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ABSTRACT Active targeting of nanoscale drug carriers can improve cD44

receptor/y

o

tumor-specific delivery; however, cellular heterogeneity both within

and among tumor sites is a fundamental barrier to their success. Here,
we describe a tumor microenvironment-responsive layer-by-layer (LbL)
polymer drug carrier that actively targets tumors based on two

LbL

Nanoparticle \
Tumor

hypoxia

independent mechanisms: pH-dependent cellular uptake at hypoxic
tumor pH and hyaluronan-directed targeting of cell-surface (D44
receptor, a well-characterized biomarker for breast and ovarian cancer
stem cells. Hypoxic pH-induced structural reorganization of hyaluronan-LbL nanoparticles was a direct result of the nature of the LbL electrostatic complex,
and led to targeted cellular delivery in vitro and in vivo, with effective tumor penetration and uptake. The nanoscale drug carriers selectively bound (D44
and diminished cancer cell migration in vitro, while co-localizing with the (D44 receptor in vivo. Multimodal targeting of LbL nanoparticles is a powerful
strategy for tumor-specific cancer diagnostics and therapy that can be accomplished using a single bilayer of polyamine and hyaluronan that, when
assembled, produce a dynamic and responsive cell—particle interface.
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anoscale drug delivery is an attrac-

tive option for cancer therapeutics

that exhibit poor pharmacokinetics,’
dose-limiting toxicities, or chemical in-
stability.? This strategy typically improves
tumor-specific delivery through either size-
dependent “passive” targeting®* and/or
“active” targeting that can be ligand-
directed® or stimuli-responsive. While active
targeting often augments tumor cell killing,
its efficacy is intrinsically limited by cellular
heterogeneity that exists both within and
among tumors.”® Genetic diversity within
breast tumors, for example, is known to
be associated with both tumor stage and
subtype in breast carcinoma.'® Similarly,
diversity within the subclonal structure of
esophageal lesions is known to predict pro-
gression to malignancy."' Following metas-
tasis, as many as 24—38% of breast, lung, and
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melanoma cancer patients exhibit differen-
tial expression of biomarkers that predicate
treatment response (i.e., amplified HER2, mu-
tant EGFR, and mutant BRAF, respectively).'?
Tumor heterogeneity is a fundamental chal-
lenge to the success of actively targeted
nanoscale drug delivery, and vehicles cap-
able of multimodal active targeting are
urgently needed.

Layer-by-Layer (LbL) nanoparticles are an
emerging class of self-assembled polymer
drug carrier that addresses several chal-
lenges in the delivery of small molecule
therapeutics and imaging agents.'>~%'
These modular structures consist of (i) a func-
tional nanoparticle core, (ii) a multilayered
polyelectrolyte shell, and (iii) an exterior
tumor-targeting stealth layer. The core con-
sists of drug-loaded polymer nanopartic-
les,*>° liposomes,>**” multimeric RNA,*
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or a range of organic/inorganic nanoscale materials
and imaging agents (ie., quantum dots silica,?
gold,?® hydroxyapatite,>® or iron oxide®'). The multi-
layered shell can include hierarchically assembled
polymers, proteins, small molecules, or nucleic acids
that exhibit complementary charge/bonding interac-
tions.3>*3 In prior work, we demonstrated that LbL
nanoparticle architectures can achieve long systemic
circulation (elimination t;,, ~ 28 h),%® low off-target
delivery (10—15% ID/g liver),?® and active tumor
targeting,'”® and enhanced the in vivo stability of
therapeutic RNA for efficacious synergistic siRNA/drug
combination therapy,?®?® or incorporate nanoparticle
cores containing diagnostic imaging agents®* and
cytotoxic chemotherapeutics.”®*” Here, we engineer
a novel LbL nanoparticle architecture that actively
targets solid tumors through two independent me-
chanisms: selective binding to cell-surface CD44 re-
ceptor and acid-induced cellular delivery at hypoxic
tumor pH. This approach allows for the creation of
nanoparticles that respond to the tumor microenvir-
onment in two unique ways, thus greatly enhancing
targeting and uptake. Rather than employing nonde-
gradable neutral polymers such as poly(ethylene
glycol), synthetic ligand attachment, or complex linker
chemistry, we accomplish an intrinsic responsive be-
havior through the simple use of biologically derived
weak polyelectrolytes in a self-assembled thin film.

