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ABSTRACT We report a versatile approach for controlling the intra-
cellular degradation of polymer capsules by tailoring the degree of cross-
linking in the capsules. Poly(2-diisopropylaminoethyl methacrylate) cap-
sules were assembled by the layer-by-layer technique and covalently
stabilized with a redox-responsive bisazide cross-linker using click chemistry. |~ #
The degree of cross-linking, determined using radiation scintillation ”

counting, was tuned from 65% to 98% by adjusting the amount of cross-
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linker used to stabilize the polymer films. Transmission electron microscopy
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and fluorescence microscopy studies showed that the pH responsiveness of the capsules was maintained, regardless of the degree of cross-linking. Atomic

force microscopy measurements on planar surfaces revealed that increasing the degree of cross-linking decreased the film roughness (from 8.7 to 1.7 nm),

hence forming smoother films; however the film thicknesses were not significantly altered. Cellular studies showed that the rate of intracellular degradation

of the capsules could be controlled between 0 and 6 h by altering the degree of cross-linking in the polymer capsules. These studies also demonstrated that

the cellular degradation of highly cross-linked capsules (>90%) was significantly retarded compared to degradation in simulated cellular conditions. This

suggests that the naturally occurring cellular reducing environment is rapidly depleted, and there is a significant delay before the cells can replenish the

reducing environment. The modular and versatile nature of this approach lends itself to application to a wide range of polymer carriers and thus offers

significant potential for the design of polymer-based systems for drug and gene delivery.
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click chemistry

he design of polymer carriers with
Tcontrolled degradation at a specific

location (e.g., subcellular compartments)
is fundamental in drug/vaccine delivery and
gene therapy applications.' > Moreover,
degradation of the carriers into smaller frag-
ments enables them to be rapidly cleared
from the body.® Recently, there has been
significant interest in engineering carriers that
exploit a biological trigger to induce their
degradation and thus release encapsulated
cargo.”® Various mechanisms have been used
to achieve targeted degradation in response
to external triggers, including optical or mag-
netic stimulation, and changes in pH, enzy-
matic, and redox potentials®~'> pH- and
redox-sensitive carriers have been widely
investigated, as they are responsive to phy-
siologically relevant conditions that naturally
occur in cells. While there has been consider-
able research in this area,'®”'® most of these
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studies have focused on investigating their
behavior in simulated biological conditions,
which can be vastly different to their response
in cells. There is limited work on tuning the
degradation of drug carriers by specific biolo-
gical triggers within cells. Control over degra-
dation rate, and hence cargo release, is crucial
for achieving efficient and effective delivery of
a range of therapeutics.

Layer-by-layer (LbL) films, assembled by
the sequential deposition of polymers
through complementary interactions (e.g.,
electrostatic, hydrogen bonding, covalent
linkages) on particle templates,* are suitable
candidates for controlled release applica-
tions. LbL assembly allows fine control over
the film characteristics (e.g., thickness, per-
meability, structure), assembly conditions,
and subsequent processing steps for film
stabilization and functionalization. Hydrogen-
bonded LbL multilayers are of interest
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because they can be designed to exhibit stimuli-
responsive properties under physiologically relevant
conditions; however, they have limited stability at
physiological pH.* To overcome this, we developed
a general approach for stabilizing these films by
“clicking” hydrogen-bonded layers together with small
molecule cross-linkers?®?' through the copper-catalyzed
azide—alkyne cycloaddition (CUAAC) reaction.?? This
approach provides rapid and specific assembly, and
permits postfunctionalization in agueous solutions under
mild conditions.

We recently reported the LbL assembly of dual-
responsive, alkyne-modified poly(2-diisopropylamino-
ethyl methacrylate) (PDPA,y) capsules that synergisti-
cally respond to pH and redox triggers.*> PDPA-based
materials are of significant interest as they are sensitive
to physiological pH variations, therefore making them
potentially useful for biomedical applications.>**> The
PDPA, capsules were cross-linked by CuAAC using a
bisazide cross-linker containing a central disulfide moiety.
Disulfide groups are redox responsive, as they are stable
in the bloodstream but cleavable in the presence of
glutathione (GSH), which is an abundant intracellular
thiol species.?® These capsules rapidly degraded in simu-
lated cellular conditions with only small amounts of GSH
(0.01 to 1.5 mM). However, our previous study did not
demonstrate control over the degradation rate of PDPA
capsules,” which is often required for tuning the dosage
of therapeutics and achieving multidrug release, and for
controlling their behavior in cells.?”

