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ABSTRACT Understanding the interactions between drug carriers and cells is of importance to enhance the

delivery of therapeutics. The release of therapeutics into different intracellular environments, such as the

lysosomes or the cell cytoplasm, will impact their pharmacological activity. Herein, we investigate the intracellular

fate of layer-by-layer (LbL)-assembled, submicrometer-sized polymer hydrogel capsules in a human colon cancer

derived cell line, LIM1899. The cellular uptake of the disulfide-stabilized poly(methacrylic acid) (PMAsy) capsules by

colon cancer cells is a time-dependent process. Confocal laser scanning microscopy and transmission electron

microscopy reveal that the internalized capsules are deformed in membrane-enclosed compartments, which

further mature to late endosomes or lysosomes. We further demonstrate the utility of these redox-responsive

PMAsy capsules for the delivery of doxorubicin (DOX) to colon cancer cells. The DOX-loaded PMAgy, capsules

demonstrate a 5000-fold enhanced cytotoxicity in cell viability studies compared to free DOX.
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dvanced drug delivery systems

based on nanocarriers hold signifi-

cant promise for improving cancer
therapy outcomes.” There are currently over
10 nanotechnology-based anticancer prod-
ucts that have been approved for preclini-
cal/clinical use, some showing favorable im-
pact on the treatment of various cancers.’?
Among these first generation products,
liposomal drug carriers and polymer—drug
conjugates are the most dominant classes.?
Recently, there has been increased interest
in the potential of delivery vehicles formed
by the layer-by-layer (LbL) technique as
therapeutic carriers for controlled drug
delivery.*~° Typically, these capsules are
formed by deposition of interacting poly-
mers onto a sacrificial colloidal template fol-
lowed by dissolution of the core.” The as-
sembly process allows for the manipulation
of the properties of the capsules, including
size, permeability, surface chemistry, sur-

YAN ET AL.

face functionality, and degradation
characteristics.*%®~ ' Further, LbL-
assembled capsules can be engineered to
encapsulate a host of materials, including
nucleic acids, peptides, proteins, and small
drugs.’> ¢

Recently, we developed a novel LbL-
assembled delivery system, which is based
on the assembly of thiolated poly-
(methacrylic acid) (PMAsy), to form hollow
polymer hydrogel capsules.'”'® The cap-
sules are assembled by the alternate depo-
sition of PMAgy and poly(vinylpyrrolidone)
(PVPON) onto silica particles, followed by
subsequent cross-linking of the thiol groups
(using an oxidizing agent such as
chloramine-T) in the PMAgy to form stable
disulfide bonds and dissolution of the sacri-
ficial silica core. The H-bonding interaction
between PMA and PVPON is inherently un-
stable at physiological pH, and thus, when
the capsules are placed in a pH 7 buffer,
PVPON is expelled, resulting in single-
component, disulfide cross-linked PMAs
capsules. The disulfide-bonded capsules are
stable in oxidizing conditions (such as the
bloodstream) but disassemble in reducing
environments such as the cytoplasm of the
cell. We have demonstrated the potential of
these capsules as a therapeutic delivery sys-
tem for the in vitro and in vivo delivery of en-
capsulated proteins and peptides for vac-
cine applications,’®'¢ as well as small
molecule drugs for drug delivery to cancer
cells.” The successful application of such
capsules is highly dependent on their inter-
action with cells. Although studies using
PMAsy capsules have demonstrated that
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Figure 1. Time-dependent association of AF633-labeled
PMAy capsules with LIM1899 cells over a 24 h incubation
period at 37 °C, 5% CO,. (a) Percentage of cells associated
with PMAgy capsules after incubation for various times was
quantified by both flow cytometry and imaging flow cytom-
etry. (b) Average number of PMA,, capsules per cell that
was associated with capsules, as evaluated by imaging flow
cytometry. A representative experiment (24 h time point) is
shown in the dotted-line frame. (c) Number of capsules in
each analyzed cell. (d) Examples of association with cells de-
tected by imaging flow cytometry. The numbers represent
the number of internalized capsules. Data are the mean =
the standard error of three independent experiments;

20 000 cells were measured in each flow cytometry experi-
ment, 5000 cells acquired, and only focused cells were ana-
lyzed in each imaging flow cytometry experiment.

