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Abstract
We report that receptor mediated transcytosis can be utilized to facilitate tumor penetration by
drug loaded nanoparticles (NPs). We synthesized hyaluronan (HA) coated silica nanoparticles
(SNPs) containing a highly fluorescent core to target CD44 expressed on cancer cell surface.
Although prior studies have primarily focused on CD44 mediated endocytosis to facilitate cellular
uptake of HA-NPs by cancer cells, we discovered that once internalized, the HA-SNPs could be
transported out of the cells with its cargo. The exported NPs could be taken up by neighboring
cells. This enabled the HA-SNPs to penetrate deeper inside tumor and reach much greater number
of tumor cells in 3D tumor models, presumably through tandem cycles of CD44 mediated
endocytosis and exocytosis. When doxorubicin (DOX) was loaded onto the NPs, better
penetration of multilayered tumor cells was observed with much improved cytotoxicites against
both drug sensitive and drug resistant cancer spheroids compared to free drug. Thus, targeting
receptors such as CD44 that can readily undergo recycling between cell surface and interior of the
cells can become a useful strategy to enhance tumor penetration potential of NPs and the
efficiency of drug delivery through receptor mediated transcytosis.
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1. Introduction
Poor intratumoral drug penetration and distribution is gaining much attention in recent years
as a key factor in drug resistance during chemotherapy of cancer.1, 2 Although nanoscaled
constructs have been developed to enhance local concentrations of drugs in tumors through
the enhanced retention and permeability (EPR) effect, the ability of the chemotherapeutic
drugs to penetrate deep in the tumor is still limited. Several innovative strategies have been
investigated to improve NP/drug penetration, including co-administration of a tumor
penetrating peptide,3, 4 incorporation of extracellular matrix modifying enzymes in the
formulation,5 magnet assisted penetration,6 and reduction of NP diameters.7–9 Herein, we
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describe a new approach utilizing the transcytosis process mediated by a cell surface
receptor, i.e., CD44, to enhance NP penetration of tumor. In the preceding paper,10 we
reported the synthesis and characterization of HA-SNPs and demonstrated that the HA
coating on fluorescent SNPs significantly enhanced the uptake of the NPs by SKOV-3
ovarian cancer cells mainly through CD44 mediated endocytosis. In this manuscript, we
describe the finding that HA-SNPs internalized by cancer cells can be exocytosed. The
combined CD44 endocytosis and exocytosis processes (also referred to as transcytosis)
enable cellular penetrations by HA-SNPs, allowing their delivery deep inside the tumor and
enhancing the efficiency of DOX in killing the cancer cells in 3D tumor models.

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), fetal bovine serum (FBS) and sodium chloride were purchased from
Sigma-Aldrich. Doxorubicin hydrochloride was purchased from Shanghai FChemicals
Technology Co. SKOV-3 cell line was purchased from American Type Culture Collection
(ATCC). NCI/ADR-RES cell line was a gift from Prof. Paul Erhardt (University of Toledo).
Phosphate buffered saline (PBS), Dulbecco's Modified Eagle Medium (DMEM), RPMI
medium 1640, fluorescein isothiocyanate (FITC), sodium pyruvate (100 mM), glutamine,
Penicillin-Streptomycin (Pen Strep) mixture, propidium iodide and LIVE/DEAD® Viability/
Cytotoxicity Kit for mammalian cells were purchased from Invitrogen. All cell culture
growth media was supplemented with 10% inactivated FBS, 1% Pen-Strep mixture,
glutamine (2 mM) and sodium pyruvate (1mM). SKOV-3 cell line was cultured in DMEM
while NCI/ADR-RES cells were maintained in RPMI 1640. The MDR phenotype of NCI/
ADR-RES cell line was preserved by culturing the cells in growth medium spiked with
DOX (400 nM). Fluorescence activated cell sorting (FACS) experiments were conducted on
a BD Vantage SE flow cytometer. Fluorescence measurements were performed on a
SpectraMax® M5 Multi-mode Microplate Reader (Molecular Devices). All confocal laser
microscopy images were collected on an Olympus FluoView 1000 LSM confocal
microscope or a Zeiss LSM Pascal. UV-vis measurements were carried out on a UV-4001
spectrometer (Hitachi High-Technologies Co., Japan). Light microscopic images of
spheroids were obtained on an Olympus CKX41 inverted light microscope. SEM images
were collected on a JEOL 6400V (Japan Electron Optics Laboratories) microscope equipped
with a LaB6 emitter (Noran EDS).

