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ABSTRACT A continuing goal of nanopartice (NP)-mediated drug delivery (NMDD) is
the simultaneous improvement of drug efficacy coupled with tracking of the intracellular
fate of the nanoparticle delivery vehide and its drug cargo. Here, we present a robust
multifunctional liquid crystal NP (LCNP)-based delivery system that affords facile
intracellular fate tracking coupled with the efficient delivery and modulation of the
anticancer therapeutic doxorubicin (Dox), employed here as a model drug cargo. The LCNPs
consist of (1) a liquid crystal cross-linking agent, (2) a homologue of the organic
chromophore perylene, and (3) a polymerizable surfactant containing a carboxylate
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spectrally tuned particle tracking and encapsulation of amphiphilic and/or hydrophobic agents for intracellular delivery. The carboxylate head groups enable

conjugation to biologicals to facilitate the cellular uptake of the particles. Upon functionalization of the NPs with transferrin, we show the ability to differentially

label the recydling endocytic pathway in HEK 293T/17 cells in a time-resolved manner with minimal cytotoxicity and with superior dye photostability compared to

traditional organic fluorophores. Further, when passively loaded with Dox, the NPs mediate the rapid uptake and subsequent sustained release of Dox from within

endocytic vesicdes. We demonstrate the ability of the LCNPs to simultaneously serve as both an efficient delivery vehicle for Dox as well as a modulator of the drug's

cytotoxicity. Specifically, the delivery of Dox as a LCNP conjugate results in a ~40-fold improvement in its ICs, compared to free Dox in solution. Cumulatively, our

results demonstrate the utility of the LCNPs as an effective nanomaterial for simultaneous cellular imaging, tracking, and delivery of drug cargos.
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he burgeoning field of nanoparticle
T(NP)-mediated drug delivery (NMDD)

offers much to overcome many of the
issues associated with the systemic delivery
of conventional therapeutics, particularly
those that are insoluble or highly toxic.'
As this nascent field is still predominantly in
the research phase, a key requirement con-
tinues to be the development of “proto-
typical” nanoparticle materials that can be
extensively utilized to design, characterize,
improve and provide all the necessary
knowledge for understanding how NPs
and their cargos interact with targeted
cells.>* Ideally, such prototypical NPs would
provide several key features including (1)
facile, large-scale synthesis of relatively
small NPs (diameter < 100 nm) character-
ized by monodisperse populations, (2)
amenability to bioconjugation for delivery
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to and uptake by targeted cells, (3) a core
environment favoring the hosting of am-
phiphilic and/or hydrophobic agents, (4)
low cytotoxicity and (5) the ability to moni-
tor and track the particles with both spatial
and temporal resolution. One effective
means to achieve the latter feature is via
fluorescence, yet incorporating this func-
tionality has its own set of ideal require-
ments. These include high quantum yield,
long-term photo- and chemical stability and
a tunable spectral output to allow for multi-
plexing, ie., simultaneous monitoring of
multiple colors.

Although there are several available and
well-characterized NP materials that do pro-
vide some combination of the above prop-
erties, each of these materials are also
hindered by several liabilities. For example,
luminescent semiconductor quantum dots
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are technically challenging to synthesize, are not that
easily bioconjugated and are still plagued by concerns
surrounding their long-term toxicity in vivo.> Although
quite promising, fluorescent gold nanoclusters are not
fully understood and generally manifest rather modest
quantum yields.%” Commercial dye-impregnated mi-
crospheres tend to be quite large in size, thus render-
ing cellular uptake a formidable task,%° and they do not
offer the possibility of sustained release of drug cargos.

We have previously reported on the synthesis and
physical characterization of liquid crystal-based NPs
that manifest many of the desirable photophysical
properties described above.'® These fluorescent NPs,
referred to herein as liquid crystal nanoparticles
(LCNPs), provide multifunctionality by marrying three
molecular components into a single NP composite:
(1) a nematic diacrylate liquid crystalline cross-linker,
(2) a derivative of the chromophore perylene and (3) a
polymerizable monoacrylate amphiphile with a car-
boxylate headgroup that caps the nanoparticle. The
LCNPs are synthesized using an established miniemul-
sion technique to thermally polymerize the compo-
nents and create stable NP materials as an aqueous
colloidal suspension.'®'" By varying the mole ratio of
perylene to diacrylate liquid crystal, the aggregation
number of the perylene chomophore within the parti-
cle is discretely controlled, thereby allowing the peak
fluorescent emission to be tuned over a wide range of
the visible spectrum (~540—620 nm).'° The incorpora-
tion of perylene into the LCNPs provides high quantum
yield (increasing from ~0.6 to a remarkable 1.0 as the
peak emission is blue-shifted) and imparts photo- and
chemical stability, an important characteristic for their
usefulness in fluorescence-based biological applica-
tions. Additionally, the headgroup of the surfactant
allows conjugation of the LCNPs to a range of bio-
molecules via standard EDC chemistry. As a proof of
principle, we have previously demonstrated the effec-
tiveness of the LCNPs as a fluorescent tracer in a
sandwich immunoassay for the detection of the pro-
tein toxin ricin."’

In this report, we evaluate the utility of these de-
signer nanomaterials for targeted cellular uptake, long-
term multicolor fluorescence labeling/tracking and the
delivery of the amphiphilic anticancer drug doxorubi-
cin (Dox). Differentially emissive nanoparticles were
synthesized and covalently coupled to the iron trans-
port protein transferrin (Tf) to facilitate their endocytic
uptake by human embryonic kidney (HEK 293T/17)
cells. We then use a time-resolved delivery strategy to
realize the multicolor labeling of distinct cross sections
of the recycling endocytic pathway and show the
superior photostability of the materials relative to
traditional probes for tracking the endocytic pathway
in these same cells. Finally, we demonstrate that when
passively loaded with Dox, the LCNP-Tf conjugates
effectively deliver the drug to the nucleus of HEK
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293T/17 cells, resulting in the controlled modulation
of the cytotoxicity of this widely used, yet highly toxic,
cancer therapeutic. The delivery of Dox as a LCNP-Tf
conjugate results in a ~40-fold improvement in its 1C5q
(when expressed in terms of NP concentration) com-
pared to when Dox is delivered free in solution. Such
improvements have been difficult to attain and are
strongly dependent on the NP formulation used for
Dox delivery.'? Cumulatively, our work presented here
demonstrates the utility of LCNPs as an efficacious new
nanomaterial for simultaneous cellular labeling, track-
ing and drug delivery.

