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Abstract
Nanoparticles (NPs) are being extensively studied as carriers for drug delivery, but they often have
limited penetration inside tumor. We envision that by targeting an endocytic receptor on cell
surface, the uptake of NPs can be significantly enhanced through receptor mediated endocytosis.
In addition, if the receptor is recycled to cell surface, the NP cargo can be transported out of the
cells, which are then taken up by neighboring cells thus enhancing solid tumor penetration. To
validate our hypothesis, in the first of two articles, we report the synthesis of doxorubicin (DOX)-
loaded, hyaluronan (HA) coated silica nanoparticles (SNP) containing a highly fluorescent core to
target CD44, a receptor expressed on cancer cell surface. HA was conjugated onto amine-
functionalized SNPs prepared through an oil/water microemulsion method. The immobilization of
the cytotoxic drug DOX was achieved through an acid sensitive hydrazone linkage. The NPs were
fully characterized by transmission electron microscopy (TEM), dynamic light scattering (DLS),
zeta potential measurements, thermal gravimetric analysis (TGA), UV-vis absorbance, and nuclear
magnetic resonance (NMR). Initial biological evaluation experiments demonstrated that compared
to ligand-free SNPs, the uptake of HA-SNP by the CD44-expressing SKOV-3 ovarian cancer cells
was significantly enhanced when evaluated in the 2D monolayer cell culture. Mechanistic studies
suggested that cellular uptake of HA-SNP was mainly through CD44 mediated endocytosis. HA-
SNPs with DOX immobilized were endocytosed efficiently by the SKOV-3 cells as well. The
enhanced tumor penetration and drug delivery properties of HA-SNP will be evaluated in 3D
tumor models in the subsequent paper.
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1. Introduction
Chemotherapy is one of the major methods for cancer treatment. Traditionally, drugs are
administered orally or intravenously resulting in their systemic distribution inside the body.
To enhance the percentage of drugs reaching the diseased site and reduce offsite side effects
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and toxicities, drug delivery using NPs is undergoing intensive research.1–4 There are two
general approaches to target tumor. The first strategy is termed passive targeting, which
takes advantage of the enhanced permeability and retention (EPR) effect.5, 6 Due to the
uncontrolled growth, tumor tissues are often characterized by a leaky vasculature that
permits the escape of nanometer sized particles from the blood vessels into the tumor.
However, the rapid growth also leads to incomplete development of the lymphatic drainage
system resulting in high interstitial pressure. This restricts the free diffusion of NPs and
drugs in the tumor mass with limited infiltration to areas not in the immediate vicinity of the
vasculature.7–12 The limited drug penetration of solid tumor is one of the potential
mechanisms of resistance to chemotherapeutic agents.13, 14 In addition, due to the lack of
inherent affinity between the passively targeted NPs and tumor cells, the uptake of NPs is
often low and non-specific, which results in suboptimal drug load inside the cells. To
improve tumor uptake, active targeting approaches have been developed by modifying NPs
with affinity ligands, which are selectively recognized by receptors over-expressed on the
surface of tumor cells.3 While such an approach can significantly enhance the binding and
uptake of NPs, large amounts of NPs will be absorbed by tumor cells closer to the
vasculature of solid tumors due to the high affinity between targeting ligands and tumor
cells. This will lead to a rapid reduction in the concentrations of NP/drug conjugates as the
distance from the vasculature increases, resulting in decreased killing of distal tumor cells.
Furthermore, a small population of cells within some tumors, which are referred to as cancer
stem cells or tumor initiating cells, possess the ability to self-renew and develop into new
cancer cells.15, 16 Some purported cancer stem cells are believed to be residing in the core of
the tumor and the inability to eradicate cancer stem cells is hypothesized to be associated
with tumor recurrence and chemotherapy failure. Therefore, it is important to be able to
deliver NP/drug deeply inside the tumor for a more effective tumor therapy.