2.2. Assay for NP exocytosis from cancer cells
SKOV-3 cells (3 × 105 cells) were cultured in a 35 mm cell culture plate overnight at 37 °C
and 5% CO2. The supernatant was removed and the cells were washed with PBS twice. HA-
SNP (60 µg/ml, 2ml) in serum free DMEM was added and the cells were incubated for 5
hours at 37 °C and 5% CO2 after which the supernatant was removed and the cells were
washed with PBS six time to ensure the complete removal of NPs from the surface of the
cells. Fresh serum-free DMEM (2 ml) was added to the plate, which was incubated at 37 °C
and 5% CO2. 100 µl of the supernatant were transferred at specific time points to a black,
bottom clear 96-well plate, and fluorescence was measured on a plate reader (Excitation
wavelength 488 nm; Emission wavelength 520 nm). The drawn samples were returned to the
plate to maintain constant volume through the experiment.

2.3. Two particle assay
SKOV-3 cells (3 × 105 cells/wells) were cultured in a 6 well plate at 37 °C and 5% CO2
overnight. The culture medium was removed, and the cells were washed with PBS. While
one well received HA-SNP (FITC doped), the second one received HA-RITC-SNP
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(rhodamine isothiocyanate (RITC) doped) in serum free medium. A third well did not
receive any NPs and was used as the negative control. The cells were incubated at 37 °C and
5% CO2 for 6 h after which the NP solutions were removed and the cells were washed
thoroughly with PBS. The cells were collected and washed followed by trypsinization and
centrifugation (2500 rpm; 4 °C). The cells were resuspended in serum containing medium.
Some of the FITC- and RITC-labeled cells were mixed and transferred to one well of a 4-
well plate. The other wells received unlabeled control cells, FITC-only labeled cells, or
RITC-only labeled cells. Two plates were prepared and incubated at 37 °C and 5% CO2 for
48 h. To acquire confocal microscopy images, the cells of one plate were washed with PBS,
fixed with 10% neutral formalin, stained with 4',6-diamidino-2-phenylindole (DAPI), and
imaged on a laser confocal microscope. To quantify the percentage of double labeled cells
by flow cytometry, the cells of the second plate were washed with PBS, collected by
trypsinization, resuspended in serum containing medium, transferred to FACS tubes, and
analyzed on a flow cytometer.

2.4. NP transcytosis analysis using a transwell assay
SKOV-3 cells were cultured in a 100 mm cell culture plate at 37 °C and 5% CO2 till it
reached 80% confluency. Cells were trypsinized, collected by centrifugation, and
resuspended in 10% FBS-DMEM to a final concentration of 8 × 105 cells/ml. Serum
containing DMEM (1.5 ml) was added to the wells of a 12-well plate, above which the
transwell inserts were placed. 500 µl of the cell suspension was added to each transwell (4 ×
105 cells/transwell). The plate was incubated at 37 °C and 5% CO2 for 3 weeks. The growth
media was changed every 2 days during the first week, and every day during the last two
weeks. The integrity of the multilayered cell culture was assessed by transendothelial
electrical resistance (TEER) measurements using a Millicell-ERS Volt-Ohm Meter
(Millipore). After 3 weeks, the growth media was removed and the cell layer was washed
with PBS. 1.5 ml of serum free DMEM was added to the bottom of the 12-well plate wells.
One transwell received HA-SNP in serum-free DMEM (0.5 ml, 0.24 mg-NP/ml), while the
other received a fluorescently equivalent amount of SNP in serum-free DMEM (0.5 ml, 0.1
mg-NP/ml). 100 µl aliquots were drawn at different time points from the lower
compartment, and the fluorescence was assessed on a plate reader (Excitation wavelength
488 nm; Emission wavelength 520 nm). After measurements, the aliquots were returned to
its respective wells. The volume in the bottom wells was maintained at 1.5 ml. Similar
protocol was used to assess the penetration of DOX and DOX-HA-SNP through the
multilayered cell culture where subcytotoxic equimolar amounts of DOX were used
(excitation wavelength 483 nm; emission wavelength 580 nm). For competition with free
HA, transwells were incubated with HA in DMEM for 2 h after which HA-SNP was added.