RESULTS

Synthesis and Characterization of LCNPs. Aqueous colloi-
dal suspensions of LCNPs were synthesized using a
two-phase miniemulsion technique as described pre-
viously.'® They consist of a perylene derivative (PERC11),
a liquid crystalline cross-linking agent (DACTP11) and a
monoacrylate carboxylate headgroup (AC10COONa).
The chemical structure of each component molecule is
shown in Figure 1A. Heating of the emulsion induces
thermal polymerization of the acrylates, thus creat-
ing a polyacrylate nanoparticle primarily composed of
DACTP11 and capped with ACT0COONa. A schematic
of this process is shown in Figure 1B. The inclusion of
perylene provides a strong fluorescence signature to
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Figure 1. Liquid crystal nanocolloids (LCNPs). (A) Nanocol-
loids are comprised of a perylene-based dye (PERC11), an
acrylate liquid crystal cross-linking agent (DACTP11) and a
carboxyl-terminated polymerizable surfactant (AC10COONa).
(B) Miniemulsion process used to synthesize colloidal nano-
particles in an aqueous suspension. Stirring and sonication of
the two-phase water—organic system results in micelle en-
capsulation of the dye and cross-linker and capping of the
micelles with surfactant. Subsequent thermal polymerization
stabilizes the micelles into nanoparticles.
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Figure 2. Characterization of LCNPs and LCNP bioconjugates. (A) LCNP spectra showing the absorption spectrum (dashed
black line) and the fluorescence emission spectra of the PER103 (green) and PER104 (red) LCNPs used in this study. (B) Size
distribution of LCNPs. Nanoparticle size distribution of PER103 (left) and PER104 (right) LCNPs as determined using a
Nanosight Particle Tracking System. Error bars represent standard deviation of three experimental preparations. Inset: SEM
image of nanoparticles (scale bar, 100 nm). (C) Conjugation of LCNPs to human transferrin (Tf). Conjugates were analyzed by
1.5% agarose gel electrophoresis. Unconjugated NPs (—Tf) migrate toward the cathode (+), while Tf-conjugated NPs (+Tf)
display minimal electrophoretic mobility and remain at the anode (—).

the LCNPs. As previously reported, the mole percen-
tage of perylene dye relative to the DACTP11 cross-
linker can be varied to control the aggregation number
of the dye, resulting in tuning of the peak fluorescence
emission between 540 and 620 nm (under 488 nm
excitation).'® Two LCNP species were used in these
studies, referred to as PER103 and PER104. In the
PER103 and PER104 LCNPs, the mole percentage of
PERC11 relative to DACTP11 was 0.5 and 4.1%, respec-
tively. This resulted in well-separated peak emissions at
540 and 620 nm (Figure 2A), thus allowing for the two
LCNP populations to be spectrally resolved with stan-
dard fluorescence filter sets (see Supporting Information
(SD)). At the mole percentages of PERC11 incorporated
into each population, the quantum yields of PER103 and
PER104 were calculated to be 1.0 and 0.7, respectively.
Following centrifugation of the colloidal suspension to
reduce both the size and the inherent polydispersity
from synthesis, the average hydrodynamic diameter of
the LCNP samples were determined using Nanosight
Tracking Analysis. The results showed the average
particle diameter to be ~60—70 nm (Figure 2B), which
was confirmed using SEM (Figure 2B, inset).
Bioconjugation and Cellular Uptake of LCNP-Tf Conjugates.
To facilitate the cellular uptake of the LCNPs for label-
ing and imaging, human transferrin (Tf) was conju-
gated to the available terminal carboxyl functional
groups of the solubilizing surfactant using carbodii-
mide chemistry. Analysis by gel electrophoresis con-
firmed the successful conjugation of Tf to both the
PER103 and PER104 LCNPs as the resulting bioconjugates
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exhibited a significantly reduced migration compared to
the unconjugated control LCNPs (Figure 2C). These
results confirmed the consumption of free carboxyl
groups on the LCNP surface due to conjugation. Given
the average LCNP surface area of 1.3 x 10* nm? (average
NP diameter ~65 nm), the surface area of Tf available to
contact the NP surface (~47 nm?)' and an average
valence of ~15 Tf per LCNP (see Materials and Methods),
this corresponds to ~6% coverage of the NP surface by
the appended Tf molecules.

The decoration of the LCNPs with Tf facilitated their
specific uptake by HEK 293T/17 cells, as shown in
Figure 3A. Incubation of the LCNP-Tf conjugates
(50 nM) with cell monolayers for 1 h resulted in their
endocytosis and a classical punctate and perinuclear
morphology that is characteristic of Tf-mediated NP
uptake."*™"® Under these conditions, an uptake effi-
ciency of ~75% was routinely observed across multiple
delivery experiments. Similar cell uptake results were
obtained with Tf conjugates of PER104. The cellular
uptake of the LCNPs was specific for the presence of
the Tf ligand as no detectable fluorescence was ob-
served in the LCNP channel for the Tf-free NPs, indicat-
ing minimal nonspecific binding of the as-synthesized
NPs to either the plasma membrane or cell surface
receptors/moieties over the incubation time regimes
employed here (S, Figure S2). Additionally, the pre-
sence of soluble transferrin during incubation of the
LCNP-Tf conjugates with cell monolayers inhibited
binding and subsequent uptake of the conjugates
(SI, Figure S2). Further, control imaging experiments
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Figure 3. Cellular delivery of LCNP-transferrin conjugates. (A) Cellular uptake of LCNP-Tf conjugates. PER103 LCNPs
conjugated to transferrin (PER103-Tf) were incubated at 50 nM (final LCNP concentration) with HEK 293T/17 cell monolayers
for 1 h followed by fixation, staining and imaging as described in Methods. Images correspond to differential interference
contrast (DIC), nuclei (DAPI), LCNP (PER103-Tf) and merge. Scale bar, 50 um. (B) Cytotoxicity of LCNP-Tf conjugates. Shown are
cellular viabilities of HEK 293T/17 cells after 1 h incubation with LCNPs or LCNP-Tf conjugates (and subsequent 72 h culture) as

determined by MTS assay.