2D LbL films assembled from partially ionized or
“weak” polyelectrolytes are well-known to exhibit
dynamic structure and stability with respect to pH
compared with their strong polyelectrolyte counter-
parts. 3473 For example, dramatic shifts in adsorbed
layer thickness, surface morphology, and effective
ionic cross-link density have been observed due to
thermodynamic trade-offs and weak Coulombic inter-
actions between nearest-neighbor proton binding
sites.>® The hypoxic microenvironment of solid tumors
also exhibit a narrow gradient in pH; poor blood
perfusion and rapid metabolic consumption of oxygen
results in a drop in pH from 7.4 (normoxic) to <6.6 in
distances as short as 150 um from the vessel wall,*’
providing an environment that can select for and host
aggressive and metastatic cell phenotypes.3® One of
the challenges in nanoparticle design for cancer treat-
ment is their infiltration and penetration through the
stroma and into tumor tissues, and selective uptake of
nanoparticles within the tumor tissue.

We hypothesized that LbL nanoparticle architec-
tures incorporating functional biopolymers that, them-
selves, are weak polyelectrolytes may achieve both
receptor-targeting and pH-triggered engagement of
and delivery to solid tumors without the need for
ligand coupling chemistries, active proteins, or stealth
layers that can introduce potential issues with compat-
ibility, immune response, or blood half-life. To this end,
we selected a weak polyamine, poly(L-lysine), which is a
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synthetic polypeptide from a natural amino acid, and
a complementary weak polyacid, hyaluronan (HA),
which is a native extracellular matrix polysaccharide,
to serve as functional components of this dual-
targeting LbL drug carrier. While both polyelectrolytes
are biocompatible pharmaceutical excipients (ie.,
benzylpenicilloyl polylysine), hyaluronan, also known
as hyaluronic acid or HA, is unique in that it also
exhibits protein-repellent behavior and is an active
component in many postsurgical adhesion barriers.>
Importantly, hyaluronan is the endogenous ligand
for cell-surface receptor CD44, a well-characterized
biomarker for breast and ovarian carcinoma cells
with tumor-initiating,*® drug-resistant,*' and stem-like
phenotype®®*® that can be used to target these
tumors.**~*® A unique capability introduced with LbL
nanofilms containing hyaluronan is the potential to
tune its charge interactions with an underlying poly-
amine to produce a dense and compact charged
repulsive, sterically shielding layer at blood pH that
can convert to a swollen neutral layer that readily
engages cells at hypoxic tissue pH.

RESULTS AND DISCUSSION

Dual-targeting hyaluronan-LbL architectures (Figure 1),
consisting of only 2 layers, or 1 bilayer repeat, were
assembled onto model drug carriers (fluorescent poly-
styrene nanoparticles) via sequential adsorption and
centrifugation from solutions of aqueous hyaluronan
and poly(L-lysine), as described previously.?’ Figure 2a,b
illustrates the gradual increase in hydrodynamic size
and corresponding shift in surface charge of the nano-
particles during the LbL assembly process, yielding
particles 135 £+ 4 nm in hydrodynamic diameter and
—33 £ 1 mV in zeta potential. Transmission electron
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Figure 1. Hyaluronan Layer-by-Layer (LbL) nanoparticles
actively target hypoxic tumor pH and cancer stem cell
receptor CD44. (a) Schematic illustrating bimodal tumor-
targeted delivery. (b) Polycation and (c) polyanion compo-
nents of the LbL nanoparticle. CD44 protein structure in (a)
is rendered from biological assembly 1 of PDB ID 1UUH.
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Figure 2. pH-responsive hyaluronan-LbL nanoparticles tar-
get hypoxic tumor pH in vitro. (a) Increase in hydrodynamic
size and (b) concomitant shift in surface charge during LbL
assembly onto mock fluorescent drug carriers as measured
by photon correlation spectroscopy and laser Doppler
electrophoresis, respectively. (c) Transmission electron
microscopy (TEM) of the subsequent hyaluronan-LbL nano-
particle assemblies and (d) a cross-sectional elemental
mapping reconstruction of an individual LbL nanoparticle
as imaged by energy-filtered TEM (EFTEM). (e) pH-dependent
cellular delivery of hyaluronan-LbL nanoparticles to Hep G2
hepatocyte cells as measured by flow cytometry (t = 3 h). (f)
Confocal fluorescence micrographs of hypoxic pH-augmented
cellular delivery of hyaluronan-LbL nanoparticles (red) to 3D
Hep G2 tumor spheroids. Measurements in (a and b) were
obtained in deionized water. Values in parentheses in (a)
represent polydispersity index. Error bars represent SD of
three technical replicates. Scale bar is (c) 50 nm, (d) 20 nm,
and (f) 20 um.

