medians, and whiskers represent mean + s.d. One-way ANOVA with Tukey post hoc analysis was performed (*p < 0.05, **p < 0.01, *¥*¥p <
0.001, *#*%p < le-4). (i) Histograms show the (9,4)-SWCNT emission wavelength from all categorized ROIs. Bin size = 2 nm. Gaussian
functions were fitted to binned data and overlaid with the fitted center wavelength indicated.

instead with the overall incubation time (Figure S18). These
findings delineate lysosomes as the final intracellular destination
for DNA—SWCNTSs, where the catabolic environmental
conditions promote irreversible bundling between nanotube
surfaces. Moreover, the concentration of DNA—SWCNTs
within the lysosomes does not appear to contribute to this
type of direct-contact aggregation.

Endosomal Mapping via DNA—-SWCNT Intracellular
Reporters. In addition to the RBM changes displayed in Figure
8b, a number of minor but clear differences could be identified
between various Raman features of immunofluorescence-
labeled DNA—SWCNTs (Figure S19). We speculated that the
distinct Raman profiles obtained from each type of organelle
could act as their spectral marker, enabling classes of endosomal
vesicle to be identified by the encapsulated DNA—SWCNTs. To
investigate this concept, we implemented an artificial neural

network (ANN), a machine learning algorithm with exceptional
performance in data classification and pattern recognition
applications.”® Using the Raman spectra of immunofluores-
cence-labeled ROIs as the training data set (see the Methods for
details), the model was built to recognize early endosomes, late
endosomes, and lysosomes based on the DNA—SWCNT
Raman spectrum of an input ROI (Figure 9a). The model was
validated with a 10-fold cross-validation and performance was
assessed from the resulting confusion matrix and receiver
operating characteristic (ROC) curves (Figure S20, Table S3),
suggesting the ability to identify vesicle localization with an
accuracy of over 84%. The model was then applied to classify the
intracellular localization of the nonlabeled data set of (GT),-
SWCNT ROIs using the Raman spectrum as the input variable.
Endosomal maps were constructed by coloring each ROI by
vesicle classification (Figure 9b), enabling simultaneous

https://doi.org/10.1021/acsnano.1c04500
ACS Nano XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c04500/suppl_file/nn1c04500_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c04500/suppl_file/nn1c04500_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c04500/suppl_file/nn1c04500_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c04500?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c04500?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c04500?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c04500?fig=fig9&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c04500?rel=cite-as&ref=PDF&jav=VoR

ACS Nano

www.acsnano.org

Late Endosome

Lysosome

Early Endosome

0|

(

2
=y
G
=2

Intensity
Intensity
Intensity

MW

1100 1125 1150 1175
Wavelength (nm)

1000 1100 1200 1300
Wavelength (nm)

o
e
—
©

e

Intensity
<—
e

Intensity

swi] uoieqnou|

i\

1100 1125 1150 1175 200 250 300
Wavelength (nm)

1560 1580 1600 1620

Raman Shift (cm™) Raman Shift (cm™")

Figure 10. Schematic summarizing DNA—SWCNT trafficking through the endosomal pathway. (i—v) Depiction of sequential steps of DNA—
SWCNT intracellular processing and (a—e) the identifiable spectral changes resulting from these processes.

resolution of DNA—SWCNT localization through key stages of
the endosomal trafficking pathway. The percent of ROIs
classified to each vesicle type was calculated for ROI populations
with respect to time (Figure 9c), showing trends similar to those
observed in Figure 7e. Additionally, a bar chart was constructed
to summarize ROI classification for all conditions examined
(Figure 9d). Notably, the classification of ROIs from cells dosed
with CQ and NOC most closely resembled 0 and 3 h untreated
populations, respectively, corroborating with the observations
from Figure 3e,f. To confirm that characteristics from the model-
classified ROIs matched the original immunofluorescence-
labeled data, the average RBM ratio was compared between
each type of vesicle (Figure 9e). Similar values were obtained for
each endosomal marker, suggesting the model had predicted the
same characteristics identified from the immunofluorescence-
labeled data.