showed no detectable crosstalk between the PER103
and PER104 channels employing the image acquisition
parameters used for imaging the Tf conjugates (SI,
Figure S3). This latter observation is a critical require-
ment for performing the two-color labeling/tracking
experiments detailed herein (vide infra). Finally, but no
less important, the LCNPs and their corresponding Tf
conjugates were well tolerated by HEK 293T/17 cells,
showing only modest effects on cellular proliferation.
Standard cytotoxicity assays (MTS) showed that cells
incubated with both Tf-free LCNP species exhibited cell
viabilities of ~90% at the highest concentration tested
(100 nM), while at the 50 nM concentration used for
delivery experiments, the PER103-Tf and PER104-Tf
conjugates showed comparable effects on cellular
proliferation (Figure 3B).

LCNP-Tf-Mediated Differential Labeling of the Recycling
Endocytic Pathway. Having established the efficient and
specific Tf-mediated cellular uptake of the LCNPs, our
goal was to next use these conjugates in a combina-
torial fashion to take advantage of their superior
photostability for extended differential labeling and
tracking of the endocytic pathway. Here, we leveraged
our previous spatiotemporal labeling approach where
we demonstrated the ability to differentially label early
and late endosomal vesicles in a spatiotemporal man-
ner using QDs appended with polyarginine cell pene-
trating peptides, proteins or commercial transfection
reagents, respectively.’®?® As shown in Figure 4A,
when both LCNP-Tf conjugates (50 nM) were incu-
bated simultaneously with HEK293T/17 cell monolayers
for 30 min, a nearly identical staining morphology was
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observed in both the PER103-Tfand PER104-Tf channels,
indicating a high degree of coloading of the NPs within
the same endocytic vesicles. This coloading was evi-
denced by the significant amount of yellow colocaliza-
tion in the merged image panel and confirmed by
quantitative image analysis which showed ~89% colo-
calization of the green and red signals (SI, Table S2).
When a staggered delivery regimen was employed,
however, it was clear that distinct cross sections of
endocytic vesicles could be labeled with the materials.
For example, loading the cells with the green-emitting
PER103-Tf materials first and then culturing the cells in
growth media for ~18 h followed by delivery of the red-
emitting PER104-Tf LCNPs resulted in a significant de-
crease in the degree of colocalization to ~49%, indicat-
ing the labeling of distinct endocytic compartments
(Figure 4B, SI Table S2). The converse experiment
(i.e., delivery of red-emitting NPs followed by green-
emitting) yielded comparable colocalization results; the
degree of overlap was reduced to ~53% (Figure 4C, SI
Table S2). In both delivery iterations, we observed no
deleterious effects on the fluorescence emission or
brightness of either LCNP species, even when the
LCNPs were delivered first and then cultured intracel-
lularly (localized within the slightly acidic endosomal
compartments) for 18 h. This result demonstrated the
remarkable intracellular chemical and photostability of
the materials and prompted us to directly compare
their intracellular photostability to commercial prep-
arations of AlexaFluor-transferrin conjugates. These
materials are among the most commonly used pro-
bes for tracking the recycling endocytic pathway.?'
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Figure 4. Differential labeling of the recycling endocytic pathway with LCNP-transferrin conjugates. Endosomal compart-
ments of HEK 293T/17 cells were labeled with 50 nM PER103-Tf (green) and 50 nM PER104-Tf (red) conjugates. (A) Two-color
simultaneous delivery and labeling of endosomes. (B,C) Two-color, staggered delivery and labeling: (B) PER103-Tf, day one/PER104-
Tf, day two; (C) PER104-Tf, day one/PER103-Tf, day two. Shown are DIC, DAPI, PER103- and PER104-Tf channels and merged
fluorescence images of the LCNP channels. Yellow arrows indicate regions of colocalization of the two LCNP species; green and red
arrows correspond to areas of noncolocalization where the color of the arrow indicates the predominate color at that location.
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Figure 5. LCNP-transferrin conjugates display superior intracellular photostability compared to organic dye-transferrin
conjugates. (A) Fluorescent micrographs of the time-resolved fluorescence intensities of intracellular PER103-Tf, PER104-Tf,
AxFluor 546-Tf and AxFluor647-Tf conjugates under continuous excitation with a Xe arc lamp. (B) Quantification of the time-
resolved fluorescence intensities for the images in (A). Data shown are the average + SD of at least 10 regions of interest in
each image. AxFluor = AlexaFluor. Scale bar, 50 um.

As shown in Figure 5A, under conditions of constant
illumination by the Xe arc lamp both LCNP-Tf materi-
als displayed superior extended photostability com-
pared to AlexaFluor-546 and 647 conjugates of Tf.
Quantification showed that the LCNPs retained ~80%
of their fluorescence intensity over the 60 s illumination
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time frame, while the fluorescence emission of both
organic dye Tf conjugates was completely bleached
(Figure 5B).