2.5. Monitoring the penetration of SNPs by confocal imaging
SKOV-3 spheroids were transferred to the lid of a 100 mm cell culture plate containing 10
ml of PBS in the bottom, and washed with PBS twice. One set of spheroids received SNP in
serum-free DMEM (20 µl, 0.11 mg-NP/ml), while the other received the equivalent HA-
SNP (20 µl, 0.17 mg-NP/ml) based on fluorescence. The spheroids were incubated at 37 °C
and 5% CO2 for 18 h followed by washing with PBS three times. The spheroids were fixed
with 10% neutral formalin (20 µl) for 30 min. The spheroids were washed twice with PBS
and DI water consecutively. The spheroids were transferred to 8 well-cell culture plate
where they were air dried in the dark. Z-stack images (8 µm/section) were collected on an
Olympus view microscope. The same protocol was used to monitor the penetration of SNPs
in NCI/ADR-RES spheroids; however, RPMI 1640 was used instead of DMEM.
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2.6. Effect of DOX-HA-SNP on the morphology of spheroids: Evidence from confocal
imaging and SEM

Spheroids were transferred to the lid of a 100 mm petri dish containing 10 ml of PBS. The
spheroids were washed with PBS. One set was used as a negative control where spheroids
were incubated with 20 µl of serum-free DMEM. A second set was incubated with HA-SNP
(0.32 mg/ml, 20 µl/spheroid). The third set was incubated with DOX-HA-SNP (20 µl/
spheroid, 0.32 mg-NP/ml, 1.92 µg/ml-DOX). The spheroids were incubated for 72 h at 37
°C and 5% CO2. The spheroids were then washed thoroughly with PBS, and processed for
SEM imaging (See supporting information for SEM sample processing procedures). Prior to
osmium coating required for SEM imaging, fluorescence images were collected on a laser
confocal microscope. The spheroids were then coated with osmium and imaged on a SEM
microscope.

2.7. Trypan Blue exclusion assay for assessing spheroid viability
Eight sets of spheroids (10/set) were transferred to the lids of 100 mm cell culture plates and
washed with PBS. The spheroids were treated with eight serial dilutions of DOX-HA-SNP
or DOX in serum-free DMEM (20 µl/spheroid). For SKOV-3 spheroids, the concentrations
of DOXNP used were: 9, 4.5, 2.25, 1.125; 0.563; 0.282; 0.141; 0.071 µM, and those of free
DOX were: 80, 40, 20, 10, 5, 2.5, 1.25, 0.65 µM. For NCI/ADR-RES spheroids, the
concentrations of DOXNP used were: 43, 21.5, 10.75, 5.38, 2.69, 1.34, 0.67, 0.34 µM, and
those of free DOX were: 400, 200, 100, 50, 25, 12.5, 6.25, 3.13 µM. The spheroids were
incubated with the cytotoxic reagents for 72 h. Spheroids of the same set were combined in
one Eppendorf tube, centrifuged (2500rpm, 4 °C, 5 min), and dispersed using 0.25% trypsin
(200 µl). Serum-containing DMEM (800 µl) was added, and the cells were centrifuged,
washed and re-suspended in serum-containing DMEM (100 µl). The cells were analyzed for
viability using the Trypan Blue exclusion assay. Briefly, 12 µl of cell suspension was mixed
with 12 µl of 0.4% Trypan Blue/PBS. 10 µl of the mixture was loaded on a hemocytometer.
The number of viable cells and total number of cells were determined. The percentage of
viable cells was calculated as follows:

% viable cells= [number of viable cells/total number of cells]*100.