the capsules can be internalized by several different
cell types (e.g., dendritic cells, monocytes, and colorec-
tal cancer cells),’>'*'¢ a detailed cellular uptake study,
as well as the correlation of capsule uptake to effective
therapeutic delivery, has not yet been performed.
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Figure 2. Quantification of the internalization of AF633-
labeled PMAsy capsules in LIM1899 cells by imaging flow cy-
tometry. The cells were incubated with capsules at a capsule-
to-cell ratio of 100:1 for 4 h at 37 °C, 5% CO,. The degree of
internalization is expressed as the internalization factor (IF).
An overlay of the bright-field and fluorescence images of
cells is shown for three representative areas: (a) capsules
bound with cell membrane (negative IF); (b) capsules inter-
nalized within cells but in close proximity to the cell mem-
brane (IF 0—1); (c) capsules internalized and trafficked within
cells (IF >3).

Understanding the key processes of drug carrier in-
ternalization will form the basis of effective delivery.
Studies have demonstrated that most polymeric nano-
carriers are taken up by an endocytic process and that
their uptake is both concentration- and
time-dependent.®'9~2° Recently, progress has been
made in understanding the fate of polymeric nanocarri-
ers once inside cells.'>?*?°~ 28 These studies indicate
that, upon entry, nanocarriers are internalized into early
endosomes created by the endocytic process. In some
cases, these early endosomes then undergo a rapid
maturation to late endosomes that are able to fuse with
either other late endosomes or lysosomes.'*?#2%27 |n
other cases, the internalized nanocarriers are able to es-
cape from early endosomes and subsequently interact
with other organelles inside the cell, such as the endo-
plasmic reticulum (ER) and the Golgi apparatus.® Stud-
ies on the cellular uptake of micrometer-sized (3 m)
polyelectrolyte capsules by tumor cells and dendritic
cells have also shown that the uptake of the capsules in-
volves endocytic processes in cells, and that the inter-
nalized capsules are localized and degraded in
lysosomes.'>?%2¢ However, the internalization process
can vary dramatically among LbL-assembled capsules
due to differences in composition, size, and charge of
the capsules, as well as the cell physiology.
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LysoTracker

Figure 3. CLSM images of LIM1899 cells with internalized AF633-labeled PMAgy capsules. Internalized AF633-labeled PMAs,
capsules (red) are colocalized with late endosomes and lysosomes, but not early endosomes, in LIM1899 cells. All cells were
incubated with PMAs, capsules for 24 h at 37 °C, 5% CO,. Early endosomes were labeled with anti-EEA1 antibody (a, green),
and late endosomes and lysosomes were immunostained with anti-LAMP1 antibody (b,c, green). Late endosomes and lyso-
somes were labeled with LysoTracker Blue (d, pseudocolored in green). In some samples, nuclei were counterstained with
Hoechst 33342 (a,b, blue). Bright-field images of the cells are shown in gray (c,d). Scale bars = 5 pm.

Herein, we investigate the interactions between a
human primary colorectal carcinoma derived cell line,
LIM1899,%° and PMAsy capsules. The capsules used in
this study were assembled on 585 nm silica particle
templates, and due to the pH-responsive properties of
PMAg, the final size of the capsules ranged from 600
nm (pH 4) to 850 nm (pH 8)."""® Our results indicate
that the internalized capsules accumulate in the late en-
dosome/lysosome compartments. Following the up-
take of DOX-loaded PMAg, capsules, we also observed
a broad distribution of DOX in the cells, suggesting that
the disulfide cross-linked capsules are deconstructed
during intracellular trafficking, thereby leading to DOX
release. Due to the lipophilic properties of the drug/oil
emulsion studied, DOX appeared to partially diffuse
through the endocytic vesicle membrane, resulting in
cytotoxicity to the LIM1899 cells. The distribution of
DOX within the cells was significantly different than the

ACINANC) voL.a = No.5 = YAN ET AL

distribution obtained when free DOX was incubated
with the cells and showed a 5000-fold increase in effi-
cacy compared to free DOX.