LCNP-Tf-Mediated Dox Delivery and Cytotoxicity. Given
their excellent cellular uptake, labeling and photo-
stability properties, we sought to take advantage of

AR
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the hydrophobic nature of the LCNP core to act as a
host for doxorubicin (Dox), an amphiphilic chemother-
apeutic, for simultaneous multicolor NP-mediated drug
delivery and tracking. Our aim was to use the s-stacked
environment of the LCNP to drive the partitioning of the
Dox into the NP core. We employed the PER104-Tf
LCNPs as the NP delivery vehicle as its emission spec-
trum was sufficiently red-shifted to be distinct from that
of Dox, eliminating channel crosstalk with appropriate
filter sets (SI Figures S1, S3). Given the ample surface area
available on the LCNP surface after conjugation to Tf
(est. >90%) and the sufficiently hydrophobic nature of
Dox (log P = 2.82),%% we expected efficient sequestration
of the Dox within the LCNP core. After incubating the
LCNPs in D-PBS with a molar excess of Dox, the removal
of unincorporated Dox by size-exclusion chromatogra-
phy resulted in PER104-Tf NPs with ~50 + 9 Dox
molecules associated per NP as determined by differ-
ential absorbance spectroscopy (S|, Figure S4).

Cellular delivery experiments next confirmed the
successful cellular uptake of NPs carrying the Dox
cargo and its subsequent intracellular release. The
fluorescence micrographs in Figure 6A show the re-
sulting time-resolved signals of the LCNP-Tf conjugates
and the Dox cargo at various time points after initial
incubation of the complexes with cell monolayers.
Here, 50 nM PER104-Tf LCNPs carrying a Dox cargo
(~2.5 uM total Dox load) were incubated with HEK
293T/17 cells for 1 h. After removing the NPs, the cells
were then cultured in growth medium for various time
points to allow for the passive efflux of Dox from the
LCNP core. As expected, 2 h after this initial incubation
period the PER104-Tf NPs were localized within endo-
somes, indicating no inhibitory effect on cellular NP
uptake by the Dox cargo. Notably, the Dox signal was
completely colocalized with the LCNP signal, demon-
strating the sequestration of the Dox within the same
endosomal compartments. In contrast, control experi-
ments showed that after a 2 h incubation with free
Dox (1 uM), a measurable fluorescence signal of DNA-
bound Dox was already apparent in the nucleus, and
this signal continued to increase in a dose- and time-
dependent manner (S, Figure S5A). Such kinetics for
free Dox uptake are consistent with previous reports.?
Dox internalization was also coupled with a concomi-
tant decrease in nuclear size due to chromatin con-
densation (SI, Figure S5B).2*2 A similar endosomal
colocalization of the LCNPs and Dox was observed at 4
h. Additionally, DIC imaging showed no aberrations in
cellular appearance; cells displayed their typical flat-
tened, attached morphology. At 12 h, however, a
distinct separation of the NP and Dox signals was
observed, with the LCNP signal remaining exclusively
punctate/endosomal while the Dox fluorescence was
a mixture of punctate and diffuse, consistent with
the retention of a portion of the Dox in endosomes
while a percentage escaped and entered the nucleus.

SPILLMANN ET AL.

Dox presumably enters the nucleus via its diffusion
through the nuclear pore complexes of the nuclear
membrane.?” We also noted an increase in the number
of rounded/clumped, loosely adherent and fully de-
tached cells at this point, clear evidence of Dox-in-
duced cytotoxicity.?®?° At 48 h, the LCNPs remained
fully endosomal while the Dox signal was increasingly
nuclear in appearance, although a portion of the Dox
signal still remained within endosomes. Notably, a signifi-
cant loss of cells due to total cellular detachment occurred
making it difficult to locate fields containing more than
two to three cells during imaging, clear evidence once
again of Dox-induced cell death at this time point.

To determine the kinetics of nuclear accumulation
of LCNP-Tf-delivered Dox, we compared the time-
resolved fluorescence intensities of the nonendoso-
mal/nuclear Dox when delivered via the NPs to those
corresponding to the nuclear accumulation of free
Dox. Similar fluorescence-based approaches have
been described for intracellular Dox quantification.>
The data in Figure 6B clearly show the disparity in
kinetics of Dox nuclear accumulation between free Dox
versus when Dox was delivered as a PER104-Tf NP
complex. Dox taken up from bulk solution displayed
linear nuclear accumulation kinetics while the LCNP-Tf-
delivered Dox followed a sigmoidal trajectory. While
completely endosomal through 4 h, at the 12 h time
point the intensity of the nuclear Dox signal delivered
from the NPs approached that of ~1 uM free Dox and
did not increase beyond that level through 48 h.
Punctate Dox signal remained evident even at the 48
h time point indicating that not all of the Dox had been
released from within endosomes. These data support
the sustained, passive efflux of the Dox from within the
LCNP core and strongly suggest that most if not all of
the NP-associated Dox was originally contained within
the LCNP core. Were the majority of the Dox merely
nonspecifically associated with the NP surface, a more
linear kinetic profile of its nuclear accumulation ap-
proximating that of free Dox would have been ex-
pected. These data also demonstrate that not all of the
LCNP-loaded Dox was released from within endo-
somes, a characteristic that has been observed in other
NP-based Dox delivery systems.'?