3. Results and discussion
3.1. Evidence for exocytosis of HA-SNP from SKOV-3 cells and evaluation of HA-SNP
interactions with SKOV-3 cells in 3D culture

CD44 is known to traffic between endosomes and cell surface.11 We envision that it is
possible when CD44 is recycled to cell surface from endosomes, it can bring the bound HA
species to the surface and release them to the extracellular space (exocytosis). To study the
fate of HA-SNPs after cellular uptake, we developed an exocytosis assay. After the SKOV-3
cells were grown in a culture flask and incubated with HA-SNPs, the cells were washed to
remove all NPs not internalized. TEM images confirmed very few particles remained on cell
surface after washing (Fig. S1). Fresh cell culture medium was added to the cells and the
fluorescence of cell culture supernatant was continuously monitored. Although the
supernatant showed little fluorescence initially, the fluorescence intensity increased over
time, which reached a plateau after 24 hours (Fig. 1a). This indicated that HA-SNPs
internalized could be transported out of the cells. Quantification of the fluorescent intensity
remaining inside the cells and that of the supernatant showed that 95% of the HA-SNPs
were exported after 48 hours. Tirelli and coworkers reported that CD44 recycling requires
tens of hours in a mouse macrophage cell line,12 which is consistent with the rate of HA-
SNP exocytosis observed in our study.
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Although endocytosis of NPs has been extensively utilized for intracellular drug
delivery,13–15 comparatively, NP exocytosis has been much less studied. It has been shown
that after cellular uptake, NPs such as quantum dots,16 magnetic nanoparticles,17

mesoporous silica particles,18 single wall carbon nanotubes,19 gold nanoparticles20, 21 and
polysosomes22–24 can exit the cells. However, the exocytosis phenomenon has not been
extensively explored for drug delivery applications.25 To test whether HA-NP exocytosis
can be useful for drug delivery, as the first step, we developed a two particle assay18 to test
whether the exported HA-SNPs can be taken up by another cell. The red fluorescent HA-
RITC-NPs were synthesized as described for HA-SNPs except for substituting FITC-
APTES with RITC-APTES. SKOV-3 cells were loaded with either the green fluorescent
HA-SNPs or the red fluorescent HA-RITC-NPs in two separate culture flasks for 6 hours at
37 °C. After removing the unbound NPs by washing, the pre-loaded cells were then cultured
together. Although each cell began with either green or red fluorescence, multiple cells
contained both red and green fluorescence after 48 hours (Fig. 1b, Fig. S2). Quantification
by flow cytometry showed a dramatic increase in the number of cells with both green and
red fluorescence following the co-culture (Fig. 1c). This observation suggested that the
exocytosed HA-NPs retained their abilities to be efficiently taken up by other cells.

In the traditional cell culture flask, the cells are grown as a monolayer. These 2D monolayer
cell cultures do not mimic in vivo tumor well since extracellular barriers are not reproduced.
3D multilayered cell culture (MCC) and tumor spheroids have emerged as a powerful and
promising predictive tool for chemotherapeutic evaluation.26–28 3D cultures can mimic the
3D cellular context and relevant pathophysiological gradients encountered in tumors in
vivo.26, 29 Some chemotherapeutic drugs that exhibited activities in 2D cell cultures lose
potencies in 3D cultures due to the extracellular barriers encountered in 3D models.2, 30

Therefore, we evaluated transcytosis of HA-SNPs using both MCC and spheroids of
SKOV-3 cells.

Endocytosis and exocytosis were monitored on the same side of the cells in the 2D
monolayer culture. To distinguish the direction of NP transport, multiple layers of SKOV-3
cells were grown on a permeable transwell filter as a model of MCC.31 The NP solution was
added to the chamber above MCC and the ability for NPs to penetrate through the MCC was
assessed by monitoring the fluorescence of the chamber below MCC as a function of time.
TEER measurements showed that addition of SNPs or HA-SNPs did not change the
electrical resistance of the MCC through the entire assay (Table S1) suggesting that the NPs
did not affect the junction dynamics of the cells. With the control SNPs, little increase in
fluorescence of the bottom well was detected after 36 hours of incubation indicating the
MCC had tight junctions between cells and the nonspecific leakage through the MCC was
low (Fig. 2a). On the other hand, HA-SNPs were able to penetrate through the MCC as
evident from the significant fluorescence increase in the bottom chamber presumably by a
sequential series of endocytosis/exocytosis processes through the multiple layers of cells.
The addition of excess free HA polymer onto the MCC prior to incubation with HA-SNPs
significantly reduced the amount of NPs that penetrated through inserts (Fig. 2b). These
results highlight the importance of HA in promoting transport of HA-SNP through the cells.