RESULTS AND DISCUSSION

To examine the effect of the submicrometer-sized
PMAsy capsules on cell growth and viability, the poten-
tial cytotoxicity of PMAsy capsules was measured by
the reduction of MTT to formazan by metabolically ac-
tive cells, which correlates with the number of viable
cells.>° LIM1899 cells show unchanged proliferation af-
ter incubation for 48 h with increasing doses of PMAgy
capsules up to 2 X 10° capsules pL™" (a capsule to cell
ratio of approximately 4000:1), suggesting that PMAgy
capsules are nontoxic in the concentration range stud-
ied (Figure S1, Supporting Information). The limited cy-
totoxicity of PMAgy capsules supports their use as suit-
able drug delivery vehicles, which is in accordance with
our previous studies using a different human cell line."*

www.acsnano.org



We next monitored the interaction between Alexa
Fluor 633-labeled (AF633-labeled) PMAsy capsules and
LIM1899 cells at a concentration of 2 X 10* capsules
L™ (a capsule to cell ratio of approximately 100:1) as
a function of time. The extent of association of LIM1899
cells with PMAsy capsules was investigated over 2—24
h using flow cytometry, which showed that the interac-
tion between PMAsy capsules and cells is time-
dependent (Figure 1). Significant association of cells
with PMAsy capsules is only apparent after several
hours, with approximately 70% of cells associated with
capsules after 24 h of incubation, suggesting slow bind-
ing and uptake of the PMAgy capsules. The association
and average number of the internalized PMAsy capsules
per cell were analyzed using imaging flow cytometry
(IFC), which combines flow cytometry with fluorescence
microscopy in a single platform. The images were ac-
quired in extended depth of focus (EDF) mode, which
provides focused 15 wm deep images of the cells and
enables quantitative analysis of the entire cell. The asso-
ciation of capsules with cells was determined based on
the images of individual cells, which allows exclusion of
false positive events due to free capsules passing the
detector concurrently with cells. In agreement with the
flow cytometry analysis, IFC revealed a similar time-
dependent interaction profile of PMAsy capsules with
the cells (Figure 1a). IFC also revealed that, among the
cells that are associated with capsules, on average only
2—3 endocytic compartments containing capsules are
present within each cell after 24 h incubation (Figure
1b), although some cells accumulate larger numbers
(Figure 1¢,d). The low binding and uptake of PMAs, cap-
sules are partly due to their negative surface charge at
pH 7.4%'® because the outer surface of cells has a net
negative charge.®' This low nonspecific uptake pro-
vides a favorable framework to enhance the internaliza-
tion in specific cells, for example, by the covalent at-
tachment of a targeting ligand or antibody.®

To distinguish internalized capsules from the exter-
nally bound capsules, IFC was performed with a nor-
mal depth of field, which acquires a cross-sectional im-
age of the cell with a 2 wm depth of focus. Combining
the bright-field image of the cell with the fluorescent
image of the capsule enables the internalization factor
(IF) to be determined. A positive value for IF corre-
sponds to a cell with internalized capsules, whereas a
negative IF corresponds to surface-associated capsules.
Cells were analyzed after 4 h incubation with capsules
(capsule to cell ratio of 100:1) at 37 °C. Analysis at
shorter incubation times was not possible due to the
low number of cells associated with the capsules. As
shown in Figure 2, about 80% of the cells with capsules
bound had an IF greater than 0, suggesting that the ma-
jority of capsules are internalized soon after surface
binding. The robustness of the IF as a measure of the
degree of internalization was confirmed by analysis of
cell images with different IFs. Cells with an IF less than

www.acsnano.org
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Figure 4. TEM images of LIM1899 cells that have internalized

PMAGy capsules. The cells were incubated with the capsules for
24 h at 37 °C, 5% CO,. The TEM images suggest that the forma-
tion of plasma membrane protrusions is involved in the internal-
ization of intact capsules (a, black arrows). Meanwhile, internal-
ized capsules are found in membrane-enclosed electron-dense
late endosomes or lysosomes (b, white arrow) and are deformed

(b, black arrow). Scale bars = 2 um. Images are representative
of two separate experiments.

—3 (Figure 2a) clearly showed surface localization of
the capsules, whereas cells with an IF greater than 3
(Figure 2c) demonstrated capsules inside the cell. Cells
with an IF between 0 and 1 (Figure 2b) showed that the
capsules were internalized by cells but were in close
proximity to the cell membrane, suggesting capsules
in the early stages of internalization.