Finally, we compared the effects of free Dox deliv-
ery versus LCNP-Tf delivered Dox on cellular prolifera-
tion by performing MTS cytotoxicity assays on various
permutations of the PER104 LCNP and Dox materials.
As shown in Figure 6C, the PER104 and Tf conjugates of
PER104 elicited minimal effect on cellular viability,
confirming our previous results (see Figure 3). The
delivery of free Dox yielded an ICso of 151 + 42 nM,
in good agreement with published values attained
across a variety of cell lines.">*3? The delivery of
Dox as a LCNP complex, however, clearly demon-
strated the ability of the NP to not only mediate Dox-
induced cytotoxicity but to also modulate the ICsq of
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Figure 6. Time-resolved assessment of cellular uptake of Dox-loaded PER104-Tf LCNPs and associated cytotoxicity. (A) Time-
resolved fluorescence tracking of intracellular PER104-Tf and Dox. Shown are DIC, fluorescence images of the PER104-Tf and
Dox channels and merged images of the fluorescence channels. At 2 and 4 h after initial incubation with the materials, the
PER104-Tf and Dox signals are colocalized within endosomes and punctate (yellow merged color indicated by yellow arrows).
At 12 h a separation of the PER104-Tf signal from the Dox signal was observed. At 48 h the free Dox signal adopted a clearly
nuclear morphology, while a portion of the Dox remained sequestered within endosomes colocalized with PER104-Tf. Yellow
arrows denote colocalized LCNP and Dox signal, while white arrows (circle tail) indicate diffuse Dox signal that is separated
from the punctate LCNP signal. For clarity, a representative cell is shown with its cell periphery outlined in white and the
nucleus outlined in blue. Scale bars: 2 h and 4 h, 50 um; 12 h and 48 h, 100 um. (B) Quantitation of intracellular Dox
fluorescence. The time-resolved average pixel intensities of the nonendosomal/nuclear Dox signal delivered via PER104-Tf
LCNP conjugates were plotted along with those corresponding to Dox delivered free in solution (SI, Figure S5A) to estimate
the nuclear Dox concentration attained via delivery as a PER104-Tf LCNP complex. Analysis shows the average pixel
intensities = SD of multiple ROIs from a minimum of 30 cells. The data are representative of experiments performed in
duplicate. (C) Quantification of PER104-Tf-mediated Dox cytotoxicity. PER104-Tf, PER104-Tf-Dox or free Dox were incubated
on HEK 293T/17 cell monolayers for 1 h and then the media was removed. PER104-Tf-Dox contained ~50 Dox molecules per
LCNP. Cells were washed and cultured in growth medium for 72 h prior to MTS assay. Curvefits were performed by a fit of the
data to a sigmoidal function to determine the IC5,. Dashed lines indicate the 1C5, values for LCNP-Tf-Dox (magenta) and free
Dox (green).

Dox in a controlled manner. Delivery of Dox as a LCNP- to ~180 nM Dox taking into account the Dox loading
Tf conjugate yielded an ICsq of 3.5 £+ 1.2 nM (expressed per NP. Of particular note, this IC5y value corresponds
in terms of LCNP concentration) which corresponds to a PER104-Tf concentration at which HEK 293T/17
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cellular viability was ~90% for the unloaded NPs,
clearly demonstrating the ability of the LCNP materials
to serve as an effective Dox delivery system at a
concentration at which the NPs are largely innocuous
to cellular health and viability.

DISCUSSION AND CONCLUSIONS

A chief aim of nanotechnology continues to be the
development of multipurpose NP materials capable of
simultaneously performing a range of disparate func-
tionalities within biological settings (e.g., cells, tissues,
whole organisms). Among the list of desired capabil-
ities are cellular targeting, labeling/imaging, structure
tracking and drug/cargo delivery coupled with mini-
mal off-target toxicity. To achieve this requires the
marrying of colloidally stable, brightly fluorescent (or
otherwise reportable) and photostable NP materials
with biologicals (e.g., peptides, proteins) for cellular
targeting while simultaneously incorporating a cargo-
carrying capacity. To date, approaches to realize such
materials have resulted in a range of NP formulations,
each having their own inherent benefits and liabilities.
Fluorescent dye-doped microspheres,**** supported
lipid bilayers,® silica NPs*® and liposomes®’>® com-
prise rather large NPs (diameter 100 nm— several microns)
which can impact cellular uptake and subcellular target-
ing.2° Further, details of their drug release kinetics are
only poorly understood. And while smaller NP constructs
such as QDs* and fluorescent gold nanoclusters* have
been shown to carry therapeutic cargos, the small surface
area of these “hard” NPs limits their overall drug loading
capability. Clearly, these limitations suggest a need for
new NP formulations to begin to overcome these issues.

In an attempt to address these limitations, we sought
to determine the potential utility of a new class of
colloidal NP, liquid crystal nanocolloids (LCNPs), as a
new multifunctional nanomaterial. Developed in our
laboratory, these fluorescent NP constructs employ a
liquid crystal cross-linker within a nanocolloid structure
to control the aggregation number of a highly fluores-
cent perylene dye. In recent years, liquid crystal moieties
have found increasing uses in biological imaging applica-
tions that extend beyond their traditional use in imaging
displays and microscopy filters.*' These include the
visualization of surface-immobilized oligonucleotides®
and the analysis of integrin receptor—substrate interac-
tions on the cell surface.**** Yet, the interfacing of liquid
crystal-containing materials with living cells for intracel-
lular imaging and tracking remains largely unexplored. In
the nanocolloid system described here, the liquid crystal
component serves multiple roles. First, it stabilizes the
fluorophore in either a monomeric or in a range of
stacked orientations. Increasing the aggregation state
of the perylene dye results in a red shift of the NP
emission; thus, the liquid crystal serves to spectrally tune
the NP emission. We have previously taken advantage of
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the brightness and photostability of these materials to
generate fluorescent labels for use in sensitive sandwich
immunoassays.'" Second, the liquid crystal core of the
LCNP provides a suitably hydrophobic environment for
the partitioning of amphiphilic drug cargos. This hydro-
phobic environment coupled with the ~60 nm diameter
of the LCNPs seeks to strike a balance between extremely
large NP size (hundreds of nm to um regime) that can
negatively impact cellular uptake®® and cargo carrying
capacity. Finally, the liquid crystal core serves to structure
and present water miscible surface ligands to the NP
surface where they are available for attachment to
biological moieties for cellular uptake.