Herein, we report a simple and versatile technique
for tuning the cellular degradation of LbL capsules. We
have investigated the influence of the degree of cross-
linking on PDPA films assembled on both planar and
particle templates. Degradation of the capsules was
studied under simulated cellular conditions and in cells
using the JAWS i cell line. To our knowledge, this is the
first report that demonstrates the tunable degradation
of LbL capsules in cells. Importantly, significant differ-
ences were observed between degradation rates in
simulated cellular conditions and in cells, particularly in
the case of highly cross-linked (>90%) capsules. This
has important implications for the design of redox-
responsive delivery systems. The multilayer capsules
were assembled through hydrogen bonding interac-
tions between PDPA, and poly(methacrylic acid)
(PMA) on silica particle templates at pH 4. To control
degradation, the capsules were covalently stabilized
with different molar quantities of a redox-responsive
cross-linker to tune the degree of cross-linking. After
template removal, PMA was expelled from the multi-
layer system by increasing the solution pH, which
disrupts the hydrogen bonding between PDPA, and
PMA, yielding single-component PDPA capsules with
different degrees of cross-linking (Scheme 1). A radio-
labeling method (scintillation counting of *H) was
employed to quantitatively determine the number of
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Scheme 1. lllustration of PDPA capsule assembly. (a—c) The
multilayer films were assembled through LbL assembly
between PDPA, and PMA on silica particle templates at
pH 4. (d) After consecutive deposition of five PDPA,,/PMA
bilayers, PDPA multilayers were covalently stabilized via
click reactions between the alkyne moieties of PDPA and
different amounts of bisazide cross-linker containing a
disulfide bond in the presence of Cu(l), the particle template
was dissolved, and (e) PMA layers were removed by raising
the pH to 7.4, yielding single-component PDPA capsules
with various degrees of cross-linking.

alkyne groups used in the cross-linking process and
free alkyne groups in the capsules. Atomic force micro-
scopy (AFM) measurements of hydrated planar films
revealed differences in the surface topography (and
roughness) as a result of different degrees of cross-
linking. The degradation kinetics of the PDPA capsules
were investigated using flow cytometry under simu-
lated cellular conditions; and finally cellular uptake and
degradation was assessed using the JAWS I cell line.
Owing to the versatile nature of click systems, this
tunable cross-linking technique could be extended to
other systems to provide carriers with tailored properties
for a range of drug delivery applications.

RESULTS AND DISCUSSION

PDPAA/PMA multilayer films were first assembled
on planar silicon substrates (1 cm?) at pH 4 to examine
changes in the physicochemical properties of the films
that may relate to capsule morphologies and their
degradation properties. A polyethyleneimine (PEI) pre-
layer and alkynated PMA (PMA,;) were deposited on
the substrates prior to the PDPA,/PMA layers to
ensure the films remained anchored to the substrates
after raising the pH. We have previously reported the
homogeneous layer buildup between this polymer
pair on both planar and silica particle surfaces.® After
deposition of the five bilayers, a cross-linking solution
containing copper(ll) sulfate, sodium ascorbate, and
bisazide linker was introduced to cross-link the PDPA 5,
films. The amount of bisazide linker was systematically
varied to tune the cross-linking degree of the films
(Experimental Methods). The films were then washed
with phosphate buffer (PBS) at pH 7.4. At pH < pKj, (6.4),
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TABLE 1. AFM Analysis of PDPA Films Cross-Linked with Various Amounts of Cross-Linker; Measurements Carried out in

pH 5.9 PBS
sample amount of cross-linker, mol concentration of cross-linker, M film thickness”, nm RMS roughness, nm
A 50 x 107" 50 x 107° 201+ 21 87403
B 50 x 1072 50 x 107° 28+18 37402
C 13x 107" 13x 1078 BI+20 22401
D 25x 107" 25 x 1078 B8+ 24 17 +0.1

“See also Supporting Information, Figure S2.