Next, the SWCNT fluorescence characteristics of model-
classified ROIs were examined. The average NIR fluorescence
spectrum from ROIs assigned to each endosomal marker
exhibited distinct features (Figure 9f), suggesting the DNA—
SWCNTSs were responsive to the dynamic environmental
conditions. Several fluorescence characteristics were identified
and compared to elucidate the environmental differences
between endosomal vesicles. The integrated fluorescence
intensity was observed to remain constant between early and
late endosomes before significantly increasing within the
lysosomes (Figure 9g). Chirality-dependent intensity changes,
specifically the intensity decrease (increase) of low (high)
wavelength peaks, were quantified using the ratio of fluorescence
(8,6)/(6,5) fitted peak intensities (Figure 9h). The ratiometric
intensity progressively increased in each sequential endosomal
vesicle, with mean values from early endosomes being
significantly lower than late endosomes and lysosomes.
Histograms of the (9,4)-SWCNT emission wavelength were
fitted to Gaussian distributions to assess the differences in
dielectric environment (Figure 9i). Relative to the emission
wavelength of early endosomes, a blue-shift and a red-shift was
identified from late endosomes and lysosomes, respectively.

Although the trend between vesicles varied considerably
across the examined fluorescence characteristics, these observa-

tions could be explained by a combination of physical and
environmental factors. To provide additional context, the same
fluorescence properties were calculated from control fluores-
cence spectra of (GT);-SWCNTs acquired in a series of
biologically relevant conditions, namely varying pH, salt
concentration, and protein corona (Figures S21 and S22). A
heat map was constructed to summarize these effects with
respect to stock DNA—SWCNT conditions (Figure $23).
Lysosome-classified ROIs exhibited the highest fluorescence
intensities and fluorescence (8,6)/(6,5) intensities. Compared
to early and late endosomes, the lysosomal lumen possesses high
concentrations of Ca®* along with an abundance of enzymes,
other proteins, and amino acid catabolites,”®®” all of which could
promote these intensity changes. In addition, the ratiometric
(8,6)/(6,5) intensity is responsive to exciton energy transfer
(EET) between adjacent DNA—SWCNTS; hence, lysosomal
aggregation can contribute to the high ratiometric intensities.
On average, the emission wavelengths from (9,4)-SWCNTs
were also the longest (red-shifted compared to early endo-
somes) in lysosome-classified ROIs. While the luminal pH
(~4.5) caused a blue-shift of (9,4)-SWCNT emission wave-
length in control experiments, we hypothesize that other
lysosomal components preferentially interact with the DNA
wrapping, thus controlling the local dielectric and red-shifting
the fluorescence emission. For example, the presence of divalent
cations, amphiphilic proteins, lipids, and charged residues could
strongly interact with DNA—SWCNTs and prevent the effects
of lowered pH. Late endosome-classified ROIs also exhibited
significantly higher fluorescence (8,6)/(6,5) intensity ratios
than early endosomes, however the average emission wavelength
from (9,4)-SWCNTSs was blue-shifted by ~1.4 nm. Since late
endosomes are derived from the vacuolar domains of early
endosomes, concentrated levels of endocytosed proteins are
selectively retained from the tubular endosome structure,®* thus
DNA—-SWCNT —protein interactions could increase the
fluorescence (8,6)/(6,5) intensity. At the same time, the rapid
drop in pH upon late endosome formation in the absence of
interactive lysosomal components could explain the blue-shift
observed from late endosome-classified DNA—SWCNTs.
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To illustrate these findings in terms of sequential trafficking
events, we propose a schematic (Figure 10) to describe the
intracellular processes which ultimately control the fate of
internalized nanomaterials. An emphasis is placed on the
endosomal maturation process, in which a highly coordinated
series of events dramatically transform the endosomal vesicles,
thus altering their physicochemical properties and controlling
the luminal environment.” The DNA—SWCNTs first enter the
cell through active endocytic processes (i), where they are
transported into early endosomes along with a cohort of
endocytic cargo. Continuous recycling of transport vesicles
sends the majority of internalized cargo back to the plasma
membrane, however DNA—SWCNTs are retained by the early
endosome to be included in the degradation pathway.
Conversion into a late endosome is followed by a rapid decrease
in luminal pH (ii), thus initiating the endosomal maturation
process. Next, the encapsulated DNA—SWCNTSs experience a
coordinated series of physicochemical transformations (iii),
including luminal acidification, ion flux across the endosomal
membrane, and changes in size and morphology. DNA—
SWCNTs identify late endosome containment with blue-shifted
fluorescence emission (a) and chirality-dependent intensity
modulation (b), while temporal fusion of DNA—SWCNT-
containing vesicles drives an increase in luminal nanotube
concentrations (e). Acidification continues until lysosomal
proteins, hydrolases, and other components are activated,
eventually transforming the late endosome into a lysosome
(iv). Here, the components of lysosomal environment bind to
and interact with the DNA wrapping, promoting increasingly
complex interactions between the DNA—SWCNT's and luminal
biomolecules to ultimately modulate the dielectric environment
and induce a red shift of DNA—SWCNT fluorescence emission
(c). After a period of time in the lysosomes (v), internalized
DNA—SWCNTs aggregate (d) and NIR fluorescence emission
is quenched, marking the end of the trafficking pathway. In
contrast, pharmacological inhibition of endosome maturation
effectively suppresses these key spectral changes by preventing
endosome acidification (CQ) or physically obstructing
progression (NOC) by reducing endosome motility.