Further insight into the internalization and intracel-
lular distribution of PMAsy, capsules was gained by con-
focal laser scanning microscopy (CLSM) (Figure 3).
LIM1899 cells were incubated with AF633-labeled
PMAy capsules for 24 h at the same concentration (2
X 10* capsules L™, a capsule to cell ratio of 100:1)
used for the flow cytometry and image flow analyses.
To visualize endocytic compartments, the cells were im-
munostained for early endosome antigen1 (EEA1) and
the lysosome-associated membrane protein1 (LAMP1).
The largely coiled-coil protein, EEA1, which acts as a
Rab5 effector to mediate tethering and docking of early
endosomes,*? was used as a marker of early endocytic
compartments. Meanwhile, LAMP1, which is an integral
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Figure 5. Encapsulated DOX is released from PMAgy capsules after
internalization of PMAgy—DOX capsules by LIM1899 cells, as visual-
ized by CLSM. Cells were treated with AF633-labeled PMAs,—DOX (2
x 10% capsules pL™") at 37 °C, 5% CO, for 24 h. The nuclei were coun-
terstained with Hoechst 33342 (b, blue). DOX (d, red) was released
from the PMAgy capsules (c, pseudocolored in green) and found in
both the cytoplasm and nucleus (a, overlay). A bright-field image of
the cells is shown in gray (e). Scale bars = 10 pum.

membrane protein with a highly N-glycosylated lumi-
nal domain, was used to identify the late endocytic
compartments, specifically late endosomes and lyso-
somes.>* CLSM images revealed that, after 24 h incuba-
tion, the majority of the internalized PMAsy, capsules
are colocalized in the late endosomal/lysosomal com-
partments stained with LAMP1 (Figure 3b,c and Figure
S2c¢,d in Supporting Information). By contrast, EEA1 im-
munostaining does not exhibit either significant over-
lap or close proximity with PMAgy capsules (Figure 3a

AN . .
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and Figure S2a,b). To confirm these results, LIM1899
cells were incubated with LysoTracker Blue, a marker
for late endosomes and lysosomes based on their low
internal pH. As shown in Figure 3d, the vesicles contain-
ing capsules are labeled with LysoTracker Blue (pseudo-
colored in green), suggesting that these vesicles are
acidic. It was also noticeable that the majority of the in-
ternalized PMAsy capsules are located in the perinu-
clear region of the cell, concentrated near the
microtubule-organizing center where most of the fu-
sion between late endosomal and/or lysosomal vesicles
occurs.>* Previous studies have reported that internal-
ized PRINT (particle replication in nonwetting tem-
plates) particles move toward the nucleus in a time-
dependent manner.?? Taken together, these data
suggest that the PMAgy, capsules are internalized into
compartments which traffic to the juxtanuclear region,
where they may fuse with late endosomes and
lysosomes.

The intracellular distribution of PMAgy capsules was
also investigated by transmission electron microscopy
(TEM). As shown in Figure 4a, the PMAsy capsules out-
side of the cells were hollow and spherical with a thin,
electron-dense wall. During the association of the cap-
sules with the cell plasma membrane, the cell mem-
brane extended over the capsules, forming cup-shaped
invaginations. This suggests that macropinocytosis
and/or phagocytosis may play a role in the uptake of
the capsules. Within the cell, the capsules appeared in
large membrane-enclosed compartments (diameter ~1
pm) with the morphology of late endosomes or lysos-
omes (Figure 4b). Cells cultured without capsules did
not contain the membrane-bound structures found in
the cells cultured with the capsules. It is notable that the
capsules are deformed once they are internalized by
cells, and more distorted capsules appear in late endo-
somes or lysosomes, which is consistent with other re-
ports showing the high flexibility of the LbL-assembled
capsules.'>?* This result is also consistent with the intra-
cellular fate of the capsules localizing in lysosomes
identified using confocal microscopy (Figure 3).

The delivery of therapeutic complexes via endocyto-
sis has important potential for improving cancer treat-
ment. Several chemotherapeutics have been coupled to
transferrin or folate due to the increased expression of
their cognate receptors on malignant cells, leading to
enhanced intracellular accumulation by receptor-
mediated endocytosis and increased cytotoxicity in tu-
mor cells compared to uncoupled drugs.> Similarly,
nanoparticles may facilitate increased intracellular de-
livery as they can carry a large “payload”. For example,
a 70 nm nanoparticle can be loaded with up to ~2000
siRNA drug molecules, whereas antibody conjugates
can accommodate less than 10." To evaluate the poten-
tial of PMAgy capsules as a carrier to deliver anticancer
drugs, we incorporated DOX into the capsules using an
oil-emulsion encapsulation strategy that we described