PDPA undergoes a charge-shifting transition from
hydrophobic (water insoluble) to hydrophilic (water-
soluble) due to protonation of its tertiary amine groups.
Thus, when incubated in PBS the multilayers are destabi-
lized, causing PMA to diffuse out of the PDPA,, multi-
layers, leaving behind single-component, covalently
stabilized PDPA films. Quartz crystal microbalance (QCM)
measurements suggest that most of the PMA was
removed from the PDPA multilayers upon changing the
pH from 4 to 7.4 (Supporting Information, Figure S1).3
Films were then transferred into pH 5.9 PBS to simulate
endosomal pH conditions. AFM measurements were
carried out on the hydrated films in PBS (Table 1 and
Figure 1). The root-mean-square (RMS) roughness analysis
(over 5 x 5 um?) shows that, as the cross-linking con-
centration increases (Table 1 and Figure 1), the film
morphology changes and the films become smoother
(RMS from 8.7 to 1.7 nm). This indicates that the rough-
ness of PDPA films can be tuned by simply varying the
quantity of cross-linker added, without significantly af-
fecting the total film thickness (see Table 1). The patchy
topography of the least cross-linked film (Figure 1A) can
be partly attributed to hydrophobic interactions of the
PDPA causing the formation of domains. The weak cross-
linking allows the PDPA to aggregate together to form
these domains, whereas in the more highly cross-linked
film (Figure 1D), the rigid film structure may not allow for
film rearrangement to a similar degree. Furthermore, QCM
measurements confirmed that after the removal of PMA
the mass of cross-linked PDPA films was the same, irre-
spective of the amount of cross-linker added. However,
75% more non-cross-linked PDPA was removed from the
65% cross-linked film compared to the 98% cross-linked
film when the films were transferred to pH 5.9, suggesting
different film densities (Supporting Information, Figure S1).

To prepare PDPA capsules, PDPAx and PMA were
sequentially deposited on 2.59 um-diameter silica
particles from 50 mM sodium acetate buffer (pH 4)
and Milli Q water (pH 4), respectively. After the deposi-
tion of five bilayers, the same amount of cross-linker
per unit surface area as the planar films was added to
achieve the same degree of cross-linking (Supporting
Information, Table S1). The silica templates were then
removed using buffered hydrofluoric acid (HF). Free
alkyne moieties that are not utilized in the cross-linking
can be used for further functionalization, such as post-
coupling of antibodies®®2° and dyes for fluorescently
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labeling capsules.?’ The capsules were incubated in pH
7.4 PBS for 12 h to remove the PMA.

To determine the degree of cross-linking in these
capsules, a radiolabeling method was employed. This
allows the quantitative determination of free alkyne
groups, rather than a qualitative measure, which is
achieved using IR spectroscopy or fluorescence label-
ing. The capsules were cross-linked using four different
reducible cross-linker amounts, ranging from 3.1 X
1078 to 1.5 x 107° mol (Supporting Information,
Table S1). Free accessible alkyne moieties remaining
after the cross-linking step were reacted with tritiated,
azide modified salicylic acid. Two assumptions were
made in determining the degree of cross-linking: (1)
Owing to the highly specific and reactive nature of
the CuAAC reaction, and the relatively low molecular
weight of the cross-linker (MW = 614.73), the cross-
linker is expected to penetrate through the LbL layers
and we assume that both sides of the bisazide linker
can react with alkyne groups in the capsules. However,
it is possible that some cross-linker will react with only
one alkyne group, thus overestimating the degree of
cross-linking. (2) The subsequent radiolabeling uses
the same CuAAC reaction, and given that the radiola-
beling molecule is small (MW = 179.13), we assume that
the radiolabeling efficiency is close to 100%. A scintilla-
tion cocktail sensitive to -emission was added and the
radioactivity of each sample was then analyzed using
liquid scintillation counting of *H (Figure 2). The differ-
ence in decay rate between the various cross-linked
capsules and the non-cross-linked capsules accounts
for the quantity of alkyne groups used in the cross-linking
process. The removal of PMA and non-cross-linked
PDPA,i from the planar films was confirmed by QCM
(Supporting Information, Figure S1). The total number of
alkyne moieties in each capsule before cross-linking was
calculated to be 2 x 10°, ascertained from assessing
the activity of non-cross-linked capsules. A systematic
decrease in activity was observed with an increase
in cross-linker concentration, indicating that more al-
kyne moieties were used in the cross-linking process
(Supporting Information, Figure S3). This confirms the
role of cross-linker concentration in controlling the de-
gree of cross-linking in the capsules. It is noted that a
certain cross-linking degree (>60%) is required to stabilize
these PDPA capsules. From herein we denote the dif-
ferent amount of cross-linker added by the degree of
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Figure 1. AFM images of PDPA films (5 layers) cross-linked with different quantities of bisazide cross-linker (see Table 1).
Measurements were carried out in pH 5.9 PBS buffer. Height scales are the same for all of the images.
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Figure 2. Degree of cross-linking of PDPA capsules as a
function of added cross-linker. The degree of cross-linking
was estimated on the basis of the total number of available
alkyne groups in non-cross-linked capsules. Experiments
were performed in duplicate.