CD44 is a cell surface receptor expressed on the surface of a variety of cancer cells, and is
known to mediate cancer cell interaction with the extracellular matrix. CD44 plays
important roles in cancer development, drug resistance and metastasis.17–20 In addition, it is
found highly expressed on cancer stem cells21 for many types of tumors including breast,22

colorectal23 and ovarian cancer.24, 25 The major endogenous ligand for CD44 is HA,26, 27 a
naturally existing polysaccharide.28 The binding of CD44 and HA is under tight
physiological control. On the vast majority of normal cells, CD44 exists at a low affinity
state with little interactions with HA, which requires inflammatory signals to be activated.29

In contrast, many tumor-derived cells constitutively express CD44 in the high affinity state
capable of HA binding,30 rendering it an attractive target for anti-tumor drug delivery.

To enhance NP penetration of tumor, we propose an approach utilizing the transcytosis
process mediated by a cell surface receptor, i.e., CD44. In this manuscript, we describe the
synthesis and characterization of DOX-loaded HA-coated fluorescent SNPs, and provide
evidence that illustrates the CD44 mediated endocytosis of HA-SNPs by cancer cells.
Detailed results on transcytosis leading to enhanced penetration of the targeted NPs in 3D
cancer models will be presented in the subsequent manuscript.31

2. Materials and Methods
2.1. Materials and instrumentation

All chemical were reagent grade and were used as received from the manufacturers. Bovine
serum albumin (BSA), 3-(trihydroxysilyl)propylmethylphosphonate (THPMP),
cyclohexane, 2-chloro-4,6-dimethoxy-1,3,5-triazine (CDMT), N-methylmorpholine (NMM),
N,N-diethylaminopropyl carbodiimide hydrochloride (EDCI), fetal bovine serum (FBS) and
sodium chloride were purchased from Sigma-Aldrich. Triton® X-100 was purchased from
Supleco. 28–30% Ammonium hydroxide (NH4OH) and 30% hydrogen peroxide were
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purchased from CCI. Amberlite® IR 120 hydrogen form (Amberlite H+) was purchased
from Fluka. ADH, 3,3′,5,5′-tetramethylbenzidine (TMB), n-hexanol, 3-(aminopropyl)-
triethoxysilane (APTES), and tetraethylorthosilicate (TEOS) were purchased from Acros
Organics. HA (31 kDa) was purchased from Lifecore Biomedicals. Doxorubicin
hydrochloride was purchased from Shanghai FChemicals Technology Co. SKOV-3 cell line
was purchased from American Type Culture Collection (ATCC). Phosphate buffered saline
(PBS), Dulbecco’s Modified Eagle Medium (DMEM), fluorescein isothiocyanate (FITC),
sodium pyruvate (100 mM), glutamine, and Penicillin-Streptomycin (Pen Strep) mixture
were purchased from Invitrogen. Ultrafiltration membranes were purchased from Millipore.
Dialysis tubing was obtained from BioDesign Inc. The Hermes-1 antibody was purchased
from the Developmental Studies Hybridoma Bank developed under the auspices of the
NICHD and maintained by the University of Iowa, Department of Biology, Iowa City, IA
52242. SKOV-3 cell line was cultured in DMEM supplemented with 10% inactivated FBS,
1% Pen-Strep mixture, glutamine (2 mM) and sodium pyruvate (1mM). DLS and zeta
potential measurements were performed on a Zetasizer Nano zs apparatus (Malvern, UK).
TEM images for nanoparticles were collected on a JEM-2200FS operating at 200 kV using
Gatan multiscan CCD camera with Digital Micrograph imaging software. TEM images for
NP-treated cells were obtained on JEOL100 CXII microscope. TGA was carried on a
Thermal Advantage (TA-Instruments-Waters LLC) TGA-Q500 series and the samples were
burned under nitrogen. Fluorescence activated cell sorting (FACS) experiments were
conducted on a BD Vantage SE flow cytometer. NMR spectra of DOX-HA-SNP were
collected on a Varian Avance 900 spectrometer (900 MHz) while those of HA polymer and
free DOX were collected on a Varian Inova 500 (500 MHz). All confocal laser microscopy
images were collected on an Olympus FluoView 1000 LSM confocal microscope. UV-vis
measurements were carried out on a UV-4001 spectrometer (Hitachi High-Technologies
Co., Japan).