micrographs (Figure 2¢) and cross-sectional 3D render-
ings of energy-filtered transmission electron micro-
scopy (TEM) images (EFTEM, Figure 2d) confirmed
structural partitioning between the carbon-rich poly-
styrene nanoparticle core and the oxygen-rich LbL
multilayered shell. Notably, thickness increases from
the terminal HA layer (20 & 2 nm) appeared larger than
typically observed from other weak and strong poly-
electrolytes (ca. 4—5 nm).?® In solution, HA's conforma-
tion is composed of a combination of random coil and
helical structures, the latter of which can self-associate
and entangle through interactions between outer
hydrophobic pocket regions of the helices.*” In LbL
films, Burke et al. find that HA undergoes an significant
increase in secondary conformational ordering and
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intermolecular H bonding.*® We hypothesize that sur-
face-induced helical ordering of HA on LbL nano-
particles results in increased self-association between
surface-bound HA chains that leads to non-surface-
limited coverages observed here. HA-LbL nanoparticles
were well-dispersed (PDI0.11 £ 0.01) and exhibited few
(<1.2%) dimers and no (0%) higher order aggregates.
The thick layer of HA on the exterior surface provides
an enhanced degree of hydration due to the waters of
hydration of HA and the availability of a dense number
of flexible HA chains on the nanoparticle surface that
contribute to steric stability.

Hypoxic pH-Mediated Uptake. We assessed pH-
dependent cell binding/uptake of the hyaluronan-
LbL nanoparticles by flow cytometry of Hep G2 human
hepatocyte cells. Figure 2e illustrates a 2.4-fold in-
crease in nanoparticle-associated cellular fluorescence
as extracellular pH is reduced from normoxic (7.4) to
hypoxic pH (6.0) during nanoparticle incubation (3 h).
Interestingly, nonspecific targeting of the hyaluronan-
nanoparticles at pH 7.4 was 15-fold lower than that
from a related acid-labile PEG-LbL architecture with a
pH-sensitive iminobiotin linker previously designed in
our group to release a PEG shielding layer and “unveil”
positively charged surfaces (Supporting Information
Figure S1a)."® These findings are consistent with the
notion that mucopolysaccharide-coated (i.e., HA-
terminal) surfaces can exhibit antifouling behavior to
prevent protein opsonization.** Hypoxic pH-specific
delivery of the hyaluronan-LbL architecture (pH 6.0 v
7.4) was likewise improved 2.5-fold relative to the pre-
vious iminobiotin architecture (Supporting Information
Figure S1b) in Hep G2 cells, indicating enhanced cellular
delivery at pH values reflective of the hypoxic tumor
microenvironment. Delivery of the hyaluronan-LbL
nanoparticles into 3D tumor spheroids was also inves-
tigated by confocal fluorescence microscopy of Hep G2
hepatocyte and breast adenocarcinoma cell nodules.
We observed both high tumor penetration (Supporting
Information Figure S2) and hypoxic pH-responsive
delivery (Figure 2f) of hyaluronan-LbL nanoparticles
into 3D tumor spheroids (3 h), important properties
necessary for efficient penetration throughout the often
compacted (i.e.,, desmoplastic) tumor stroma.>°