www.acsnano.org



previously.'* DOX has an intrinsic fluorescence spec-
trum (excitation at 480 nm, emission at 550—650 nm)
that can be exploited to monitor localization of the
drug. The amount of DOX loaded into the PMAgy cap-
sules was determined by back extraction into ethanol
and measured by UV—vis spectrophotometry based on
an absorbance calibration curve.'® From these mea-
surements, we calculated that the drug loading in each
capsule was approximately 2.2 X 107° ng. The success-
ful encapsulation of DOX was confirmed by the CLSM
images of DOX-loaded AF633-labeled PMAgy capsules
(AF633-labeled PMAsy—DOX), showing red DOX fluo-
rescence within an AF633-labeled capsules (Figure S3,
Supporting Information).

To investigate the fate of the encapsulated DOX,
AF633-labeled PMAs,;—DOX capsules were added to the
medium of adherent LIM1899 cells with continuous
gentle shaking for 24 h in a humidified atmosphere at 37
°C, 5% CO,. Cells were then rinsed with phosphate buff-
ered saline (PBS), fixed, and the nuclei counterstained
with Hoechst 33342. The resulting CLSM images (Figure
5) show the internalization of AF633-labeled PMAg,;—DOX
capsules inside the cells. Although some DOX still ap-
pears to colocalize with PMAgy, capsules, strong DOX fluo-
rescence is observed in both the cytoplasm and the
nucleus, indicating release of DOX from the capsules af-
ter internalization. It has been reported that endocytic
compartments may provide a reducing capacity sufficient
to cleave disulfide bonds.3%3” We expect that, upon inter-
nalization, the redox-responsive PMAs,—DOX capsules
are deformed within endosomes created by endocytosis.
Thereafter, these vesicles traffic and mature to acidified
compartments, where the DOX/oleic acid emulsion may
be released from the carrier. Due to the lipophilic proper-
ties of the DOX/oleic acid emulsion, it appears that DOX
partially diffuses through the endocytic vesicle mem-
brane, resulting in cytotoxicity to the LIM1899 cells. The
released DOX is diffusely distributed in the cytoplasm, and
a further proportion of DOX is found in the nucleus. Pre-
sumably, a fraction of the DOX/oleic mixture released into
the cytoplasm formed a DOX—proteasome complex,
which may have been actively transported to the nucleus
as a result of tagging with a nuclear localization signal
presented in the proteasome, as reported previously.>®
Notably, DOX fluorescence in the cytoplasm is stronger
than in the nucleus, in contrast to the findings obtained
when cells are incubated with free DOX, where DOX is pri-
marily localized to the nucleus (Figure 6). The different dis-
tribution of DOX in the cells after capsule internalization
compared to that of free DOX suggests that encapsulated
DOX enters cells via a different mechanism to free DOX.
It also suggests that the PMAgy capsules are stable in the
presence of cells and serum-containing cell medium,
achieving minimal premature release of DOX, as the rapid
release of DOX in the extracellular environment would
be expected to result in a nuclear distribution similar to
that of free DOX. These data are consistent with our pre-

Www.acsnano.org

Figure 6. Free DOX accumulates in the nucleus of LIM1899 cells as
visualized by CSLM (c, overlay). Cells were treated with DOX (1 M)
in growth media at 37 °C, 5% CO, for 24 h. The nuclei were counter-
stained with Hoechst 33342 (a, blue), and the intracellular distribu-
tion of DOX was visualized by confocal microscopy (b, red). Bright-
field image of the cells is shown in gray (d). Scale bars = 10 pm.

vious reports that disulfide-bonded PMAsy capsules re-
main stable at pH 7.4 in the absence of reducing agents,'”
releasing negligible amounts of DOX from DOX/oleic
acid loaded capsules at 37 °C over 24 h, as evaluated by
both UV—vis absorbance measurements and MTT assays
of the supernatant.’*