2.2. Competitive enzyme linked immunosorbent assay (ELISA) assay
IgG-Fc (100 μL) was added to the wells of a 96-well microtiter plate, and the plate was
stored at 4 °C overnight after which the excess IgG-Fc was removed and the wells were
washed with 0.5% PBS-Tween 20 (PBST). The wells were blocked by adding 5% BSA in
PBS (200 μL), and the plate was incubated at 37 °C for 2 h. The wells were washed as
above. CD44-Fc γ chimera (0.2 μg/well, 100 μL) in PBS was added to the wells, and the
plate was incubated at 37 °C for 45 min. The wells were then washed using 0.05% PBST.
Biotinated HA (b-HA)32 was added to each well to bind with the immobilized CD44. To
generate the IC50 curve, various concentrations of HA-SNPs (4.88 × 10−3, 1.95 × 10−2, 7.82
× 10−2, 0.3125, 1.25, 5, and 20μg-HA/mL) were added to each well to compete with b-HA
for CD44 binding. The plate was stored at room temperature for 2 h. The wells were then
washed using 0.05% PBST. Avidin-HRP (1:2000 dilution, 100 μL) in 0.2% BSA-PBS was
added to each well and the plate was stored at room temperature for 1 h. The wells were
washed using 0.05% PBST and twice with PBS buffer. A fresh TMB solution was prepared
by dissolving TMB (5 mg) in DMSO (2 ml), followed by addition of citrate phosphate
buffer (18 mL). 30% H2O2 (20 μL) was added just before use. TMB solution (100 μL) was
added to the wells, and the plate was stored at room temperature in the dark for 15 min, or
until the blue color appears. The reaction was then quenched by adding 0.5 M H2SO4 (50
μL) to each well with positive wells turning yellow. Optical absorbance was directly
measured through the bottom of the microtiter plate using an automated plate reader (Bio-
Rad) at 450 nm.

2.3. Qualitative determination of NP uptake by laser confocal microscopy
SKOV-3 cells (2 × 105 cells/well) were cultured in a 4-well chambered plate at 37 °C and
5% CO2 for 24 h. The culture media was removed and the cells were washed with PBS (2
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times). FITC-doped SNPs with equivalent fluorescence in serum-free DMEM were added.
The cells were incubated with the NPs for 5 h. Lysotracker red (1 μM, 50 μl/well) was
added 1 h before completion of incubation. The supernatant was removed. The cells were
washed twice with PBS, and fixed with 10% formalin (0.5 ml/well) for 15 min. Formalin
was removed and the cells were washed twice with PBS. 4′,6-Diamidino-2-phenylindole
(DAPI, 300 nM, 300 μl/well) was added, and the cells were incubated for 4–5 min. The
supernatant was removed, and the cells were washed with PBS and water. The plate was
covered by an aluminum foil and stored at 4 °C till imaging time.

2.4. Evidence for HA-SNP uptake by TEM
SKOV-3 cells were cultured in 100 mm cell culture plate at 37 °C and 5% CO2 till it
reached 70–80% confluency (5 × 106 cells/plate). The growth media was removed and the
cells were washed with PBS. HA-SNP (85 μg-NP/ml; 10 ml) in serum free DMEM was
added and the cells were incubated for 18 h. The NPs were removed, and the cells were
washed with PBS three times. The cells were collected by trypsinization followed by
centrifugation (2500 rpm, 4 °C) for 5 min. The supernatant was removed and the fixing
reagent (0.5 ml) was added (paraformaldehyde/glutaraldehyde 2.5 % each in 0.1 M sodium
cacodylate buffer pH 7.4). The cells were incubated in the fixing reagent for 18 h at 4 °C.
The cells were centrifuged, embedded in 2% agarose, treated with 1% osmium tetraoxide in
0.1 M sodium cacodylate buffer and dehydrated in a series of acetone dilutions. The cells
were embedded in Poly/Bed 812 resin and sections were made on copper grids. Images were
collected on TEM.