We next investigated pH-dependent structural
changes in the hyaluronan-LbL architecture by TEM,
photon correlation spectroscopy, laser Doppler elec-
trophoresis, quartz crystal microbalance-dissipation
(QCM-D), and contact angle measurements. Low elec-
tron dose TEM images of particles incubated in pH 7.4
and 6.0 buffer indicate significant (ca. 3.1-fold) swell-
ing of the LbL polymer shell at hypoxic tumor pH
(Figure 3a), findings corroborated by DLS measure-
ments that indicate a half maximal increase in hydro-
dynamic size at ca. pH 6.8 (Figure 3b). This hydro-
dynamic shell thickness increase agreed well with that
observed by TEM, also swelling 3.1-fold from 24 + 8 nm
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Figure 3. Hypoxic pH-induced structural reorganization
of hyaluronan-LbL nanoparticles and in vivo hypoxic
tumor-targeting. (a) Low electron-dose TEM illustrating
pH-dependent LbL bilayer swelling. (b) pH-dependent
hydrodynamic swelling and (c) loss of stabilizing surface
charge as measured by photon correlation spectroscopy
and laser Doppler electrophoresis, respectively. (d) Quartz
crystal microbalance dissipation (QCM-D) tracking of pH-
dependent hyaluronan adsorption onto amine-modified
Au. (e) Contact angle measurements of substrate-immobi-
lized hyaluronan-LbL nanoparticles demonstrating hypoxic
pH-dependent decreased surface energy at hypoxic pH. (f)
In vivo tumor co-localization of hyaluronan-LbL nanoparti-
cles (red) with hypoxia-inducible factor 1 o (HIF1q, green)
in subcutaneous triple-negative breast carcinoma tumor
xenografts (iv). Measurements in (b and c) were obtained in
phosphate buffered saline. Nominal hypoxic tumor pH
ranges are shaded in (b—d). Error represents SD of three
technical replicates. Scale bar is (a) 50 nm and (f) 10 um.
Statistical significance in (e) is indicated relative to pH 7.4
from the same surface. Not significant (ns).

at pH 74 to 74 £ 15 nm at pH 6.0. Zeta potential
measurements (Figure 3c) show that pH-dependent
swelling is also accompanied by a neutralization of
stabilizing surface charge, which drops to an equilibri-
um value of approximately —3 mV at below ca. pH 7.06.
QCM-D measurements of hyaluronan adsorption onto
amine-modified Au (Figure 3d; Supporting Information
Figure S3) likewise suggest a highly pH-dependent
assembly process with half maximal frequency shift
observed at ca. pH 6.91. Contact angle measurements
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from nanoparticles immobilized on silicon substrates
(Figure 3e) similarly support hypoxic pH-induced re-
arrangements at the surface, as indicated by a statisti-
cally significant increase in contact angle with
decreasing pH (corresponding to decreased apparent
surface energy). These pH-dependent changes in
layer thickness, as well as QCM-D and contact angle
measurements are consistent with prior reports of
planar LbL film assemblies of weak polyacids and
polyamines®®*®°! and suggest that PLL/HA-LbL nano-
particles undergo a pH-dependent structural transition
at hypoxic tumor pH (i.e., 6.8 to 7.0) where swelling,
loss of anionic charge, and decreased surface energy
correlate with increased cell uptake in vitro.

Notably, the pK, of hyaluronic acid in solution
is reported to be approximately 3.0 and that of poly-
(t-lysine) is about 10. A layer of HA alone, thus, would
not be anticipated to undergo significant changes in
charge at hypoxic pH. In contrast, polyelectrolyte
multilayers create controlled complexes that can ex-
hibit acid—base equilibria that are tuned by assembly
pH and ionic strength 3*°! Multilayers of poly(allyl amine)
hydrochloride and hyaluronic acid, for example, exhibit
dynamic shifts in HA acid dissociation equilibrium, sur-
face roughness, and multilayer swelling as a function of
assembly pH. These changes are attributed to a reduc-
tion in the apparent acid and base character of the HA
and PLL, respectively, due to charge compensation
between partially ionized side chains of these “weak”
polyelectrolytes following pH-dependent adsorption, as
well as assembly induced secondary structure formation
that disfavors proton exchange. Such polyelectrolyte
assemblies exhibit a unique pK, that is characteristic of
the resulting polyion blend and its assembly conditions.
We hypothesize that augmented cellular delivery of the
nanoparticles, which is known to increase with increas-
ing surface roughness and/or loss of anionic surface
charge,” occurs as a result of the previously described
pH-dependent structural changes. The swelling of the
bilayer may further enhance cell uptake by altering the
effective modulus of the nanoparticle and enabling less
sterically hindered engagement of the hyaluronic acid
groups on the surface of the hydrated outer layer.