The cytotoxicity of DOX-loaded PMAg,
(PMAs,—DOX) capsules was evaluated on the LIM1899
cells using a colorimetric MTT assay. As shown in Figure
7a, cell viability was reduced in a dose-responsive man-
ner when treated with DOX-loaded PMAsy capsules
(containing approximately 2.2 X 10~° ng DOX per cap-
sule) for 48 h at varying capsule to cell ratios. Impor-
tantly, oleic acid loaded PMAs capsules, used as a
negative control, did not hinder cell growth compared
to untreated cells, even at the highest concentration of
PMAs—DOX capsules tested (Figure 7a, T2). This con-
firms that the cytotoxicity was due to delivery of the
DOX and not the carrier system itself. On the basis of
the amount of DOX in each capsule and the number of
PMAs,—DOX capsules used for each treatment, we cal-
culated that the final concentration of DOX incubated
with the cells was 8 X 10~% nM (Figure 7a, T3),8 X 1073
nM (T4), and 8 X 1072 nM (T5). Thus, this PMAgy—DOX
formulation showed up to a 5000-fold enhanced effi-
cacy compared to free DOX (Figure 7b). Previously, we
reported a significantly increased efficacy of cell killing
(up to 10%-fold) by DOX-loaded PMAs capsules in an-
other colorectal carcinoma derived cell line, LIM1215. In
that instance, the viability of the cells was measured
by incubating the cells with the same dose of capsules

VOL. 4 = NO.5 = 2928-2936 = 2010 mw&i{@)
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Figure 7. Enhanced cytotoxicity of DOX-loaded PMAs, cap-
sules (compared to free DOX) on LIM1899 cells. Cells were
treated for 48 h as follows. (a) T1, untreated cells; T2, oleic acid
loaded PMAgy (2 X 10* capsules pL~"); T3, DOX-loaded PMAgy
(2 % 102 capsules pL™"); T4, DOX-loaded PMAg,, (2 X 103 cap-
sules pL~"); T5, DOX-loaded PMAgy (2 X 10* capsules pL™"). (b)
Comparison of therapeutic efficacy between DOX-loaded
PMAG, and free DOX in LIM1899 cells. The values were normal-
ized to that of untreated cells, which was set at 100%. Data
are the mean = the standard error of three independent ex-
periments, each performed in triplicate. (¥*) P < 0.001 (one-way
ANOVA coupled to Bonferroni multiple comparison test).

with different concentrations of encapsulated DOX for
24 h."* Although the calculated ICs, values are different
between the two reports (most likely due to differ-
ences between the cell lines, periods of incubation,
and dosage parameters), the considerably greater

METHODS

Materials: Silica particles (585 nm in diameter) were purchased
from MicroParticles GmbH, Germany. Poly(methacrylic acid) (PMA;
M,, 15000 g mol~") was purchased from Polysciences, Inc. and was
used as received. PMAg with 15 mol % thiol groups was synthe-
sized as described previously.'” Bovine serum albumin (BSA), dox-
orubicin (DOX), oleic acid, and 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT) were purchased from Sigma-
Aldrich. Paraformaldehyde and glutaraldehyde were purchased
from Electron Microscopy Sciences, USA. The mouse anti-human

%\K) VOL. 4 = NO.5 » YAN ET AL.

therapeutic effect achieved, compared to free DOX, is
consistent. We propose that this enhanced cytotoxicity
is due to the more effective intracellular accumulation
of DOX, as the PMAg,—DOX capsules are internalized by
endocytosis, in contrast to free DOX, which enters cells
by passive diffusion.>® It has been reported that DOX
causes both antiproliferative and cytotoxic effects in tu-
mor cells through a number of mechanisms, including
intercalation into DNA, interference with DNA unwind-
ing and helicase activity, generation of free radicals, and
direct membrane effects.*® On the basis of the intracel-
lular distribution of DOX from PMAsy;—DOX capsules
and free DOX, it is expected that the major site of ac-
tion for free DOX is the nucleus, while DOX from
PMAs,—DOX capsules may exert additional cytotoxic
effects on other organelles through DNA-intercalation-
independent mechanisms.

CONCLUSION

This paper provides the first detailed investigation
of the cellular uptake and intracellular fate of
submicrometer-sized polymer hydrogel PMAs, cap-
sules. Our data reveal that these capsules associate with
cells in a time-dependent manner. Subsequently, the in-
ternalized PMAsy capsules are distorted and accumu-
late in late endosomal or lysosomal compartments.
Moreover, DOX-loaded PMAs capsules are internal-
ized by colorectal carcinoma derived cells, and the
therapeutic release of DOX from the deconstructable
PMAsy capsules is well supported by cell viability assays
in vitro, which demonstrate significantly enhanced cell
killing in response to DOX delivered by PMAs, capsules,
compared to free DOX. This investigation assists in the
evaluation and development of PMAgy capsules as a
therapeutic delivery system, as understanding the key
processes of capsule internalization will form the basis
of effective delivery. In attempts to further increase the
therapeutic efficacy, future studies will be aimed at
functionalization of the PMAsy capsule surfaces with
targeting ligands to promote their uptake and specific-
ity of action. In addition, to broaden the applicability of
these capsules to include the delivery of peptides, pro-
teins, and siRNA molecules to the cytoplasm, strategies
such as attachment of fusogenic peptides or cell-
penetrating peptides may be used to facilitate the es-
cape of PMAgy capsules from endocytic compartments.