Spheroids are another attractive 3D tumor model.26, 27, 29 It is established that tumor
spheroids 200–500 µm in diameter, but not smaller ones, develop the oxygen, nutrients, and
energy gradients similar to those found in vivo.32 Furthermore, in ovarian cancer, spheroid
formation has been associated with more invasive phenotype and higher resistance to
chemotherapeutics in vivo.33 To prepare SKOV-3 spheroids, we exploited a modified
hanging drop method.34 Incubating SKOV-3 cells in a hanging drop for 10 days generated
flat, disc-like aggregates as determined by light microscopy (Fig. 3a) and confirmed by SEM
(Fig. 3b). Transferring the flat aggregates to the adhesion resistant agarose surface caused
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them to fold (Fig. 3c) and grow into spherical, compact 3D spheroids with diameters of 250–
350 µm after 7 days (Fig. 3d and Fig. S3). The cells in the spheroids were mostly viable as
determined by a LIVE/DEAD assay using the Calcein AM dye to mark live cells and the red
ethidium homodimer to label dead cells (Fig. 3e).

The SKOV-3 spheroids were incubated with the SNPs and HA-SNPs respectively and
unbound particles were washed off. After incubation, the number of cells labeled with NPs
was quantified by flow cytometry with HA-SNPs leading to a 4.5 fold increase in the
number of cells being labeled compared with the SNPs (Fig. 4a). When the spheroids were
incubated with HA-SNP in the presence of HA polymer, the uptake of the NPs was reduced
by 45% (Fig. 4b), demonstrating the HA-dependent nature of the uptake. Z-stack confocal
microscopy images of the spheroids after incubation were acquired (Fig. 4c,d). While the
SNPs exhibited little penetration (Fig. 4c), HA-SNPs were found deep into the spheroids
(Fig. 4d). These observations correlate well with MCC penetration results and suggest the
potential application of HA-SNPs as a drug delivery vehicle that can access cells in the
interior of the tumor.

3.2. Toxicity enhancement of DOX delivered by HA-SNPs to 3D ovarian cancer spheroids
Having validated the HA-dependence for enhanced NP uptake and penetration, we studied
DOX delivery by HA-SNP. SKOV-3 cells were loaded with DOX-HA-SNP at sub-toxic
levels. After washing off unbound NPs, the loaded cells were incubated in culture media.
Analysis of the culture media showed that the fluorescence intensities of both FITC and
DOX went up over time, suggesting at least some DOX was still retained on HA-SNP after
the internalized NPs were exported.

Next, we tested whether HA-SNP can enhance the penetration of DOX using the SKOV-3
MCC. DOX-HA-SNP or free DOX was added to the chamber above MCC respectively at
the same sub-toxic DOX concentrations. The TEER measurements showed no electrical
resistance changes over 24 hours indicating DOX did not affect the tight junctions much at
the concentrations used. The DOX fluorescence intensities of the bottom chambers were
measured after 24 hour incubation. With DOX-HA-SNP, the amount of DOX fluorescence
in the bottom chamber was more than three times higher than that with free DOX (Fig. S4),
suggesting that HA-SNP can significantly improve tumor penetration ability of DOX.

To analyze the cytotoxicity of DOX-HA-SNP, the SKOV-3 spheroids were incubated with
DOX-HA-SNP as well as free DOX for 72 hours after which the spheroids were collected
and dissociated. The numbers of live and dead cells were determined by a trypan blue
exclusion assay. In this assay, dead cells were stained blue by the trypan blue dye since their
membranes were compromised, while live cells excluded the trypan blue dye from entering
thus remaining colorless. For free DOX, 13.2 µM of DOX was needed to kill 50% of the
SKOV-3 cells in the spheroid (IC50 = 13.2 µM) (Fig. 5). In comparison, DOX-HA-SNPs
exhibited 10-fold enhancement in cytotoxicity with an IC50 value of 1.3 µM. The HA-SNPs
were not toxic to SKOV-3 cells as the cells retained 100% viability when treated with HA-
SNPs (1.3 mg NP/mL).