Having established hypoxic pH-responsive beha-
vior in vitro, we also asked whether hyaluronan-LbL
nanoparticles preferentially target tumor hypoxia
in vivo. Indeed, immunofluorescence microscopy of
excised tumor sections indicated a high degree of
particle co-localization with hypoxia-inducible factor
1 o (HIF10)>* in MDA-MB-468 subcutaneous xeno-
grafts following iv tail vein injection in mice (72 h,
Figure 3f). Co-localization with HIF1a, a classical oxy-
gen-regulated transcription factor, suggests that
HA-LbL nanoparticles preferentially localize in tumor
tissues with low pO, (i.e, <14 mmHg).54

Together with the previous results, these data sup-
port that hyaluronan-LbL nanoparticles undergo cell
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Figure 4. Hyaluronan-LbL nanoparticles target cancer stem
cell receptor CD44 and selectively decrease in vitro migra-
tion/invasion. (a) CD44 receptor expression in panel of
breast carcinoma cells, as measured by antibody-labeling
and flow cytometry. (b) CD44-specific nanoparticle delivery
is decreased following receptor knockdown triple-negative
breast carcinoma cells as measured by flow cytometry. (c)
Hyaluronan-LbL nanoparticles and CD44 antibodies com-
petitively bind cell-surface receptor CD44 in MDA-MB-231
and -468 breast carcinoma cells as measured by flow
cytometry. (d) Dual-targeting hyaluronan-LbL nanoparti-
cles diminish both 2D cell migration and (e) 3D collagen
gel transwell invasion in a CD44 receptor-selective manner
(Supporting Information Figures S3 and S4). Error repre-
sents SD of (b—d) three technical and (e) three biological
replicates. Dagger symbol (1) in (e) denotes LbL assembly
buffer-equivalent concentrations of HA.

uptake-promoting chemical and structural changes
over a narrow range in pH that is well-suited for
hypoxic tumor targeting. This hypoxic pH-responsive
behavior is characterized by hydrodynamic swelling,
a loss in stabilizing surface charge, and a decrease in
apparent surface energy that correlates with augment-
ed cellular delivery to both 2D and 3D cell cultures, as
well as in vivo co-localization with hypoxia-inducible
factor 1 a in murine tumor models of triple-negative
breast carcinoma. The loss of negative charge and slight
increase in hydrophobicity of these nanoparticles leads
to a significantly increased nonspecific uptake by cells
within the local tumor microenvironment.

Role of (D44 Targeting. Given that these LbL nanopar-
ticles are surface-functionalized with hyaluronan, the
endogenous ligand for cell-surface receptor CD44, we
investigated receptor-specific interactions mediated
by these particles in a panel of breast carcinoma cells
reflecting luminal, HER2", and triple-negative (basal)
molecular subtypes of the disease (Figure 4a). Note
that the previous pH-dependent targeting experi-
ments (above) were performed using a hepatocyte cell

line that does not express the CD44 receptor.>> Con-
sistent with known expression profiles of basal-like
breast carcinomas,*®> MDA-MB-231 and MDA-MB-468
cells express high levels of CD44 in vitro. Flow cyto-
metry measurements of particle binding/uptake in
these cells (pH 7.4, 3 h) indicated a fractional but
significant contribution from CDA44; this enhanced
delivery was abrogated following siRNA-specific silenc-
ing of the receptor (Figure 4b), demonstrating the
dependence of this behavior on CD44 binding and
subsequent uptake. Cell-surface labeling by CD44 anti-
bodies was likewise significantly diminished following
receptor blocking by hyaluronan-LbL nanoparticles
(Figure 4c).

In view of the CD44 receptor's role in mediating cell
adhesion interactions,”® we anticipated that the HA-
terminal LbL nanoparticles could engage CD44 directly
through binding of the receptor, decreasing cell mi-
gration. Therefore, we further investigated the effects
of hyaluronan-terminal nanoparticles on both 2D and
3D cell migration in a panel of breast carcinoma cells.
Sublethal concentrations of hyaluronan-LbL nano-
particles (0.17 nM) significantly diminished cell migra-
tion in a 2D gap closure assay, importantly, in a CD44
receptor-selective manner (Figure 4d; Supporting In-
formation Figures S4 and S5). The particles similarly
diminished 3D collagen gel transwell invasion, again in
a receptor-selective manner, effects which could be
recapitulated in part by increasing concentrations of
free hyaluronan (Figure 4e). These results are consis-
tent with the notion that CD44-HA binding is a key
regulator of cellular adhesion/migration and contact
inhibition in cancer cells. Hyaluronic acid, alone for
example, has been shown to decrease the invasion of
triple-negative breast carcinoma cells into collagen
matrices.”” Tian et al. likewise find that contact inhibi-
tion and anchorage-dependent growth are controlled
by HA—CD44—NF2 signaling in cancer-resistant
mole-rats.>® Interestingly, we find here that HA-LbL
nanoparticles can inhibit collagen transwell invasion
at >10%fold lower molar concentrations than free
200 kDa HA (Figure 4e).