2.5. Evidence for CD44-dependence for efficient HA-SNP binding
100,000 cells were transferred to Eppendorf tubes, and washed with PBS. The cells were
fixed with 10% formalin (200 μl/tube) for 15–20 min. Formalin was removed and the cells
were washed with PBS (3 times). Hermes-1 (rat antihuman CD44 IgG2a mAb) (2 μg or 4
μg in 100 μl PBS) or KM81 (rat antimouse CD44 IgG2a mAb) (4 μg in 100 μl PBS) was
added to some tubes, while the others received PBS (100 μl). The cells were incubated with
the antibody for 2 h at room temperature. HA-SNP (1.7 mg/ml, 10 μl) and SNP (0.7 mg/ml,
10 μl) (equivalent fluorescence) were added to the antibody-free and antibody-containing
tubes. The cells were incubated for 90 min. A tube that did not receive antibody or NPs was
used as a control. Following washing, PBS (400 μl) was added to all tubes, and the cells
were transferred to FACS tubes. Fluorescence was assessed on a flow cytometer.

3. Results and discussion
3.1. Synthesis and characterization of HA-SNPs and DOX-HA-SNPs

Several types of HA-NPs including gold NPs,33, 34 magnetic NPs,32, 35, 36 liposomes37–42

and polymersomes43–56 have been utilized for innovative applications in tumor imaging and
drug delivery studies.57–59 In this work, we synthesized HA coated fluorescent SNPs to aid
cellular tracking. There are several potential advantages associated with this new type of
HA-NP. The SNPs can be rendered highly fluorescent by encapsulating high concentrations
of a fluorophore such as FITC in the core of the NP. Having the fluorophore buried in the
core can avoid the concern that if the hydrophobic fluorophore is attached on the external
surface of NPs, it may alter NP properties and affect the NP interactions with cells.

The preparation of a SNP with a FITC core (Fig. 1a) started from conjugation of FITC with
APTES. The resulting FITC-APTES was co-polymerized with TEOS to form SNPs in an
oil-water microemulsion60 created by mixing cyclohexane (oil), Triton X-100 (surfactant),
n-hexanol (co-surfactant) with water. However, the fluorescence of these NPs was low,
which was attributed to the inefficient FITC incorporation presumably due to the slower
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polymerization rate of FITC-APTES compared to TEOS.61 To overcome this problem,
FITC-APTES was allowed to self-polymerize first in the oil-water microemulsion. After the
reaction had proceeded for six hours, TEOS was added to the reaction mixture to coat the
fluorescent core. This step-wise polymerization protocol led to highly fluorescent SNPs,
with the core shell structures of the NPs clearly visible from the TEM images (Fig. 1b). The
NPs were functionalized by the Stöber reaction to immobilize APTES on SNP surface,
which was followed by attaching THPMP to enhance water solubility leading to SNPs with
diameters around 88 nm (Fig. S1a) and a zeta potential of −40.4 mV (Table S1). The
negative value of zeta potential indicates that negative charges dominate the SNP surface.

The HA-SNPs were produced by immobilizing HA (31 kDa) onto SNPs through amide bond
formation promoted by CDMT.62, 63 Naturally existing HA has molecular weight ranging
from 10 kDa to 10 MDa depending on its source and purification procedures.28 CD44
contains a single HA binding domain, which can accommodate a HA oligosaccharide up to
hexasaccharide in length.64 On cell surface, there are multiple copies of CD44, which can be
simultaneously engaged in binding a HA polymer. Although the avidity of low molecular
weight HA towards cell surface CD44 receptors is lower than that of the corresponding high
molecular weight counterpart, it can still compete with endogenous HA for receptor
binding.65, 66 Low molecular weight HA has been shown to be endocytosed by cells much
faster.67 Furthermore, it was easier to separate the unreacted low molecular weight HA from
the SNPs during purification of HA-SNPs. These considerations led us to select the HA with
31 kDa molecular weight to modify SNPs. The HA-SNPs had hydrodynamic diameters of
112 nm and zeta potential of −52.0 mV similar to SNPs (Fig. S1a, Table S1). TGA revealed
that 31% of the weight of HA-SNPs was due to HA (Fig. S1b). HA on HA-SNPs retained its
biological recognition with CD44 as HA-SNPs competitively inhibited the binding between
a biotinated HA polymer with CD44 immobilized on an ELISA plate (Fig. 2).