The morphologies of the spheroids after drug treatment were examined by SEM and
confocal microscopy. At a DOX concentration of 3.5 µM, free DOX did not have a
significant effect on spheroid integrity. The DOX-free HA-SNPs did not influence the
morphology of the spheroids either. In contrast, incubation with DOX-HA-SNPs at the
equivalent DOX concentration of 3.5 µM disintegrated the spheroids causing severe
deformations of their architecture (Fig. 6a). The effect was more pronounced at 20 µM of
DOX-HA-SNPs (Fig. 6b vs 6c, 6d). Confocal images of the spheroids showed extensive
distribution of DOX fluorescence throughout the spheroid (Fig. 6e), which overlaid well
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with the green fluorescence from the SNP core (Fig. 6f,g). The SKOV-3 cells were also
imaged under higher magnification upon DOX-HA-SNP incubation (Fig. 6h–k). Extensive
red fluorescence of DOX was observed in the cytoplasm signaling significant intracellular
DOX accumulation (Fig. 6j).

Multi-drug resistance is a major obstacle for effective cancer therapy.35, 36 To test the effect
of DOX-HA-SNP on resistant cancer cells, spheroids consisted of the multi-drug resistant
NCI/ADR-RES ovarian cancer cells37 were prepared (Fig. 7a–c) using a similar protocol as
that for SKOV-3 cells. CD44 has been identified as a surface biomarker on NCI/ADR-RES
cells,38 which can serve as a potential therapeutic target to overcome drug resistance.39

Confocal microscopy imaging confirmed that HA-SNPs penetrated deep into the NCI/ADR-
RES spheroids than the SNPs (Fig. S5). The cytotoxicity of DOX-HA-SNPs to NCI/ADR-
RES spheroids was evaluated using the trypan blue exclusion assay (Fig. 7g). Compared to
free DOX (IC50 = 100 µM), DOX-HA-SNPs displayed significant enhancement in potency
(IC50 = 20 µM). SEM images collected for NCI/ADR-RES spheroids treated with 20 µM
DOX equivalent of DOX-HA-SNP showed the formation of holes and signs of spheroid
disintegration (Fig. 7e,f), while at the same concentration, free DOX had little effect (Fig.
7d).

4. Conclusions
We demonstrated that HA coating significantly enhanced tumor penetration abilities of
SNPs, presumably through CD44 mediated endocytosis followed by NP exocytosis. When
evaluated in 3D tumor models, HA-SNPs enabled NP delivery to larger number of cells
inside the tumor spheroids. DOX delivered by HA-SNPs were more potent against not only
drug sensitive but also drug resistant ovarian cancer cells compared to free DOX. During the
course of our work, two other reports utilizing receptor mediated transcytosis to enhance NP
penetration of tumor have been published.20, 25 Li and coworkers discovered that by
immobilizing an agonist towards the melanocortin type-1 receptor on melanoma cells, the
targeting gold NPs exhibited much wider dispersion in melanoma tissue through
transcellular transport compared to the non-targeted counterparts.20 The Fang group took
advantage of the integrin-mediated transcytosis process to enhance the permeation of
paclitaxel coated NP into solid tumor with greater tumor growth inhibitory effects.25

Therefore, it may be general that by targeting a receptor such as CD44, which can undergo
recycling between cell surface and endosomes/lysosomes and mediate transcytosis, tumor
penetration by NPs can be significantly enhanced. This represents a promising new direction
to improve the efficacy of the chemotherapeutic agent delivered by NPs for anti-tumor
therapy.
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Fig. 1.
(a) Time dependent release of HA-SNPs from SKOV-3 cells showing that the internalized
HA-SNPs can be exported. (b) Confocal images of SKOV-3 cells in the two particle assay.
b1, RITC channel showing location of HA-RITC-SNP; b2, FITC channel showing location
of HA-SNP; b3, DAPI channel showing location of the nucleus; b4, overlay of RITC, FITC,
DAPI channels and DIC images. The scale bars are 10 µm. In this experiment, cells were
pre-loaded with either the green fluorescent HA-SNPs or the red fluorescent HA-RITC-
SNPs. The pre-loaded cells were then cultured together. Some cells (marked with red
arrows) exhibited both green and red fluorescence indicating that exocytosed NPs could be
taken up by cells. (c) Quantification of double labeled cells by flow cytometry. c1) control
unlabeled cells; c2) cells incubated with HA-SNP only; c3) cells incubated with HA-RITC-
SNP only; c4) co-incubation of cells pre-loaded with HA-SNPs or HA-RITC-SNP for 48 h
led to 55.5% of cells giving high fluorescence for both FITC and RITC indicating that the
exocytosed SNPs can be efficiently internalized by other cells.
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Figure 2.
a) Penetration of NPs through MCC. HA-SNPs showed significantly enhanced penetration
abilities compared to the control SNPs. b) Penetration of HA-SNPs through MCC in the
absence (blue) and presence of free HA polymer (red). HA polymer was added 2 h prior to
addition of HA-SNP. HA polymer reduced the amount of HA-SNP that penetrated through
MCC.