cross-linking of the capsules. The degree of cross-linking
of the capsules was 65% (PDPAgsq.), 87% (PDPAg7s.), 93%
(PDPAg39,), and 98% (PDPAggy,) for bisazide cross-linker
amounts of 3.1 x 107%,3.1 x 1077,7.7 x 1077,and 1.5 x
10~ mol, respectively (Figure 2). It is noted that the cross-
linking refers to the percentage of cross-linked alkyne
groups and that the PDPA,y used to assemble these
capsules contained 10% alkyne groups.
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The isolated capsules were analyzed using fluorescence
microscopy and transmission electron microscopy (TEM).
Despite the variation in cross-linking degree, capsules in
all samples demonstrated similar responses to pH: the
hydrophobic nature of PDPA at physiological pH pro-
vided the driving force for the shrinkage of the multilayers.
A size reduction of approximately 50% was observed in
all samples (Figure 3A), yet they remained colloidally
stable. Upon reducing the pH, reswelling was observed
(Figure 3B). The air-dried capsules on TEM copper grids
showed folds and creases similar to a range of other
polyelectrolyte capsules previously reported (Figure 3C,
D; also see Supporting Information, Figure 54).'9~2"3°

This pH-responsiveness of PDPA capsules was de-
signed to complement the physiological pH changes
that occur during endocytosis. Under acidic conditions
these capsules swell to twice their original diameter
and the disulfide moieties become accessible, allowing
degradation by intracellular thiol species,®® which
makes them promising for the delivery of drugs requir-
ing intracellular release.®'*? To examine whether the
rate of degradation of PDPA capsules could be controlled
by altering their degree of cross-linking, PDPAgse,
PDPAg70,, PDPAg3s,, and PDPAggy, capsules were de-
graded in simulated cellular conditions. As a control,
nondegradable PDPA capsules cross-linked with a
nonreducible bisazide cross-linker (equivalent to 87%
cross-linking, Supporting Information, Figure S5) was

A N NN/
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Figure 3. Representative fluorescence microscopy images of Alexa Fluor 488-labeled PDPAg;, capsules dispersed in (A) pH
7.4 PBS or (B) pH 5.9 PBS. TEM images of air-dried PDPAg;, capsules dispersed in (C) pH 7.4 PBS or (D) pH 5.9 PBS.

also used.?® The capsules were then incubated at 37 °C
in the presence of 0.5 mM GSH at pH 5.9 to simulate
intracellular conditions. The exact intracellular concentra-
tion of the reducing species, such as GSH, is difficult to
define and is highly dependent on both cell type and
compartmentalization within cells. Several enzymes and
proteins are important in regulating the GSH concentra-
tion in endosomes, and due to the dynamic influx and
efflux of these enzymes across cellular compartments, the
concentrations of these enzymes and proteins and hence
GSH are difficult to determine.® Typically, total cellular
GSH concentrations are quoted between 0.5 and 10 mM;
however, often these concentrations are determined by
lysing cells and thus the values quoted reflect an average,
rather than a local concentration.3*~3° Therefore, we have
chosen a low concentration (0.5 mM) to simulate the
endosomal environment, as the concentration of redu-
cing species within endosomes is likely to be lower
than the cytoplasmic concentration. The total number of
capsules in each sample was monitored over time by flow
cytometry. A systematic decrease in degradation rate was
observed with increasing cross-linking degree (from ap-
proximately 5 to 30 min to reach 50% of the capsule
population, and approximately 20 to 90 min to reach 10%
of the capsule population, Figure 4), highlighting the
role of cross-linking degree in controlling the degradation
profile of these capsules. In contrast, capsules cross-linked
with the nonreducible linker showed no significant
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Figure 4. Degradation profiles of PDPA¢s, (red squares),
PDPAg,9, (green triangles), PDPAgzo, (blue triangles), and
PDPAygy, (purple diamonds) capsules cross-linked with a
bisazide redox-responsive linker, as monitored by flow
cytometry. Control capsules were cross-linked at 87%
(brown circles) using a nondegradable cross-linker. Experi-
ments were performed in triplicate.