We further investigated the role of CD44 in vivo
using a mouse model; iv-administered hyaluronan-LbL
nanoparticles accumulated in MDA-MB-468 breast
carcinoma tumor xenografts ca. 4.0-fold greater than
control nanoparticles of comparable size and charge
that were conjugated with dextran sulfate in place of
hyaluronan (Figure 5a). Approximately 6% of the initial
dose (recovered fluorescence) co-localized with the
tumors ex vivo, compared with ca. 1.5% for the dextran
sulfate LbL-coated control. Further, these nanoparti-
cles co-localized with the CD44 receptor in subcuta-
neous xenograft models of a Ras mutant non-small cell
lung carcinoma (A549) following systemic iv adminis-
tration, as observed in histology from tumor tissue
48 h following nanoparticle administration (Figure 5b),
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Figure 5. Polysaccharide-LbL nanoparticles target tumors
in vivo. (a) Tumor co-localization from hyaluronan-LbL
nanoparticles compared with dextran sulfate-conjugated
control nanoparticles, as imaged by whole-animal
bioluminescence/fluorescence imaging (MDA-MB-468/Luc,
72 h). Inset: ex vivo analysis of integrated tumor-associated
fluorescence. (b) Co-localization of hyaluronan-LbL nano-
particles (green) with CD44 receptor (violet) in histological
sections from A549 tumor xenografts following iv injection
in tumor-bearing mice (48 h). (c) Accumulation of hyaluro-
nan-LbL nanoparticles and dextran sulfate control nanopar-
ticles in the livers ofimmunocompetent (non-tumor-bearing)
mice following iv injection (48 h) as imaged by whole animal
fluorescence. (d) Region-of-interesting analysis of liver-
specific accumulation in (c). Scale bar in (b) is 50 um.

consistent with the notion that hyaluronan-terminal
LbL nanoparticles actively target CD44 receptor in vitro
and in vivo. Of note is the significant penetration of
nanoparticles through the surrounding stroma into the
tumor tissue.

This improved tumor-targeting was accompanied
by a 2-fold decrease in liver-specific accumulation, also

MATERIALS AND METHODS

Layer-by-Layer (LbL) Assembly. Nanoparticle LbL assembly was
performed as described previously?® with minor modifications.
Briefly, poly(.-lysine) HBr (PLL, 15—30 kDa; Sigma-Aldrich),
hyaluronan (HA, 200 kDa; Lifecore), and dextran sulfate sodium
salt (20 kDa; Sigma-Aldrich) were used as-received without
further modification. All solutions were prepared in PBS
(—Ca*"/—Mg*") diluted 100-fold in ultrapure water, adjusted
to pH 7.40, and sterile filtered (0.2 um) immediately prior to use.
The 100 nm diameter carboxy-modified polystyrene latex nano-
spheres were diluted to 0.2 wt %. Nanospheres (2 mg) were
added dropwise to a rapidly stirring 45 mL solution of PLL
(500 uM) at room temperature (RT) and allowed to stir in dark
for 1—2 h. The nanoparticles were recovered by centrifugation
(1 h, 15000 rcf, RT) and diluted to 1 mL. In total, 500 uL of the
PLL-conjugated nanoparticles was added dropwise to a rapidly
stirring 45 mL solution of HA (10 M) previously chilled to 4 °C,
and the solution was allowed to stir in dark for 30 min at 4 °C.
HA-conjugated nanoparticles were recovered by centrifugation
(1 h, 15000 rcf, 4 °C) and stored in dark, as concentrates, at 4 °C
within 1 week of use. The 100 nm fluorescent carboxylate-
modified polystyrene nanospheres (Life Technologies; Blue
350/440, Red 580/605, Infrared 715/755; Sigma-Aldrich; Orange
481/644) were used as appropriate. Nanoparticle concentration
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a key issue for nanoparticle design (Figure 5cd),
again in support of the long blood-stream half-life
and stability of the hyaluronan nanoparticles, and the
effective steric stabilization afforded by the LbL bilayer
at pH 7.4.