El-Dakdouki et al. Page 11

Nanoscale. Author manuscript; available in PMC 2014 May 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
3D SKOV-3 spheroids formed by the hanging drop method. (a) A 2D Light microscope
image and (b) a SEM image of a spheroid grown by the hanging drop method without being
transferred to an agarose-coated surface. (c) SEM image of a spheroid grown using the
hanging drop method and transferred to an agarose-coated surface. The image showed the
folding and the growth of the spheroid after growing on the agarose surface for 4 days. (d)
SEM and (e) viability of fully grown SKOV-3 spheroids after growing on the agarose
surface for 7 days (the green color from Calcein marks live cells and the red color from
ethidium homodimer marks dead cells). The scale bars are 200 µm (a, d) and 100 µm (b, c).
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Fig. 4.
a) Percentage of cells labeled with NPs in SKOV-3 spheroids after incubating the spheroids
with SNPs or HA-SNPs respectively for 6 hours. b) Uptake of HA-SNPs by spheroids in the
presence and absence of free HA polymer. Z-stake confocal images of spheroids incubated
with c) SNPs and d) HA-SNPs after incubation. SNPs displayed poor penetration power and
were mainly bound to the exterior of the spheroid. In contrast, HA-SNPs penetrated much
deeper into the spheroid. The scale bar is 100 µm.
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Fig. 5.
Trypan blue exclusion assay showing the cytotoxicity of DOX and DOX-HA-SNPs against
SKOV-3 spheroids. The DOX-HA-SNPs were more cytotoxic than free DOX.
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Fig. 6.
SEM images of a) a SKOV-3 spheroid treated with DOX-HA-SNP (equivalent to 3.5 µM of
DOX) for 72 h showing disintegration of the spheroid; SKOV-3 spheroids treated with (b)
DOX or (c, d) DOX-HA-NP at [DOX]= 20 µM. The DOX-HA-NP caused major reduction
in the size and profound deformation of the spheroids, while free DOX did not have
significant effects on spheroids at the concentrations tested. Confocal images of the spheroid
shown in (a): e) DOX channel, f) FITC channel, and (g) is overlay of (e) and (f). The scale
bars in a–g) are 200 µm. h–k) Confocal images of SKOV-3 cells upon incubation with
DOX-HA-SNP. h) DAPI channel showing positions of the nuclei; i) FITC channel showing
NP locations; j) DOX channel showing location of DOX; and k) overlay of images in h)–j)
and the DIC images. The scale bars in h–k) are 10 µm.
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Fig. 7.
(a) and (b) show the SEM images of two representative NCI/ADR-RES spheroids prepared
by the modified hanging drop method. (c) shows LIVE/DEAD assay to demonstrate the
viability of NCI/ADR-RES spheroids (the green color from Calcein marks live cells and the
red color from ethidium homodimer marks dead cells). The scale bar is 200 µm. (d, e, f)
SEM images of NCI/ADR-RES spheroids treated with (d) DOX or (e, f) DOX-HA-NP at
[DOX]= 20 µM. The NP formulation caused thinning and the formation of holes the NCI/
ADR-RES spheroids. (g) Trypan blue exclusion assay showing the cytotoxicity of DOX and
DOX-HA-SNPs against NCI/ADR-RES spheroids. The DOX-HA-SNPs were more
cytotoxic than free DOX.
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