EEA1 and the mouse anti-human LAMP1 monoclonal antibodies
were purchased from BD Biosciences Pharmingen, USA. AF488-
labeled goat anti-mouse IgG antibody, Alexa Fluor 633 (AF633) ma-
leimide, Hoechst 33342, and LysoTracker Blue were purchased
from Invitogen, USA. The AF488-labeled huA33 mAb was pro-
duced at the Ludwig Institute for Cancer Research, Australia. High-
purity water with resistivity greater than 18 M() - cm was obtained
from a Millipore Rios/Synergy 2-stage system (Milli-Q water).

Cell Culture: The human colorectal carcinoma derived cell line,
LIM1899, employed in this study has been described previ-

www.acsnano.org



ously.?® Cells were maintained in RPMI 1640 media (Gibco) con-
taining 10% fetal bovine serum (FBS) and ADDS (10.8 ug mL™"
a-thioglycerol, 0.025 U mL insulin, 1 ug mL~" hydrocortisone) at
37 °Cin a humidified atmosphere containing 5% CO, and subcul-
tured prior to confluence using trypsin/EDTA.

Preparation of PMAgy Capsules and Their Loading with DOX: PMAsy cap-
sules were prepared as described previously.'” Briefly, silica par-
ticles of 585 nm diameter were alternately incubated in solutions
of PVPON or PMAg (1 g L™7), resulting in a multilayered poly-
mer film of (PVPON/PMAsy)s/PVPON on the particles. Afterward,
the particles were treated with a solution of chloramine T (2.5
mM) to achieve conversion of thiol groups into disulfide link-
ages between the PMAgy layers, followed by removal of the silica
core with aqueous hydrofluoric acid (5 M). The capsules were
washed (X3) and resuspended in phosphate buffered saline
(PBS), whereupon PVPON was released, resulting in single-
component PMAgy capsules. AF633-labeled PMAgy capsules
were prepared by mixing PMAgy capsules with AF633 maleim-
ide in 2-morpholinoethanesulfonic acid (MES) buffer (50 mM, pH
6) for 16 h under constant stirring at room temperature. The con-
centration of the capsules was determined by flow cytometry
(Partec Cyflow Space, Germany) with absolute volume counting.

Loading of DOX in PMAsy capsules was performed as de-
scribed in detail elsewhere.' Briefly, PMAsy capsules were dehy-
drated in ethanol and dispersed in a DOX/oleic acid mixture (50
M) for 16 h at room temperature to allow infiltration of the oil
phase through the semipermeable walls of the polymeric cap-
sules, leading to filling of the capsules. The excess DOX/oleic acid
mixture was removed by centrifugation and repetitive washing
with PBS. The amount of DOX loaded into the PMAs capsules
was determined following ethanol extraction from a UV—vis ab-
sorbance calibration curve.® DOX loading was found to be ap-
proximately 2.2 X 10~° ng per capsule.

PMAsy— Cell Interaction Profile Analysis: The percentage of cells as-
sociated with PMAgy capsules and the average number of cap-
sules per cell were assessed by both flow cytometry and imag-
ing flow cytometry. For flow cytometry detection, 1 X 10° cells/
well were seeded into 48-well plates and incubated (37 °C, 5%
CO,) with AF633-labeled capsules at a fixed concentration of 2
X 10* capsules pL~". At specified intervals (0, 2, 4, 8, 16, and
24 h), cells were washed (X3) with cold PBS and harvested by
trypsinization followed by centrifugation at 400g for 5 min. The
cell pellet was resuspended in PBS and analyzed by flow cytom-
etry (Partec Cyflow Space). Cells (20 000 per analysis) were iden-
tified according to their scatter characteristics, and the percent-
age of cells associated with capsules was determined by
acquisition of AF633 (FL5).