Herein, we developed a correlative approach to simultaneously
study the intracellular fate of internalized nanomaterials and
dynamics of the endosomal maturation processes, enabling a
comprehensive analysis of DNA—SWCNT trafficking in the
context of the endosomal pathway. The fluorescence and Raman
spectra from whole cells were first examined, revealing an
increase of fluorescence and G-band intensities from 0 to 6 h of
equal magnitude. At the same time, intensity changes from
fluorescence emission bands suggested the occurrence of EET
between closely packed DNA—SWCNT chiralities. Although
the extent of EET plateaued at 6 h, direct aggregation of
internalized DNA—SWCNT's was indicated by changes in RBM
band intensities, which monotonically scaled with incubation
time. To confirm these events were induced by progression of
the intracellular trafficking pathway, cells were treated with two
pharmacological inhibitors of vesicle maturation, both of which
suppressed the identified spectral changes over 6 h via distinct
mechanisms of action.

We developed a segmentation process which could colocalize
the Raman and fluorescence spectrum of internalized DNA—
SWCNTs within nanoscale regions. A simultaneous multipeak
fitting algorithm, which provided single-chirality resolution of

multicomponent spectra, was used to quantify the relevant
spectral features and characterize the conditions of each cellular
ROI This approach determined correlations between fluo-
rescence intensity, DNA—SWCNT concentration, fluorescence
emission wavelength, and aggregate formation within cellular
ROIs, illustrating the effect of changing intracellular conditions
on the internalized DNA—-SWCNTs. Immunofluorescence
markers for specific endosomal vesicles were applied and
colocalized with DNA—SWCNT Raman spectra, enabling
spectral signatures to be directly observed from nanotubes
encapsulated by specific organelles. Significant colocalization
with lysosomal markers confirmed temporal accumulation of
DNA—-SWCNTs, while colocalized spectral data implicated
lysosomes in the irreversible aggregation observed between bare
nanotube surfaces, presumably an effect of the catabolic
environmental conditions.

