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Simultaneous tracking of nanoparticles and encapsulated payload
is of great importance and visualizing their activity is arduous.
Here we use vibrational spectroscopy to study the in vitro tracking
of co-localized lipid nanoparticles and encapsulated drug
employing a model system derived from doxorubicin-
encapsulated deuterated phospholipid (dodecyl phosphocholine-
dsg) single tailed phospholipid vesicles.

Nanoparticles designed for diagnostic and therapeutic
applications must overcome a series of barriers to success,
which include factors external to the body, challenges in
delivery to a local site and cellular uptake to eventually
perform their desired function.! Particle design to achieve
both desired localization and function is key for exploiting
designer nanoparticles’ potential for biomedical applications.
In particular, the precise process of drug availability from
nanoparticles within living cells is not yet fully understood. The
lack of clarity on drug delivery mechanism*™ also provides
less control on cytoplasmic trafficking.3a'c Studies on using

fluorescent  probes for mechanistic analysis have

. . . . . 4a-

demonstrated successes in revealing cellular internalization,*
. . sa 6a-d

membrane interaction,”®° endosomal escape® and

cytoplasmic distribution of fluorophore conjugated drugs.7a'c

However, the mode and extent of membrane interactions,
chemistry of endosomal escapes and trafficking of cytoplasmic
distributions are yet to be thoroughly investigated. While the
static microscopic disposition of the drugs (e.g. doxorubicin)
has been measured with fluorescent microscopy, the dynamics
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controlling the delivery of the drug and simultaneous tracking
of the carrier to the cell membrane, the rate of transfer of
compound into the cytosol, the rate of release of the drug
within the membranes and the accumulation into the nucleus
is unknown. Furthermore, it remains challenging to track
delivery and co-localization of drugs lacking inherent
fluorescence.

Recently, advances in instrumentation®*® and analytical
methods’ have allowed vibrational spectroscopic techniques
to present new capabilities for rapidly visualizing both cellular
identity and delivered particles and payloads. Since vibrational
spectroscopy provides quantitative, reproducible estimates of
molecular concentration with the capability to delineate the
overall dynamics of drug efficacy at multiple scales within the
cell, for example from molecular state of the drug to particle
to nucleus. Recent report studied the transport of deuterated
cationic lipids in a cellular system by Raman spectrosv:opy10
and independently tracked intracellular delivery of doxorubicin
using fluorescence spectroscopy.'’ However, a technique to
study the trafficking of both the carrier and payload is still
elusive.

To realize this potential, here we report the development
of a diagnostic molecular probe that aids in the delivery of a
drug molecule and implement vibrational imaging techniques
to follow its release inside the cells. Our design employs lipid
vesicles for facile permeation and for fusion mediated
transport through cell membranes. This model system consists
of multiple signature functionalities for robust detectability
with vibrational spectroscopic techniques as well as with an
intrinsic fluorescence signal from a chromophoric drug such as
doxorubicin (DOX), as shown in Figure 1A. Using this strategy
we synthesized and characterized (Figure 1B-G) niosomal
vesicles from isotopically labelled lipid molecules (dodecyl
phosphocholine-d38;) that red-shifts the frequency of the C-H
modes to the biologically-silent region of the vibrational
spectrum (Figure 1F) and call them Deuto-DOX-NPs. Deuto-
DOX-NPs can then be identified and their concentration
quantified without significant interference from cells with
native biological spectra, while the encapsulated DOX
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fluorescence allows for intracellular tracking. For comparative
studies, DOX loaded dodecyl phosphocholine single tailed
phospholipid vesicles (Lipid-DOX-NPs) were also devised.
Deuto-DOX-NPs and Lipid-DOX-NPs were prepared by freeze-
thaw-sonication procedure with or without the incorporation
of DOX (1mg.mL'1) in dodecyl phosphocholine-d38 and dodecyl
(details in  supporting

respectively

phosphocholine,
information).
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Figure 1. (A) Schematic of the study of synchronized cellular
trafficking of co-localized DOX and deuterium-labeled SINGLE
TAILED PHOSPHOLIPID VESICLES using vibrational spectroscopy
and imaging techniques. Physico-chemical characterization
NPs via (B) distribution of diameters, (C) hydrodynamic
diameter; (D) zeta potential distribution; (E) UV-Vis absorption
spectroscopic signatures; (F) Raman spectra, and (g)
fluorescence emission spectra (Aex= 450 nm) of the
formulations.