In the present study, we selected Tf as the model
biological ligand for conjugation to the LCNPs for
several reasons. First, the role of Tf in the cyclic extra-
cellular binding of and intracellular transport of iron is
well characterized®*® and the endocytic pathway re-
mains the chief route of cellular uptake for most NP
materials and their surface-appended or interior-loaded
cargos. Methods for labeling and tracking of the endo-
cytosis machinery have typically relied on fluorophore
conjugates®™ or fluorescent protein fusions*® of Tf (or
other protein markers of the endocytic pathway (e.g.,
Rab5*° or early endosomal antigen 1°°). Such approaches
are potentially limited by the poor quantum yields or
photobleaching of the fluorophore label and while stud-
ies employing Tf conjugates of more photostable materi-
als (e.g., QDs”' or long-lifetime lanthanide chelates®?)
have been reported, the latter materials lack the cargo
carrying capacity of the LCNPs used here. Conjugation to
Tf afforded the specific uptake of the LCNP conjugates in
a manner that elicited minimal cytotoxicity at the 50—
100 nM concentrations required for robust cellular label-
ing. Importantly, the liquid crystal-based spectral tuning
of different LCNP populations coupled with Tf conjuga-
tion and staggered delivery regimes allowed for the
differential time-resolved labeling of distinct cross sec-
tions of recycling endosomes. In contrast to our previous
work where different ligand moieties (e.g., cell penetrat-
ing peptides and lipid-based transfection reagents) were
used to discern different populations of endocytic vesi-
cles with different QD populations,'® our approach herein
utilized a single ligand system, letting our choice of
delivery time dictate vesicle labeling and eliminating
the need to develop bioconjugation strategies for multi-
ple different biologicals. Thus, it represents a simplified
strategy for achieving time-resolved, two-color cellular
compartmental labeling. That the LCNPs exhibit superior
photostability compared to traditional labeling fluoro-
phores during imaging is equally important, and this may
be relevant to continued interest in using single particle
tracking for visualizing intracellular vesicle transport and
trafficking.>®

Perhaps the most exciting aspect of the LCNPs for
cellular imaging is their drug-carrying capacity as
demonstrated here. We selected Dox as our model
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drug cargo for this study not only because of its ability
to be visualized via its fluorescence but also because
there is continued interest in developing new cellular
targeting/delivery regimes for this first-line chemo-
therapeutic. Dox, while potent in the treatment of
many cancers (including cancers of the lung, ovary
and breast), manifests severe cardiotoxicity and other
off-target effects that limits its prolonged therapeutic
use.>® Our approach was to take advantage of the
amphiphilic nature of the Dox and the hydrophobic
interior of the LCNP to drive partitioning of Dox into the
core of the as-synthesized LCNPs. In contrast to other
strategies that incorporate drug cargos during NP
synthesis (e.g., encapsulation®>>°), which can result in
loss of drug efficacy, our strategy avails passive parti-
tioning of the drug cargo in to the NP post-NP synthesis
followed by facile separation. This strategy resulted in
LCNPs with ~50 Dox molecules loaded per NP and
delivery of these complexes clearly showed a time-
resolved cellular uptake and intracellular/nuclear dis-
tribution that was distinct from the kinetics of free Dox
uptake and nuclear accumulation; the presence of Dox
in the nucleus was observed as early as 12 h after initial
delivery. This provided strong evidence of successful
loading of Dox into the LCNP core. Importantly, the
release kinetics of Dox from within the LCNP-Tf con-
jugates represents an improvement from other re-
cently reported NP-based Dox delivery systems. For
example, using rod-shaped campothecin-containing
NPs in which Dox was encapsulated into the NP's protein
corona, Barua et al. observed nuclear Dox at 20 h after
initial incubation.° It was also evident that not all of the

MATERIALS AND METHODS

Materials. The nuclear stain DAPI (4,6-diamidino-2-
phenylindole), paraformaldehyde, HEPES (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid) buffer, doxorubicin hydro-
chloride and human transferrin were all purchased from Sigma
(St. Louis, MO) and used as received. Dulbecco's phosphate
buffered saline (D-PBS), DMEM containing 25 mM HEPES
(DMEM-HEPES) and AlexaFluor546- and AlexaFluor647-trans-
ferrin conjugates were obtained from Life Technologies (Grand
Island, NY). The Pierce BCA Protein Assay was purchased from
Thermo Scientific (Rockford, IL) and used according to manu-
facturer's instructions. All other materials were obtained as
noted in the text. N,N'-Bis(1-dec-9-enylundec-10-enyl)perylene-
3,4,9,10-tetracarboxylbisimide (PERC11) was synthesized as de-
scribed previously.”” In brief, perylene-3,4,9,10-tetracarboxyl-
dianhydride was reacted with 1-dec-9-enylundec-10-enylamine
(synthesized according to Feiler et al.>’) in the presence of zinc
acetate dihydrate and imidazole at 180 °C. The final product was
purified by column chromatography on silica gel. The synthesis
of the polymerizable surfactant AC10COONa and the liquid
crystal nematic cross-linking agent DACTP11 is described
elsewhere.®

Synthesis of LCNPs. Nanoparticle samples were prepared
using a two-phase miniemulsion procedure described pre-
viously.'®"" Briefly, liquid crystalline diacrylate cross-linking
agent (DACTP11), perylene dye derivative (PERC11) and a
thermal initiator were dissolved in chloroform and added to an
aqueous solution of carboxyl-terminated surfactant (AC10COONa).
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LCNP-loaded Dox was liberated intracellularly, as a por-
tion of the Dox remained sequestered within endosomes
48 h after the initial delivery of the LCNP-Tf-Dox con-
jugates. Still, cellular proliferation assays showed a re-
markable ~40-fold improvement in Dox-mediated cell
killing when the drug was delivered as a LCNP-Tf con-
jugate. Additionally, this was achieved at a NP concentra-
tion at which the drug-free LCNP-Tf conjugates were
largely innocuous to cells (cellular viability ~90%). These
results are exciting given the fact that not all NP formula-
tions of Dox have been able to achieve this.'? Further, our
results open the possibility for the incorporation of actua-
table moieties into the LCNP core to elicit the on-demand
release of Dox or other loaded cargos in response to
specific cellular stimuli.