Finally, we trained a machine learning algorithm to predict
endocytic vesicle type using the Raman spectrum of DNA—
SWCNTs contained within. ROIs from nonlabeled hyper-
spectral data sets were classified to one of three endocytic
organelles and endosomal maps were constructed, enabling
major components in the endocytic pathway to be simulta-
neously visualized in whole cells. Additionally, SWCNT
fluorescence properties were examined across the model-
classified endosomal vesicles and interpreted with respect to
known luminal conditions, thereby relating the endosomal
maturation process with the observed spectral dynamics. The
approaches detailed in this study could be extrapolated to
investigate multiple aspects of ENM-cell interactions. We
envision that the spectral immunofluorescence colocalization
assay, for example, could be adapted to study intracellular
dynamics of other types of ENMs, including the multitude of
surface enhanced Raman scattering (SERS) reporters designed
for advanced biological applications. Furthermore, this work
demonstrates the potential of machine learning techniques for
data classification at the single-organelle level, providing a
versatile framework to connect multivariate data from complex
biological systems.

DNA—-SWCNT Sample Preparation. Raw single-walled carbon
nanotubes produced by the HiPco process (Nanointegris) were used
throughout this study. For each dispersion, 2 mg of (GT)s or (GT)s,
oligonucleotide (Integrated DNA Technologies) was added to 1 mg of
raw nanotubes, suspended in 1 mL of 0.1 M NaCl (Sigma-Aldrich), and
ultrasonicated using a 1/8 in. tapered microtip for 30 min at 40%
amplitude (Sonics Vibracell VCX-130; Sonics and Materials). The
resultant suspensions were ultracentrifuged (Sorvall Discovery M120
SE) for 30 min at 250000g and the top ~80% of the supernatant was
collected. Concentrations were determined using a UV/vis/NIR
spectrophotometer (JASCO, Tokyo, Japan) and the extinction
coefficient of Ag;; = 0.02554 L mg~

Cell Culture. HUVEC cells (ATCC Manassas, VA) were cultured
under standard incubation conditions at 37 °C and 5% CO, in
endothelial growth media (EGM BulletKit CC-3124, Lonza). For all
imaging experiments, cells were seeded into grid labeled collagen-
coated 35 mm glass bottom microwell dishes (MatTek) to a final
concentration of 5,000 cells/cm? and allowed to culture for at least 48 h,
with regular media replacement every 24 h. To dose the cells, the media
was removed from each culture dish, replaced with 1 mg-L™" (GT)s
SWCNT or (GT);p-SWCNT diluted in media, %% and incubated for 1 h
to allow internalization into the cells. The SWCNT-containing media
was removed, the cells were rinsed 3X with sterile phosphate buffered
saline (PBS, Gibco), and fresh media was replenished. The 0 h samples
were immediately fixed using 4% paraformaldehyde in PBS for 10 min,
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rinsed 3X with PBS, and covered with PBS to retain an aqueous
environment during imaging. The 3, 6, and 24 h samples were later fixed
using the same procedure.

Near-Infrared Fluorescence Microscopy. A near-infrared hyper-
spectral fluorescence microscope, similar to a previously described
system,”® was used to obtain the hyperspectral fluorescence images
from fixed cell samples. Briefly, a continuous 730 nm diode laser with
1.5 W output power was injected into a multimode fiber to produce an
excitation source, which was reflected on the sample stage of an
Olympus IX-73 inverted microscope equipped with a UApo N 100X
/1.49 oil immersion IR objective (Olympus, USA). Emission was
passed through a volume Bragg Grating and collected with a 2D InGaAs
array detector (Photon Etc.) to generate spectral image stacks. Fixed
cell samples were mounted on the hyperspectral microscope to obtain
transmitted light images and hyperspectral images from internalized
DNA—-SWCNTs in individual cells at each time point. Hyperspectral
data were processed and extracted using custom codes written with
Matlab software.

Confocal Raman Microscopy. Each cell sample was imaged with
an inverted WiTec Alpha300 R confocal-Raman microscope (WiTec,
Germany) equipped with a Zeiss Epiplan-Neofluar Pol Oil 100X /1.3
objective, a 785 nm laser source set to 35 mW sample power, and
collected with a UHTS 300 spectrograph (600 lines/mm grating)
coupled with an Andor DR32400 CCD detector (—61 °C, 1650 X 200
pixels). Small cellular areas were scanned, and spectra were obtained in
0.29 X 0.29 pm intervals using 0.2 s integration time per spectrum to
construct hyperspectral images of individual cells. Global background
subtraction and cosmic-ray removal were performed on each scan using
Witec Project 5.2 software. Hyperspectral data was extracted and
processed using custom codes written with Matlab software.