Incorporation of DOX did not result in a significant
variation in hydrodynamic diameter of optimally loaded
Deuto-DOX-NPs (Dav=45+02 nm) and blank particles Deuto-
Lipid-NPs (47+03 nm). Similarly Lipid-DOX-NPs (non-labelled)
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were found to be sized 51+10 nm compared to blank lipid
particles of 55309 nm. It was noticed that presence of
deuterium decreased the size of single tailed phospholipid
vesicles with or without loaded DOX, to a very small extent.
During the formation of lipid based vesicles, hydrophilic head
groups were known to play major role in hydrating the lipid
layers and holding the head groups together with involvement
of hydrogen bonded layer of hydration. It is known in the
literature that hydrogen bonding plays important role in
deciding the physical characteristics of lipid assemblies.**°
The relative hydrogen bonding of deuterium is weaker for
molecules associating in a non-H bonding solvent, although the
second effect may also be important in aqueous solutions.”
This presumably implies that there is lesser number of deuto-
lipids in self assembled single tailed phospholipid vesicles
leading to a smaller overall hydrodynamic diameter. The
overall size reduction effect is however not drastic, possibly
due to the absence of appropriately positioned heteroatom in
dodecyl phosphocholine capable of forming hydrogen bonds.
Representative electrophoretic potential (I, surface charge)
varied from -35+05 mV in case of Deuto-lipid-NPs to -15+05
mV after loading of DOX indicating plausible interactions
head group of deuto-lipid and hetero-atom
present in the drug molecule. These
interactions were further established by UV-Vis spectroscopic
measurements using duplex plasmid DNA (Figure 1E). DNA
intercalation ability of DOX was used as deciding factor in

between
functionalities

interaction measurements revealing decrease in absorbance at
A= 486 nm of DOX and increased for DOX intercalated DNA at
A= 252 nm after interaction with Deuto-DOX or Lipo-DOX. As
expected, the formulations without DOX loading could only
influence the absorbance at A= 252 nm due to change in
absorption value of duplex DNA.

2710 18 26 34
20

Figure 2. 2D morphology characterization of DOX-loaded
SINGLE TAILED PHOSPHOLIPID VESICLES and controls. TEM
sample negatively stained by uranyl acetate for (A) lipid, (B)
deuto-lipid, (C) lipo-dox and (D) deuto-dox nanoparticles. 3D
morphology of (E) deuto-lipid, (F) lipo-dox and (G) deuto-dox
nanoparticles. (H) X-ray diffraction pattern of deuto-dox.

Overlaid Raman spectra in Figure 1f showed spectroscopic
features of neat lipid and Lipid-DOX-NPs as harmonized but
Deuto-DOX-NPs exhibited noticeably weaker vC-D (2049-2250
cm'l, Figure 1f) Raman intensity. DOX loading is apparent in
new features corresponding to the C=C stretch and phenolic
groups (C-O) that appear in IR spectra (Figure 5F) but are
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overwhelmed by the strong DOX fluorescence (Figure 1G) in
Raman measurements. The successful incorporation of DOX
was also verified by fluorescence spectroscopic studies. The
fluorescence intensity of DOX varied significantly between free
and nano-encapsulated state. Relative fluorescence intensity
of DOX was found to decrease upon loading in vesicles in both
Deuto-DOX and Lipo-DOX (Figure 1G). Vesicles without DOX
did not show any significant fluorescence.