Samples for imaging flow cytometry analysis were prepared
as described above except that 5000 cells were acquired for each
time interval, and analysis was performed on focused cells only.
The AF633 signal and corresponding bright-field image associ-
ated with individual cells were acquired on an ImageStream im-
aging flow cytometer (Amnis Corporation, Seattle) using the ex-
tended depth of field (EDF) collection mode. The data were
analyzed using IDEAS software (Amnis Corporation, Seattle) to
detect and enumerate capsules in each cell.

PMAy Capsule—Cell Internalization Analysis: Samples were pre-
pared as described above. Briefly, the cells were treated with
AF633-labeled capsules at a capsule-to-cell ratio of 100:1 at
37 °C for 4 h. The cells were then harvested and resuspended in
PBS for imaging flow cytometry analysis. Images of 6000 cells and
their fluorescence intensity (FL6) arising from associated capsules
were acquired. The internalization analysis was performed on 100
cells, which were focused single cells associated with capsules.
IDEAS software was used to create a cell mask based on the bright-
field image of the cells, and the built-in internalization feature was
used to calculate the degree of internalization.

Confocal Laser Scanning Microscopy (CLSM): Internalization experi-
ments were performed using the same capsule dose as described
above for the flow cytometry analysis (2 X 10* capsules pL™").
LIM1899 cells were plated at 8 X 10* cells/well into 8-well Lab-Tek
| chambered coverglass slides (Thermo Fisher Scientific, Rochester)
and allowed to adhere overnight. Cells were then incubated with
AF633-labeled PMAgy capsules for 24 h (37 °C, 5% CO,), followed by
three washes with PBS. For experiments involving LysoTracker
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Blue, cells were further incubated with LysoTracker Blue (100 nM)
in RPMI 1640 medium for 30 min at 37 °C. For experiments involv-
ing antibody immunostaining, cells were fixed with 4% paraform-
aldehyde for 20 min at room temperature (RT), permeabilized with
0.1% Triton X-100 in PBS for 1 min, and incubated with mouse anti-
human EEA1 monoclonal antibody (2.5 pg mL™" in PBS contain-
ing 0.25% BSA), or mouse anti-human LAMP1 monoclonal anti-
body (2.5 ug mL™" in PBS containing 0.25% BSA) for 1 h at RT,
followed by detection with AF488-labeled goat anti-mouse IgG (2
g mL~"in PBS containing 0.25% BSA) for 1 h at RT. Optical sec-
tions were collected with a Leica laser scanning confocal unit (TCS
SP2; Leica, Germany). Colocalization analysis was performed with
Imaris software (Bitplane AG, Switzerland).

Transmission Electron Microscopy (TEM): The intracellular fate of
PMAsy capsules was investigated with TEM using standard proce-
dures. Briefly, LIM1899 cells were incubated with or without PMAsy
capsules (2 X 10* capsules L") for 24 h at 37 °C, 5% CO,. After in-
cubation, cells were fixed with 2.5% glutaraldehyde for 1 h at RT
and washed (X3) with PBS. Samples were then dehydrated using
a graded ethanol series followed by a Spurr’s resin series. The cells
were polymerized at 60 °C for 8 h, cut into ultrathin (80 nm) sec-
tions, loaded onto copper TEM grids, and stained with uranyl ac-
etate and lead citrate prior to analysis by TEM (JEOL 1011, Japan).
TEM images were obtained at an acceleration voltage of 60 kV. Cul-
tures incubated with capsules were compared to cultures incu-
bated without capsules.

Cell Viability Analysis by MTT Assay: Cell viability was measured by
reduction of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT), as described previously.30 Briefly, cells were seeded
at 1 X 10 cells/well in 96-well plates and incubated with test sub-
stances for 48 h. After treatment, media were replaced by 200 p.L of
media containing MTT (0.5 mg mL™") and the cells incubated for a
further 2 h. The resulting blue formazan was solubilized using 150
L of acidified isopropanol (0.04 N HCI), and the absorbance at 560
nm was measured with a plate reader (Multiskan Ascent, Thermo
Scientific). In the case of DOX-loaded PMAs,, capsules, the concen-
trations of DOX were calculated using the total amount of drug
within the PMAgy capsules divided by the volume of the treatment
media. The reduction of MTT achieved by untreated cells was set
at 100%, and that of test cells was expressed as a percentage of un-
treated cells. Data are shown as the mean = the standard error
for three independent experiments performed in triplicate.
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