Pharmacological Inhibition of Endosomal Maturation.
HUVEC cells were cultured and dosed with (GT)-SWCNTs or
(GT);3p-SWCNTs following the same procedure previously described;
however, the media used to replenish the cells after DNA—SWCNT
removal and PBS rinsing was spiked with 10 ug mL™" nocodazole
(NOC) or 100 uM chloroquine (CQ). The cells were incubated for 6 h
following the addition of inhibitors before fixation in 4% paraformalde-
hyde in PBS for 10 min. The cells were then imaged following the same
procedure used for the untreated cells.

ROI Colocalization. ROI colocalization was carried out on all
hyperspectral “cubes” (i.e., three-dimensional data sets in which x and y
dimensions are spatial coordinates, the z dimension is the spectral
coordinate, and the pixel value corresponds to the spectral intensity)
following initial background subtraction and cosmic-ray removal steps.
Using custom Matlab codes, composite fluorescence images were
created by integrating the entire spectral dimension and composite
Raman images were created by integrating the G-band or RBM regions
of the spectrum. The fluorescence and Raman images were first roughly
colocalized by applying an intensity threshold to each image, binarizing
and segmenting each image individually, determining the intensity-
weighted centroid of each segmented ROI, and iteratively overlaying
the images to find the coordinates which minimize the root-mean-
square deviation (RMSD) of similar ROIs. Next, the composite images
and cubes were cropped and imported to the open-source image
processing software FIJI. The G-band composite images were
segmented into ROIs, which were manually adjusted to ensure
consistency in the segmentation process, and compared with the
RBM region of the Raman cube. The ROIs determined from the Raman
data were then transferred to the fluorescence images, where each ROI
was manually adjusted to account for minor discrepancies in their
location and shape. Once all ROIs were determined for a cell, their
locations were imported to Matlab for further analysis. Of note, the
resolution of the confocal Raman area scans was experimentally
optimized prior to data acquisition to match the pixel size of the
hyperspectral fluorescence microscope, and thus, the spatial resolution
of the two cubes was essentially the same. ROI location adjustments
mainly accounted for minor rotations of the imaging field as the result of
mounting on two separate instruments, and ROIs which could not be
clearly identified as the same were disregarded. In certain cases, ROIs
which exhibited strong Raman intensities in both the G-band and RBM

regions displayed little to no fluorescence intensity from the same
spatial location. These ROIs were considered to be colocalized and
accurate only if their G-band and RBM integrated intensities were
comparable with other ROIs in the same image and other nearby ROIs
which exhibited fluorescence were colocalized with Raman signal. The
appearance of visible, dark spots within these ROIs in transmitted light
images obtained with the hyperspectral fluorescence microscope were
also used to verify the presence of DNA—SWCNTs which were
quenched. An example of quenched fluorescence from cellular ROIs is
provided in the Supporting Information. Any and all ROIs which could
not be definitively colocalized were disregarded from further data
analysis.

Multi-Peak Fitting of the Fluorescence and RBM Spectra. The
colocalized ROI data for the fluorescence and Raman cubes were used
to obtain average spectra from each ROI, which was processed with a
custom Matlab pipeline. First, the average fluorescence and Raman
spectra from each ROI were calculated by averaging pixel intensity
values in their x—y direction and extracting the spectral z dimension
from each cube. The fluorescence spectrum from each ROI was fitted to
an additive combination of Voigt line shapes corresponding to the
single chirality component spectra, and only chiralities which were
identified to significantly contribute to the fluorescence spectrum were
included in the fitting process. The peak center wavelength and width
parameters of each chirality were allowed to vary independently, but
each parameter was limited within the same set of constraints. The area
under the curve and global offset were restricted to non-negative values.
The radial breathing mode of the Raman spectrum in each ROI was fit
to an additive combination of Lorentz line shapes corresponding to the
single chirality component spectra. The chiralities which were included
in the fits were chosen based on (1) their resonance with the excitation
laser, determined by empirical Katura plots found in the literature,* (2)
their presence when spectra were obtained from solution controls, and
(3) their presence when spectra were obtained from aggregated
samples. Peak centers were initially specified and allowed to shift within
a very small window; however, each spectrum was restricted to a single
full width at half-maximum for all peaks.”” The area under the curve and
global offset were restricted to non-negative values. r* > 0.95 was used as
a cutoff to remove poor-fitting ROI data from further analyses.