To test the application in drug delivery, a chemotherapeutic drug DOX was utilized as a
model since it has been shown to have limited penetration in solid tumors.13, 68 To
immobilize DOX, HA-SNP was first functionalized with adipic dihydrazide (ADH-HA-
SNP) (Fig. 1a). Conjugating ADH to the carboxyl groups of HA was performed in the
presence of fivefold excess of ADH at pH 4.5–5 and 0.2 equivalent of EDCI to reduce
interparticle crosslinking by ADH and keep the majority of carboxylic acids of HA free.
DOX was then conjugated to the ADH-HA-SNP through a hydrazone linkage between the
C-13 ketone group of DOX and the hydrazide.69 A large excess of DOX was used to ensure
all hydrazides were consumed. The success of the reaction was evident from the NP color
change from yellow to orange upon DOX incubation with ADH-HA-SNP followed by
thorough washing (Fig. 1c). UV-vis (Fig. S1c) and NMR measurements (Fig. S2) confirmed
the presence of DOX on HA-SNP with a loading of 0.6% DOX by weight. The comparable
zeta potential values of HA-SNP and DOX-HA-SNP suggested that functionalizing HA-
SNP with DOX did not affect the surface characteristics of NPs much (Table S1).

For drug delivery applications, it is important that the drug/NP conjugate is stable under
physiological conditions with little premature release of the therapeutic cargo. Once the
conjugates reach the tumor, the drug needs to be released to exert its cytotoxic effects.
Previously, we have shown that DOX linked with HA functionalized superparamagnetic
magnetite NPs through the hydrazone linker was stable at pH 7.4, and was released when pH
dropped to 4.5, the acidic environment typically encountered in late endosomes and
lysosomes.32 The DOX release was not due to HA backbone cleavage at this mild acidic pH.
We performed similar experiments with DOX-HA-SNP. DOX attached on DOX-HA-SNP
was stable at pH 7.4 with only a very small amount of DOX found in the incubation media
(Fig. 3). In contrast, at pH 4.5, DOX was rapidly cleaved from DOX-HA-SNP and released
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in the media (Fig. 3). This suggested that DOX can be freed from the SNPs once they are
internalized by the cells and reach late endosomes and lysosomes.

3.2. Binding and internalization of HA-SNPs by CD44 expressing SKOV-3 ovarian cancer
cells

With HA-SNPs in hand, their interactions with the CD44 expressing ovarian cancer cell line
SKOV-370 were examined first using confocal microscopy. The cells were incubated with
NPs for 5 hours followed by washing to remove all the unbound particles. Confocal
microscopy showed that the SNPs without HA were mainly located on the cell surface with
little internalization presumably due to non-specific binding (Fig. 4a). The introduction of
HA onto SNPs greatly enhanced NP uptake as extensive intracellular uptake was observed
when HA-SNPs were incubated with the cells. The NPs appeared as bright green spots in the
cytoplasm of the cells and excellent co-localization with a lysosome tracker Lysotracker red
(Fig. 4b). To confirm the uptake of HA-SNPs into cancer cells, the HA-SNP loaded cells
were imaged by TEM (Fig. 4c–e and Fig. S3). Many HA-SNPs were observed clustered in
vesicles presumably endosomes and/or lysosomes (Fig. 4d). Interestingly, some HA-SNPs
appeared to be dispersed in cytoplasm, probably due to their escape from the endosomes
(Fig. 4e). Weakly basic drugs such as DOX can be sequestered in acidic endosomes thus
reducing their efficacies.71, 72 The ability of the NPs to escape from the endosomes/
lysosomes can enhance the delivery of drugs to the cytoplasm.