In this work, we have introduced a new functional
nanomaterial with demonstrated utility for the simul-
taneous imaging, tracking and drug delivery in mam-
malian cells. The advantages of this NP system include:
their ease of synthesis and bioconjugation, small size,
physical and photostability, tunability of their fluores-
cent emission and the ability to partition amphiphilic
cargos to the core of the as-synthesized NP for efficient
drug delivery at nontoxic NP concentrations. Cumula-
tively, these qualities make the LCNPs an ideal NP
system for furthering our understanding of how to exert
fine control over materials at the nanoscale within the
context of living cells. Detailed knowledge of how to
more actively exert control over the release kinetics of
LCNP-embedded drugs (and other theranostic cargos)
will further our ability to realize tailored smart materials
for a range of NP-drug delivery applications.

The structures of the LCNP components and a schematic of the
miniemulsion procedure are shown in Figure 1. The liquid
crystal cross-linker orders and stabilizes the perylene dye
molecules into stacked assemblies via w—m molecular orbital
interactions. Stirring and sonication of the mixture produced a
miniemulsion consisting of small droplets of the organic ma-
terial surrounded by polymerizable surfactant in water. The
mixture was then heated to 64 °C to initiate the polymerization
of both the cross-linking agent and surfactant as the organic
solvent slowly evaporated to leave a NP suspension stabilized
by surfactant. In contrast to other conventional surfactants that
are physically adsorbed onto the NP surface and can induce loss
of colloidal stability, the polymerizable surfactant used herein
covalently binds to the liquid crystal cross-linking agent. Fol-
lowing synthesis, the NP suspension was centrifuged (~8000g
for 20 min) to reduce the average particle size and sample
polydispersity and any aggregated NPs appearing in the pellet
were discarded. The LCNPs remaining in the supernatant were
then further characterized for their PERC11 perylene dye and
DACTP11 liquid crystal content. The materials contained 0.5 and
4.1 mol % of the PERC11 to DACTP11 for the PER103 (green-
emitting) and PER104 (red-emitting) LCNPs, respectively.
Characterization of LCNPs. Following their synthesis, the con-
centration, size and spectral properties of the LCNPs were
determined. NP size and concentration were quantified using
a NanoSight LM10 imaging system (NanoSight, Ltd., U.K.). The
LCNP suspension was serially diluted to visualize the Brownian
motion of individual particles within the Rayleigh scattering
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regime to assign the average particle size and concentration.
For each sample, triplicate experimental runs were performed
and averaged. The size of the LCNPs was confirmed by scanning
electron microscopy (SEM) using a Leo Supra 55 electron
microscope (Carl Zeiss, Inc.,, Thornwood, NY). Absorbance mea-
surements of diluted LCNP samples were collected on a Cary
5000 UV—vis—NIR spectrophotometer (Agilent Technologies,
Santa Clara, CA). The fluorescent emission of LCNP suspensions
were collected on a Cary Eclipse Fluorescence Spectropho-
tometer (Agilent Technologies) using 488 nm excitation. The
quantum yield (¢), of the LCNPs has been reported previously'®
and was calculated using the comparative method described by
Williams et al.>®

Conjugation of LCNPs to Transferrin. PER104 LCNPs were cova-
lently conjugated to human transferrin (Tf) using carbodiimide
chemistry. Stock solutions of sulfo-N-hydroxysuccinimide
(sulfo-NHS, ~55 mM) and 1-ethyl-3-(3-(dimethylamino)propyl)
carbodiimide hydrochloride (EDC, ~100 mM) were prepared in
HEPES buffer (pH 7.0). An aliquot (10 uL) of EDC solution and
10 uL of sulfo-NHS solution were mixed with 200 uL of a LCNP
stock solution (~100 nM) and 270 uL HEPES pH 7.0 and stirred
for 15 min. To this solution was added ~5 mg of transferrin
protein. After stirring for 2 h, the reaction was briefly centrifuged
and the supernatant was subjected to size exclusion chroma-
tography using a PD-10 column equilibrated with PBS. The
collected colored band was passed through a 0.2 uM syringe
filter and analyzed by 1.5% agarose gel electrophoresis. The
concentration of transferrin in the PER104 LCNP conjugates was
determined by the bicinchoninic acid (BCA) protein assay using
human transferrin as a standard. The average number of
transferrin proteins per LCNP was determined by comparison
of the protein and LCNP concentrations and corresponded to
~12—15 transferrin molecules per LCNP.

Cell Culture. HEK 293T/17 (ATCC, Manassas, VA) were cul-
tured at 37 °Cin a humidified atmosphere containing 95% air/
5% CO,. Cells were cultured in complete growth medium
defined as follows: Dulbecco's Modified Eagle's Medium
(DMEM, purchased from ATCC) supplemented with 10% (v/v)
heat-inactivated fetal bovine serum (ATCC) and 1% antibiotic/
antimycotic (Sigma). Cells were cultured in T25 flasks and a
subculture was performed every 3—4 days. Cellular NP delivery
experiments were performed using cells between passages
3and 13.

Cellular Delivery of LCNPs. All LCNP delivery experiments were
performed on HEK 293T/17 cells that were seeded to the wells
(~1=2 x 10* cells/well) of LabTek 8-well chambered #1 bor-
osilicate coverglass (Nalge Nunc, Rochester, NY) that were
coated with fibronectin (5—10 ug/mL). Stock solutions of
LCNP-Tf conjugates were diluted in DMEM-HEPES and incu-
bated on cell monolayers at 37 °C for 1-2 h. The cells were
washed with Dulbecco's phosphate buffered saline (D-PBS, pH
7.4) followed by fixation with paraformaldehyde (3.7% in D-PBS)
for 10 min. Cell nuclei were stained with DAPI (2 £g/mL in D-PBS)
for 10 min at 25 °C. LCNP uptake efficiency (percent signal-
positive cells) was determined by analyzing images of at least
50—60 cells collected from random fields. Staggered deliveries
for the differential two-color labeling of the recycling endocytic
pathway were performed using a sequential two-day delivery
regime in which an initial cross section of recycling endosomes
was labeled with the first color of LCNP for 30 min to 1 h as
described above. The media containing the conjugates was
then removed and replaced with complete growth medium and
the cells cultured for ~18 h. Following this, a second cross
section of recycling endosomes was labeled with the second
color of LCNP by incubation of the LCNP-Tf conjugates with cells
for 30 min. Cells were then washed, fixed and processed as
described above. This two-color labeling technique was per-
formed in two iterations: PER103-Tf (green, day1)/PER104-Tf
(red, day 2) and vice versa.