Primary and Secondary Antibodies. Rabbit anti-EEA1 (no.
MAS-14794), rabbit anti-Rab7 (no. PAS-52369), and rabbit anti-
Rab11la (no. 71-5300) primary antibodies and goat antirabbit IgG Alexa
Fluor 532 (no. A-11009) secondary antibodies were purchased from
Thermo Fisher Scientific (Waltham, MA). Rabbit anti-LAMP1 (no.
ab24170) was purchased from Abcam (Cambridge, MA).

Immunofluorescence Staining Procedures. HUVEC cells were
cultured and dosed with (GT)3,-SWCNTs using the same procedure
previously described. Two separate protocols were used for
immunofluorescence staining procedures. (1) Samples stained against
EEA1, RAB7, and RABI11a were fixed with 4% PFA for 15 min and
rinsed three times with PBS. Cells were permeabilized and blocked with
a saturation solution (PBS; 10% goat serum (Gibco); 0.05% saponin)
for 45 min. Primary antibodies, diluted in saturation solution (1:200),
were allowed to incubate overnight while kept in a humid container at 4
°C, after which samples were thoroughly washed in PBS and allowed to
sit for S min. Cells were subsequently incubated with secondary
antibodies, diluted in PBS (1:1000), for 30 min at room temperature,
washed three times with PBS, and covered with a layer of PBS
throughout imaging. (2) Samples stained against LAMP1 were fixed
with —20 °C methanol for 5 min and washed multiple times in PBS.
The first rinse was added before methanol removal to prevent rapid
dehydration, and the final rinse was allowed to sit for 5 min. Samples
were incubated in blocking buffer (PBS; 10% goat serum) for 45 min.
Primary antibodies, diluted in blocking buffer (1:200), were allowed to
incubate overnight while kept in a humid container at 4 °C, after which
samples were thoroughly washed in PBS and allowed to sit for S min.
Cells were subsequently incubated with secondary antibodies, diluted
in PBS (1:1000), for 30 min at room temperature, washed three times
with PBS, and covered with a layer of PBS throughout imaging.

Immunofluorescence Data Acquisition. Samples were imaged
with an inverted WiTec Alpha300 R confocal-Raman microscope
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(WiTec, Germany) equipped with a Zeiss Epiplan-Neofluar Pol Oil
100X /1.3 objective. Single cells were scanned in 0.25 X 0.25 ym
intervals using a 532 nm laser source set to 10 yW sample power to
collect confocal fluorescence data. The same region was immediately
rescanned using a 785 nm laser source set to 35 mW sample power to
collect confocal Raman data. We accounted for chromatic aberration by
applying a predetermined offset in the z-direction between scans. The
offset was acquired from a series of depth scans on silicon substrates, in
which the intensity profile of a reference peak was compared and
matched between 532 and 785 nm spectra in the z-direction. Global
background subtraction and cosmic-ray removal were performed on
each scan using Witec Project 5.2 software. Hyperspectral data was
extracted and processed using custom codes written with Matlab
software.