The amounts of NPs taken up by SKOV-3 cells were quantified by flow cytometry (Fig. 5).
The fluorescence intensities of SKOV-3 cells upon incubation with HA-SNPs were 8 times
higher than those incubated with SNP (Fig. 5a). This suggested that HA significantly
enhanced cellular binding and uptake of the NPs. The uptake of HA-SNPs by SKOV-3 was
concentration and time dependent with the maximum intracellular fluorescence reached at
12 hours (Fig. 5b,c). The kinetics of uptake was also confirmed by confocal microscopy
with significant increase of intracellular fluorescence over 12 hours (Fig. 5d).

In order to demonstrate the role of CD44 in HA-SNP and SKOV-3 cell interactions,
blocking experiments were performed using anti-CD44 antibodies. Hermes-1, a rat anti-
human CD44 IgG2a antibody, is known to recognize the HA binding domain of CD44 and
to competitively block HA binding with CD44.42, 73 While Hermes-1 (2 μg) did not affect
the binding of SNP to SKOV-3 cells much, it reduced HA-SNP binding to the cells by about
80% (Fig. 6a). Further reduction of HA-SNP binding was observed with 4 μg of Hermes-1.
As a control, a subtype matched rat IgG2a antibody KM81 was tested in the same setting,
which displayed no influence on HA-SNP binding with SKOV-3 cells at all (Fig. 6b).
Therefore, the interactions between HA-SNPs and SKOV-3 were largely through CD44.

It has been shown that the endocytosis of CD44-HA complexes goes through cholesterol
rich lipid rafts rather than caveolae or clathrin-coated pits.37, 65, 74, 75 Addition of a
cholesterol binder, i.e., β-cyclodextrin, during NP incubation should disrupt the lipid rafts
and CD44 mediated HA uptake.37 Indeed, the cellular uptake of HA-SNP dropped by 85%
in the presence of β-cyclodextrin (Fig. 6c). As receptor mediated endocytosis is energy
dependent, we examined the effect of temperature on cellular uptake. Incubation of SKOV-3
with HA-SNP at 4°C drastically reduced the amount of NPs bound and internalized
compared to that at 37°C (Fig. 6d). In contrast, cellular binding of SNP was not affected
much by incubation temperature (Fig. 6d). These results were consistent with the notion that
HA-SNP uptake by SKOV-3 cells was through CD44 mediated endocytosis.37, 75
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3.3. Internalization of DOX-HA-SNP by SKOV-3 cells in 2D cell culture
Having demonstrated CD44 mediated uptake of HA-SNP, we investigated interactions of
DOX-HA-SNP with SKOV-3 cancer cells in the traditional monolayer 2D culture. Upon
incubation with DOX-HA-SNPs for 24 hours, the cells were imaged with confocal
microscopy. Similar to those acquired with HA-SNPs (Fig. 5d), much green color from the
SNPs was found in the cytoplasm confirming DOX-HA-SNPs were internalized (Fig. 7b).
Extensive red color due to DOX was observed in both cytoplasm and the nucleus suggesting
some DOX was released, which diffused to the nucleus (Fig. 7c). Importantly, DOX was
also present on HA-SNP as evident from the bright yellow spots due to the overlay of green
fluorescence from SNP and red color from DOX (Fig. 7d–f). This indicates that some DOX
was still retained on the SNPs after cellular uptake, which could be exocytosed to enhance
drug penetration as to be demonstrated in the subsequent paper.31