2D size distributions of vesicles, both with and without DOX
loading, were studied by transmission electron microscopy
(TEM) (Figure 2A-D) and 3D profiles were investigated by
atomic force microscopy (ATM) (Figure 2E-G). Anhydrous
Deuto-lipid particle height grew from 32+06 nm to 4003 nm
in case of Deuto-DOX, while 25+06 nm lipid NPs grew to 28+07
nm for Lipo-DOX. X-ray diffraction studies to investigate the
niosomal vesicular structure showed that Lipid particles had a
d spacing of 27.9 A that confirms a uni-lamellar arrangement
(Figure 2H). No significant change was noticed for other NPs
(data not shown).
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Figure 3. Gel electrophoresis of plasmid DNA incubated with
(A) Lipid (Lane 1-5); Lipo-DOX (Lane 6-10) and DOX alone (Lane
11-15) (B) Deuto-Lipid (Lane 1-5); Deuto-DOX (Lane 6-10) and
DOX alone (Lane 11-15). Quantification of retarded plasmid
DNA incubated with (C) Lipid; Lipo-DOX and DOX alone and (D)
Deuto-Lipid; Deuto-DOX and DOX alone. Experiments were
performed at ratios ranging from 1:1 to 1:5. (E-H) Cell
internalization histograms obtained from FACS analysis on (E)
cells alone and treated with 0.1 mg/mL of (F) Deuto-Lipid; (G)
Deuto-DOX; (H) DOX alone; (I) summary of % cell population
and (J) comparison of DOX positive cell count calculated from
fluorescence microscopy

This journal is © The Royal Society of Chemistry 20xx

Encapsulation of DOX in formulations of Deuto-DOX-NPs
and Lipid-DOX-NPs were studied by their interaction with
duplex DNA in agarose gel under the influence of
electrophoretic mobility (Figure 3A-B). Both formulations were
found to interact similarly with duplex DNA with no significant
difference in % DNA binding but were markedly different from
DOX alone. Compared to ~100% DNA gel retardation by DOX at
ratio of 1:5 (DNA:DOX), Deuto-DOX and Lipo-DOX achieved
~70 and 60%, respectively. In contrast, control lipid vesicles
interacted more with duplex DNA compared to Deuto-Lipid
(~70 vs. 20% DNA binding in Figure 3c and d). To visualize the
release of DOX inside cells, fluorescence imaging and flow
assisted cell sorting assays (FACS) were performed on human
breast adenocarcinoma cells (MCF-7 cell line). FACS analysis of
untreated cells (Figure 3E) and treated with Deuto-Lipid only
(Figure 3F) did not show any cell population with extra
fluorescence above the non-specific cell background. In sharp
contrast, ¥95% of cells treated with Deuto-DOX-NPs showed a
positive response (Figure 3G) while only ~70% of free-DOX
treated cells were positive, as summarized in Figure 3H.
Cellular internalization, visualized by fluorescence imaging,
was achieved in a significant population of cells treated with
Deuto-DOX and free DOX. On the other hand, untreated cells
or cells treated with deuto-Lipid did not show any noticeable
increase in background fluorescence of cells (Figure 31-J).
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Figure 4. (A) Bright field and Raman intensity maps at (B) 2922
(vC-H) cm™ and (C) 2230 cm™ (vC-D) of untreated breast
cancer cells. (D), (E) and (F) show the same images except the
cells are treated with Deuto-Lip-NPs. (G) DOX fluorescence and
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the average Raman spectra from native and drug treated cells
and nanoparticles. (H) Representative bright field image and
fluorescence image (l) of the DOX treated breast cancer cells.