Immunofluorescence Image Processing. Raw fluorescence
images were constructed from immunofluorescence hyperspectral
data sets by calculating the total spectral intensity from all data points
between 300 cm™! (~540 nm) and 1350 cm™ (~570 nm). The
following processes were then applied to create binary fluorescence
images. Note that specific intensity values, morphological operation
values, etc., were globally applied to images from the same
immunofluorescence marker; however, each stain was optimized
independently. A global intensity value was subtracted to remove
background signal and a top hat filter was applied to remove objects
much larger than the organelles from the images. Next, a global
threshold was applied to create binary fluorescence images. A watershed
transform was performed to divide individual organelle structures, and
finally binary image opening was applied to create binary fluorescence
representations of each organelle label. DNA—SWCNT Raman images
were constructed from confocal Raman hyperspectral data sets by
calculating the total spectral intensity from all data points between 200
and 300 cm™". The following processes were then applied to create
binary DNA—SWCNT images, and the same global settings were used
regardless of the corresponding immunofluorescence marker. A global
threshold was applied to create binary images and remove background
signal. A watershed transform was initially performed to divide large
DNA-SWCNT-containing regions. Binary erosion was used to shrink
connections between regions of separate ROIs in close proximity, and a
second watershed transform was applied to completely separate close
ROIs which could not be initially distinguished. Finally, each DNA—
SWCNT ROI was given a label before proceeding to the colocalization
analysis. All images were constructed using custom Matlab codes and
binary image operations were performed with FIJI.

Quantitative Colocalization Analysis. Colocalization analysis
was performed by assessing each DNA—SWCNT ROI independently
with respect to the corresponding binary fluorescence image. The
intensity-weighted centroid position was calculated for a given ROI
using the intensity image pixel values. The DNA—SWCNT ROI was
then considered to colocalize with the immunofluorescence labels if the
following conditions were met. (1) The intensity-weighted centroid
position overlapped with the fluorescence binary image within a 1.5-
pixel radius. (2) Greater than 40% of the total ROI pixels overlapped
with fluorescence binary pixels. The first condition ensured that the
DNA—-SWCNT intensity-center was within a resolvable distance of the
fluorescence objects,*® while the second condition essentially applied a
colocalization percentage threshold.*” All colocalization analyses were
performed using custom Matlab codes.

Development of Artificial Neural Network. An artificial neural
network classification model was developed, trained, and implemented
using built-in functions and models from the Matlab Statistics and
Machine Learning Toolbox. The training data set was compiled from
DNA—SWCNT Raman spectra of ROIs which colocalized with early
endosome, late endosome, or lysosome markers at 0, 6, or 24 h time
points, respectively. We chose to only include data from the time point
with the highest degree of colocalization for each marker as a way to
reduce the potential for overlap between the protein labels, therefore
training the neural network with the best representative spectra for each
organelle. Additionally, recycling endosome data was omitted due to a
lack of observations and considerable similarities to the early endosome
spectra. As a preprocessing step, principle component analysis (PCA)

was applied to the input Raman spectra to reduce the spectrum
dimensionality and help prevent overfitting. The final number of inputs
per spectrum was reduced to 44 components, comprised of the PCA
components which explained 95% of variance within the entire training
data set. The artificial neural network was comprised of an input layer
connecting to the training predictor data set, two fully connected 25-
node hidden layers activated by rectified linear unit (ReLU) functions,
and a softmax layer to convert the previous layer output into a class
probability distribution. Layer weights and biases were established by
the training data set, and the model was validated with a 10-fold cross-
validation. The model was applied to classify the Raman spectra of all
nonlabeled (GT);;-SWCNT ROI data. Each input spectrum was
transformed by PCA using the same parameters from the training data
set and input to the model for classification. The resulting output
consisted of the predicted class label and the probability distribution
corresponding to each class.

Statistical Analysis. OriginPro 2018 was used to perform all
statistical analysis. All data either met assumptions of the statistical tests
performed (i.e., normality, equal variances, etc.) or was transformed to
meet assumptions before statistical analysis was carried out. Statistical
significance was analyzed using two-sample two-tailed student ¢ test or
one-way ANOVA where appropriate. Testing of multiple hypotheses
was accounted for by performing one-way ANOVA with Tukey’s post
hoc test. Specific information about statistical analyses can be found in

figure legends.
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