CONCLUSIONS

In summary, we describe a LbL nanoparticle archi-
tecture capable of active tumor targeting through two
unique mechanisms: hypoxic pH-responsive delivery
and ligand-directed targeting of the cell-surface recep-
tor CD44 that is overexpressed in many key forms of
cancer. The former strategy exploits the dynamic
structural stability of multilayered films of weak poly-
electrolytes, while the latter utilizes an endogenous
polysaccharide, hyaluronan, to direct tissue-specific
delivery to cells expressing CD44 receptor, a biomarker
for breast and ovarian cancer stem cells. We show that
a singular hyaluronan/poly(L-lysine) bilayer adsorbed
on a nanoparticle results in hypoxic pH-targeted cel-
lular delivery in vitro and co-localization with hypoxia-
inducible factor 1 a in vivo. Hyaluronan-LbL nano-
particles selectively bound CD44 in vitro, diminished
cancer cell migration in a receptor-selective manner,
and co-localized with CD44 receptor in vivo. Because
these LbL nanoparticle systems are simple, provide a
means of modular design, and can provide enhanced
blood half-life?®?® and enhanced tumor targeting,
hyaluronan-LbL nanoparticles are promising candi-
dates for targeted drug delivery to solid tumors for a
number of significant cancer types. The ability to target
multiple tumor cell populations without the use of
additional drug carrier may circumvent resistance from
selective pressure while improving safety and treat-
ment outcomes from actively targeted nanomedicines.

was estimated based on fluorophore absorption A,,ax and the
stock nanoparticle molar concentration as

6C x 10"

[moI/L] = m

(M
where Cis concentration (in g -mL7"), N, is Avogadro's number
6.022 x 102 mol™", p is density (in g-mL™") (1.05 for
polystyrene), and ¢ is diameter (in um).

Structural Characterization. Photon correlation spectroscopy
and laser Doppler electrophoresis measurements were per-
formed using a Malvern Zetasizer Nano ZS90 particle analyzer
(A = 633 nm, material/dispersant Rl 1.590/1.330). TEM was
carried out using a JEOL 2100 FEG instrument. EFTEM was
performed using a JEOL 2010F TEM equipped with a Gatan
imaging filter operating at an accelerating voltage of 200 kV.
Samples were prepared by dropcasting particle suspensions
onto a TEM grid with a Quantifoil holey carbon support film.
Elemental maps were generated at the K edges of carbon
(284 eV) and oxygen (532 eV) by using the three window
technique and applying the default parameters provided by
the Gatan Digital Micrograph software for these elements.
EFTEM images were rendered using the Interactive 3D Surface
Plot plugin for ImageJ. Measurements were obtained from
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ultrapure water or following overnight incubation in phosphate
buffered saline (PBS) solutions adjusted using HCl or NaOH.
Contact angle measurements were conducted by the Sessile
droplet method using a Rame-Hart Contact Angle Goniometer,
pH-adjusted PBS buffer, and APTES-modified Si wafers. QCM-D
measurements were performed using a Q-Sense E4 instrument
(Q-Sense AB, Géthenburg, Sweden), as described previously.59
The measurement substrate was an amine-modified gold sur-
face, which was prepared by incubating gold-coated sensor
crystals (QSX301, Q-Sense AB) in 1 mM 11-amino-1-undecanethiol
hydrochloride (Sigma-Aldrich). For QCM-D experiments, 10 mM
Tris buffer with 150 mM NaCl (pH 7.5) was first injected in order to
obtain a stable baseline, followed by addition of polyelectrolyte
solutions (100 uL+-min~") for 70 min and then static incubation
for 20 min. Finally, a buffer wash was performed in the same pH
condition and the final change in resonance frequency (Af) was
recorded (Af,,_s/n where n is the overtone number corresponding
to a 5 MHz AT-cut piezoelectric crystal).

In Vitro Experiments. Cell Culture. Hep G2, BT-474, MCF7, SK-
BR-3, MDA-MB-231, MDA-MB-468, and A549 cells were obtained
from ATCC. A549/Luc and MDA-MB-468/Luc cells were obtained
from Cell Biolabs. Cells were subcultured in the supplier's
recommended basal medium in a 5% CO, humidified atmo-
sphere. All experiments were performed on cells passaged
12—24 h prior.

pH-Dependent Cellular Delivery. Cells were passaged onto
12- or 96-well plates and incubated with 0.17 nM nanoparticle-
spiked PBS (Ca®*/Mg>") of appropriate pH for 3 h. Cell mono-
layers were washed with PBS, dissociated in 0.25% trypsin—
EDTA, and redispersed in PBS containing 1% BSA prior to analysis
using a BD LSR Il flow cytometer (488 nm ex; 530/30 nm em).