After establishing the integrity of Deuto-DOX-Lipid vesicles,
and their cell internalization efficiencies, we resorted to
Raman spectroscopic imaging to estimate abundance and
visualize distribution of Deuto-lipid and DOX in cells. Shown in
Figure 4 are the (A, B) optical brightfield and Raman images of
MCF cells with no nanoparticles. Raman intensities were
measured by plotting the v-CH (B) and v-CD (C) bands at 2230
cm™. Since there were no spectroscopic features at the v-CD
region of the cells, image 4C results from scattering of the
incident laser light. In comparing corresponding images
obtained from Deuto-Lipid treated cells using the same
analyses, we noted a significant change in the image pattern.
In Figure 4 E and F, measured similar to B and C, the image
based on v-CH intensity outlines the cells while v-CD image
shows the presence of the Deuto-Lipid. In comparison, when
only DOX was incubated with the cells, we observed a
significant fluorescence contribution (Figure 4 1), that was
integrated from a 2nd polynomial fit to the spectra. DOX was
found to be distributed in no particular pattern in the cell. For
clarity the bright field images corresponding to each of these
measurements are displayed in A, D and H. The spectral
properties of cells and the nanoparticles are summarized in
Figure 4G, which shows comparative spectra and changes in
treated cells as expected.

To address the stability of DOX inside vesicles of Deuto-
Lipids, Raman images from blank cover slides, and dry Deuto-
DOX deposited on cover slides were measured. Figure 5(A)
showed the fluorescence image of the Deuto-DOX on the
coverslips, while the inset displays the same image from the
blank cover slip. Figure 5(B) and (C) display the Raman images
corresponding to the intensities obtained at 2250 em™ (v-CD)
and 1260 cm™ (drug), with the insets displaying the Raman
image from the blank cover slips. Since the drug fluorescence
interferes with the v-CD region, complementary infrared
spectroscopic images of the same were acquired that are
shown in (D) and (E). Also a protocol was followed, as
mentioned in the supplementary section to de-convolute the
fluorescence from the C-D Raman spectra. For each of the
conditions, the images were subjected to the analysis
mentioned above. We note distinct spectral features arising in
the 2150-2350 cm™ region that is characteristic of the C-D
vibrations as evidenced in the Deuto-lipid nanoparticles
(Figure 1F), while they are absent in the average spectrum of
the cell. For the Raman spectra of Cellular matrix with Deuto-
DOX-NP, we observe a characteristic peak of the C-D stretch at
four wavelengths 2187 cm'l, 2220 cm'l, 2300 cm™ and 2320
em™ (Figure S3, cyan). Both the images (D and E) point to the
presence of drug and Deuto-lipids in the same region. Thus the
stability of the drug within the lipid nanoparticles and its co-
localization with the same was ascertained. Figure 5F shows
the average infrared spectra of the bare and DOX loaded
Deuto-lipid nanoparticles and the v—vCD peaks are highlighted
in (FI).

4| J. Name., 2012, 00, 1-3

For Deuto-DOX treated cells, Figure 5G displays the bright
field, while H plots the D-lipid-NPs, DOX and cellular
distribution in a single image. The individual contributions are
displayed separately in (I-K) that is measured in a similar
fashion as in Figure 4. These observations point to the
presence of DOX and the lipid NPs in the same region.
Presence of cellular regions is displayed in panel J, which
results from the pixels with intensity at the amide | region
after proper baselining was achieved to eliminate fluorescence
contributions. Regions corresponding to the intensity
corresponding to the Deuterium species (2230 cm"l) fill up the
partial void in panel K and implies the presence both cellular
species and lipid nanoparticles. Select region as pointed out in
(H) has all the three contributions: cellular, D-Lipid NPs and
DOX. A significant overlap between the DOX and D-lipid-NPs
can be noticed that can account for the co-localization of the
drug with the nanoparticles, while the separated region (red)
points to the drug released region.
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Figure 5. (A), (B) and (C) fluorescence, Raman images of the
Deuto-DOX-NPs. Insets show the images corresponding to a

This journal is © The Royal Society of Chemistry 20xx
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blank coverslip. (F) compares the IR spectra of Deuto-lipid-NPs
to the Deuto-DOX-NPs and we isolate spectral regions
corresponding to the drug and nanoparticle. (D) and (E) display
the intensity profile corresponding to the drug and lipids for
Deuto-DOX-NPs after drying on a low E slide. (G-K) displays the
fluorescence and Raman images of cells treated with Deuto-
DOX-NPs at different conditions discussed in the text. H is the
collective image of |, J and K taken together; (L) and (M) shows
the fluorescence confocal images of cells without and with
Deuto-DOX respectively.