4. Conclusions
HA-SNPs were synthesized as potential drug carriers with enhanced tumor penetration
abilities. HA significantly enhanced NP uptake by the CD44 expressing SKOV-3 ovarian
cancer cells as compared to unfunctionalized SNPs. The collective analysis of the uptake
experiments conducted in the presence of an anti-CD44 mAb (Hermes-1), lipid raft disrupter
(β-cyclodextrin), or at low temperatures (4 °C) suggested that HA-SNPs were mainly taken
up through CD44 mediated endocytosis. DOX immobilized on HA-SNPs were also
efficiently delivered to SKOV-3 cells. The ability of HA coating to enhance the penetration
potential of SNPs in tumors by transcytosis will be described in the following manuscript.
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Figure 1.
a) Synthesis of the fluorescent SNP, HA-SNP, and DOX-HA-SNP. b) TEM image of HA-
SNP showing the core-shell structure of the NP core (the scale bar is 100 nm). c) Pictures of
HA-SNP (left) and DOX-HA-SNP (right) solutions. The orange color of DOX-HA-SNP
solution suggested the successful incorporation of DOX on the NPs.
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Figure 2.
HA-SNP competitively inhibited the binding of a biotinated-HA to CD44 immobilized on a
microtiter plate. Each data point is an average reading of at least three wells.
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Figure 3.
In vitro DOX release from DOX-HA-SNP at pH 7.4 and 4.5. Significant DOX release was
observed at pH 4.5.
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Figure 4.
Laser confocal microscopy images collected for cell incubated with (a) SNP and (b) HA-
SNP, and stained with DAPI and Lysotracker red. (a1, b1) overlay DIC images and FITC
channel, (a2, b2) DAPI channel showing location of the nucleus, (a3, b3) FITC channel
showing location of SNPs, (a4, b4) Texas red channel showing Lysotracker red, and (a5, b5)
an overlay of DIC images, FITC, DAPI, and Texas red channels. These images clearly
showed the SNPs were mainly located on the outer membrane of the cells, while HA-SNPs
were mainly inside the cells. (c–e) TEM images showing the intracellular distribution of
HA-SNPs in SKOV-3 cells. (c) Uptake of NPs by cancer cells (Scale bar 2 μm). (d) NPs
inside vesicles (Scale bar 100 nm). (e) NPs in the cytoplasm (Scale bar 500 nm).
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Figure 5.
(a) Flow cytometry analysis showed that the binding and uptake of HA-SNP by SKOV-3
cells was much higher than that by SNP (HA-SNP and SNP with equal fluorescent
intensities were incubated with the cells). (b) Time dependent uptake of HA-SNP by
SKOV-3 cancer cells as determined by flow cytometry. The uptake of HA-SNP reached a
maximum after 12 h. c) Concentration dependent uptake of HA-SNP by SKOV-3 cancer
cells as determined by flow cytometry (1x = 80 μg NP/mL). d) Confocal microscopy images
supporting the time dependent uptake of HA-SNP by SKOV-3 cells. (d1–d7) shows the
overlay of the DAPI and FITC channels, while (d8) shows the overlay of DAPI and FITC
channels on DIC image.
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Figure 6.
Flow cytometry histograms showing the binding of SNP and HA-SNP to CD44 expressing
SKOV-3 cells in the absence and presence of (a) the antiCD44 mAb Hermes-1 or (b) the
isotype matched KM81. Hermes-1 led to 80% reduction in HA-SNP but not SNP binding to
SKOV-3 cells. On the other hand, KM81 had no effect on the binding of either SNP or HA-
SNP. (c) Flow cytometry showing the effect of β-CD on the uptake of HA-SNP. Pre-treating
the cells with β-CD reduced the uptake of HA-SNP by 85% demonstrating that uptake of
HA-SNP by SKOV-3 cells was mediated through cholesterol rich lipid rafts. (d) Flow
cytometry showing the relative binding/uptake of HA-SNP and SNP by SKOV-3 cells at 37
°C compared to those at 4 °C. The binding/uptake of HA-SNP, but not SNP, was energy
dependent. For this experiment, higher concentration of SNP than HA-SNP was used for
cellular incubation due to the low uptake of SNP.
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Figure 7.
Laser confocal microscopy images collected for SKOV-3 cell incubated with DOX-HA-
SNPs for 24 hours after extensive wash to remove the unbound particles. (a) DAPI channel
showing location of nucleus; (b) FITC channel showing location of SNPs; (c) Texas red
channel showing location of DOX; (d) an overlay of (b) and (c); (e) an overlay of (a), (b),
and (c); (f) An overlay of DIC image and (e). These images clearly demonstrated that DOX-
HA-SNPs were internalized inside the cells and not all DOX was released from the NPs as
evident from the yellow spots in d–f.
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