Tumor Spheroids. 3D tumor spheroids were prepared as
described previously.*° Briefly, cells were passaged onto 96-well
round-bottom ultralow attachment plates (Corning). After
48—72 h, cell spheroids were transferred onto 18 mm glass
coverslips coated with Matrigel GFR (BD) and cell media was
supplanted with 50 uL-mL™" of Matrigel GFR. Growth media
was removed after 48 h and tumor spheroids were washed with
PBS (Ca®"/Mg*") of appropriate pH and incubated for 3 h in PBS
containing 0.17 nM nM LbL nanoparticles. Following incuba-
tion, cells were rinsed with PBS, fixed in freshly prepared 3.7%
formaldehyde (PBS, pH 7.4) for 15 min at RT, and permeablized
with 0.1% Triton X-100 (PBS) for 5 min at RT. Coverslips
were stained using PBS containing 0.66 uM Alexa Fluor 568
phalloidin (Life Technologies), 4 drops of NucBlue (DAPI; Life
Technologies), and 1% BSA for 30 min at RT, then rinsed with
PBS prior to mounting with Fluoromount (Sigma) onto no. 0
glass-bottom 35 mm MatTek dishes and imaging using a Nikon
1AR Ultra-Fast Spectral Scanning Confocal Microscope.

CD44-Dependent Cellular Delivery. Cells were transfected
with siRNA against human CD44 (5100299705 FlexiTube siRNA
Premix, Quiagen) for 72 h at 25 nM, after which cell monolayers
(ca. 5 x 10° cells) were incubated with 0.17 nM nanoparticle-
spiked PBS (Ca>"/Mg>") for 3 h, washed with PBS, dissociated
in 0.2% EDTA (PBS), pelleted, and labeled with 20 uL of FITC-anti-
human CD44 (clone MEM-85; Life Technologies) for 30 min at
4 °C. Cells were recovered by centrifugation (5 min, 600 rcf),
fixed in 500 uL of freshly prepared 3.7% paraformaldehyde,
and analyzed using a BD LSR Il flow cytometer (anti-CD44-
FITC: 488 nm ex; 530/30 nm em; nanoparticles: 561 nm ex;
610/20 nm em).

Cell Viability. Cells were passaged onto 96-well plates and
incubated with nanoparticle-spiked basal medium for 24 h.
Cellular ATP was quantified using CellTiter Glo (Promega).

Migration and Invasion. Scratch-migration assays were per-
formed on confluent 12-well plates using 0.17 nM nanoparticle-
spiked complete basal medium and a 1 mL pipet tip. Cell
monolayers were monitored using a 5x inverted objective
Olympus optical microscope. Collagen-transwell invasion was
assessed at the concentrations indicated using a 96-well
Boyden chamber (8 um pores) and complete basal medium
as a chemoattractant (CHEMICON Cell Invasion kit). Transwell
invasion was quantified after 48 h using CelTiter Glo.

In Vivo Experiments. In total, 5 x10° A549, MDA-MB-468,
or MDA-MB-468/Luc cells (1:1 PBS:Matrigel) were injected
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subcutaneously into the hindflanks of nude mice (NCR nu/nu,
Taconic). Tumors were allowed to form for 2—3 weeks. Nano-
particles (8.3 x 10"2NP- kg’1, 5% glucose) were injected via the
tail vein into tumor-bearing nude or immunocompetent mice
(BALB/c, Taconic). Tumors were harvested after 48 or 72 h and
processed by the Swanson Biotechnology Histology Core Facility.
Briefly, tumors were formalin-fixed, paraffin-embedded, sectioned
(5 um), deparaffinized, antigen retrieved, and stained using
DAPI, biotinylated hyaluronic acid binding protein (Calbiochem),
anti-CD44-FITC (Life Technologies), and streptavidin-Alexa Fluor
546 (Life Technologies) or DAPI and anti-HIF1o-fluorescein (R&D
Systems). Slides were mounted and imaged using a Nikon TAR
Ultra-Fast Spectral Scanning Confocal Microscope. Whole-animal
imaging was performed using a Xenogen IVIS Imaging System
(Caliper) with p-luciferin (150 mg kg’1 ip, PerkinElmer) as a
bioluminescent substrate. These experiments were approved by
the Massachusetts Institute of Technology Committee on Animal
Care (CAQ).
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