Finally, the functional ability of loaded DOX was verified in
two breast cancer cell lines, namely MCF-7 and MDA-MB231.
Formulations were delivered in cells and incubated for 42h
before visualizing under microscope to evaluate the effect of
DOX on cell growth density and morphology. A significant loss
of cell growth density was reported in MCF-7 cells treated with
Deuto-DOX (Figure 6B) and free DOX (Figure 6C) compared to
untreated cells (Figure 6A) while vesicles from Deuto-lipids
(Figure 6D) did not show any particular variation. An MTT
assay showed the effects of various treatments on MCF-7
(Figure 6E) and MDA-MB231 cells (Figure 6F). While MCF-7
cells are tumorigenicc, MDA-MB231 display strong
characteristics of metastatic disease, likely explaining the
difference in behaviour that we observe.
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Figure 6. Growth regression analysis on treated cells. Bright
field image of MCF-7 cells (A) untreated and treated with 0.1
mg/mL of (B) Deuto-DOX; (C) DOX and (D) Deuto-lipid. Viability
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COMMUNICATION
assay on MCF-7 (E) and MDA-MB231 (F) at various
concentrations of the used formulation.

A similar observation can be made for regions with smaller
intensity ratios of the v-CH to v-CD (< 0.5) surrounding the
DOX and highlighted in Figure S2, which could result from the
release of the DOX from the Deuto-Lipid vesicles. Conventional
methods of tracking and visualizing drug internalization are
greatly dependent on fluorescence confocal based techniques,
where the success of the method is heavily relied on the
intrinsic fluorescence of the drug (e.g. DOX). The interference
of the DOX fluorescence with the C-D vibrational mode is
clearly evident in the Raman spectra and select protocols if
properly implemented can de-convolute the Raman spectra of
the particles from the fluorescence as evident in Figure S3
(supplementary section), outlining the C-D spectra in the 2100-
2400 cm™ ranges and identifying the peak that was used to
plot the intensity maps. Fluorescence confocal results
substantiates the internalization and nuclear abundance of
DOX fluorescence (red) as evident in and around nucleus of
the cells stained with DAPI (blue). (Figure 5L-M). However, we
demonstrate for the first time that for drug molecules with low
or no inherent fluorescence, vibrational spectroscopic
techniques would be a great choice for their intracellular
tracking. To avoid thermal oscillations in the spectra, low-E
slides were used to acquire Raman spectra. As evident, the
Raman intensities of the C-D modes are low, but discernible.
Future imaging applications are going to be addressed with
Stimulated Raman measurements.

Conclusions

In summary, we designed a model system to study intracellular
trafficking of nanoparticles and encapsulated drug. The system
showed well defined morphology with stable nano-suspension
in aqueous medium. Deuto-DOX was found to have a mono-
layered structure with encapsulated DOX, which was verified
by x-ray diffraction, spectroscopic, imaging and FACS analyses.
Spectroscopic imaging studies revealed the co-localization of
DOX and deuterated lipid molecules inside cellular cytoplasm
with finer details. It was also established that loaded DOX was
functionally active in breast cancer cells to significantly reduce
cancer cell growth with loss in growth density and
morphology. In conclusion, Deuto-dox-NPs are designed as a
model system to study simultaneous trafficking of drugs and
their carriers. We report a successful strategy of identifying the
carrier molecules with vibrational spectroscopy followed by
plausible tracking of the release of payload within the cells.
Tracking of drugs and function can be widely applicable to
several other drugs with same or other carrier agents with
feasibility of being deuterated.
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