Cellular Imaging of LCNP-Tf Conjugates. Cellular imaging was
performed using differential interference contrast (DIC) and
epifluorescence microscopy on an Olympus IX-70 inverted
microscope equipped with a 60x oil immersion lens. Samples
were excited using a Xe lamp and images were collected using
filter sets (in parentheses) as follows: nuclei (DAPI), PER103-Tf
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(fluorescein); PER104-Tf (Texas Red); AlexaFluor 546-Tf (Texas
Red); AlexaFluor 647-Tf (Cy5). Details of the filter cube config-
uration used herein are given in Table S1 (SI). Merged images
were generated using DP Manager software (Olympus, ver.
2.2.1.195) and were prepared for publication using Photoshop
CS2 (ver. 9.0). The degree of colocalization in the two-color
LCNP-Tf experiments was quantified using the JACoP plugin
(ver 2.0) within ImageJ (ver. 1.47).>° This utility determines both
the Pearson's correlation coefficient (the statistical measure of
the strength of the linear relationship between the fluorescence
intensities from the two images) and the percent colocalization
of pixels between the two images. For each two-color delivery,
five pairs of images (corresponding to a total of 49—81 cells)
were analyzed and the Pearson's coefficient and average
percent colocalization were determined.

Photostability of LCNP-Tf Conjugates. The intracellular photo-
stability of the LCNP-Tf conjugates was determined by time-
resolved imaging of LCNP-Tf-loaded cells while under constant
excitation over a 60 s time period. Fluorescence images of HEK
293T/17 cells were acquired every 10 s (~100 ms exposure time)
while the sample was under constant excitation. Fluorescence
intensities of selected regions of interest (ROI) were quantified
using ImageJ. A minimum of 10 ROIs within each image were
analyzed and results for each time point were reported as the
normalized mean fluorescence intensity relative to control
fluorescence intensity at t, (initial shutter opening)).

Loading of LCNPs with Dox. LCNPs and LCNP-Tf conjugates
were loaded with doxorubicin (Dox) by incubating the LCNPs
with a molar excess of Dox. PER104 and PER104-Tf LCNPs
(~100 nM final concentration) were incubated with 50 uM
Dox in D-PBS for 16 h at 25 °C in the dark with gentle agitation.
Unincorporated Dox was removed by size exclusion chroma-
tography using a PD-10 column equilibrated with D-PBS. Differ-
ential absorbance spectroscopy on the starting PER104-Tf
LCNPs and the Dox-loaded-PER104-Tf LCNPs was used to
quantify the concentration of Dox associated with the LCNP-
Tf conjugates. Analysis of triplicate preparations revealed the
number of Dox molecules associated with the PER104-Tf LCNPs
to be 50 + 9 Dox molecules per LCNP. The Dox remained
associated with the NPs for up to one month when stored at 4 °C
(data not shown).

LCNP-Tf-Mediated Cellular Delivery of Doxorubicin. The kinetics of
LCNP-Tf-mediated Dox delivery were determined by conduct-
ing time-resolved cellular delivery, imaging and fluorescence
quantification experiments. PER104, PER104-Tf, PER104-Tf-Dox
or free Dox were incubated in DMEM-HEPES on HEK 293T/17 cell
monolayers for an initial 1 h period. The LCNP concentration
used in these experiments was 50 nM. Following this, the media
containing the materials was removed, cell monolayers were
washed, fresh complete growth medium added, and the cells
subsequently cultured for 48 h. At various time points through-
out the culture period, the cell cultures were washed, fixed and
imaged using fluorescence microscopy to determine the intra-
cellular distribution of the LCNP-Tf conjugates and Dox. The
time-resolved accumulation of Dox in cell nuclei and nuclear
condensation was determined by the fluorescence imaging of
cells that were incubated with free Dox for 1 h then cultured for
various time points. Fluorescence intensities and nuclear size of
Dox-loaded cells were determined using ImageJ to generate
time-resolved standard curves of nuclear Dox concentration
and nuclear condensation. At least 10 ROIs each from a mini-
mum of 30 cells were analyzed in replicate experiments after
the background fluorescence corresponding to unlabeled cells
was subtracted from all images.

Cellular Proliferation Assays. The cytotoxicity of the LCNP con-
jugates was determined using the CellTiter 96 Aqueous One
Solution MTS Cell Proliferation Assay (Promega, Madison WI).
This assay measures the proliferation activity of cells that have
been incubated with a dose range of LCNP, LCNP-Tf or LCNP-Tf-
Dox constructs and is based upon the conversion of a tetra-
zolium substrate to a soluble formazan product by viable cells
following a suitable proliferation period. HEK 293T/17 cells were
seeded to the wells of 96-well tissue culture microtiter plates
(~5 x 10° cells/well). To each well was added DMEM-HEPES
containing increasing concentrations of LCNP-Tf conjugate and
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the materials were incubated on the cells for 2 h to emulate the
conditions used in NP delivery experiments. After incubation,
the materials were replaced with complete growth medium and
the cells were cultured for 72 h. After this proliferation period,
20 uL of the tetrazolium substrate was added to each well, and
color formation proceeded at 37 °C for 1—2 h. The absorbance
of the formazan product was read at 570 nm (absorption minima
for the LCNPs used in this study) and 650 nm (for subtraction of
nonspecific background absorbance) using a Tecan dual mono-
chromator multifunctional microtiter plate reader (Tecan, US.).
Absorbance values with the background subtracted were plotted
as a function of material concentration and reported as percent of
control cell proliferation (degree of proliferation of cells in cell
culture media only).
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