decrease in capsule numbers at the end of the assay
(>90% remaining, Figure 4), suggesting these capsules
remained stable. Furthermore, as previously reported,
these capsules remained stable at pH 7.4, even with a
10-fold increase in GSH concentration (5 mM)3,

Next, we examined the interaction between the
PDPAgs0,, PDPAg;q,, PDPAgs, and PDPAgge, capsules
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PDPAg.,

PDPAyg.,

Figure 5. Deconvolution optical microscopy images (maximum intensity projection) of JAWS Il cells incubated with degradable
PDPAgss,, PDPAg70,, PDPAg30,, and PDPAggy, capsules (green) cross-linked using a bisazide redox-responsive linker, or non-
degradable PDPA capsules (red) (degree of cross-linking of 87%). Capsule/cell ratio of 20:1. Each row was focused on the same
cells over time. Time frames that show the first evidence of capsule degradation are highlighted in red. Scale bars are the same
for all images (see Supporting Information Figure S7 for enlarged images).

and JAWS Il cells (at a capsule to cell ratio of approxi-
mately 20:1) as a function of time. Understanding the
interactions between drug carriers and cells is one of
the fundamental steps toward the delivery of thera-
peutics. JAWS Il is an immortalized immature dendritic
cell (DQ) line, which was originally harvested from
cultures of mouse bone marrow.>® DCs are crucial for
the activation of both T and B cells during an immune
response in vivo,>” and have therefore been widely
studied for vaccination and immunotherapy against
cancers and infectious diseases.®® The cell association
kinetics of the various cross-linked capsules with the
cells at 37 °C was investigated using flow cytometry.
The results showed a similar rate of cell association and
uptake with time, irrespective of the amount of cross-
linking (Supporting Information, Figure S6). This sug-
gests that the cross-linking degree of PDPA capsules
does not influence their cellular association with, or
uptake by, JAWS Il cells.

Degradable capsules were fluorescently labeled with
Alexa Fluor 488 (nondegradable capsules were labeled
with Alexa Fluor 647 as a control) and were incubated
with JAWS Il cells (at a capsule to cell ratio of approxi-
mately 20:1) at 4 °C for 4 h to associate the capsules with
the cells but prevent cellular internalization. Unbound
capsules were then rinsed off, and the temperature was
raised to 37 °C to activate cellular uptake prior to live cell
imaging. Figure 5 shows representative deconvolution
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optical microscopy images of cells incubated with cap-
sules with different degrees of cross-linking at six time
points. Each slice (i.e., in the same z-plane) of a series of
images was analyzed to verify if the capsule was outside
or inside the cell membrane (Supporting Information,
Figure S8). In all four samples (A—D), degradable cap-
sules (green) were internalized, and degraded within
the cells, as seen by the transformation over time of their
shape from intact capsules to smaller fluorescent com-
partments. This pattern of fluorescence is indicative of
fragmentation of the lysosomal compartment once the
capsules have degraded within the lysosomes. Homo-
geneous fluorescence throughout the entire cell was
not observed, suggesting that the degraded polymer
remains compartmentalized, rather than being evenly
distributed throughout the cell. We previously demon-
strated that similar-sized LbL capsules are internalized
into cancer cells via macropinocytosis, and localize within
the lysosome.®® In that work, while the capsules were
cross-linked with degradable disulfide linkages, no frag-
mentation of the lysosomes was observed. This suggests
that there was limited degradation of the capsules. In the
current study, for fragmentation to occur, the structure of
the capsule must be sufficiently degraded so that free
polymer, or fragments of polymer, are able to bud off
into different compartments. In contrast to the redox-
responsive capsules, capsules cross-linked with the non-
degradable linker (red) remained intact, suggesting no

ACTAN T
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significant degradation in the cells. Selective intracellular
degradation can therefore be readily achieved through
variation of the cross-linker for stabilizing the multilayered
capsules.

PDPAgsq, capsules showed significant degradation
at the start of the experiment (less than 30 min). In
comparison, PDPAggy, capsules showed no signifi-
cant degradation until 6 h after the capsules were
internalized by the cells. Control of the degradation
rate within the cells was achieved by varying the
degree of cross-linking in the capsules. Increasing
the degree of cross-linking from 65% to 87% delayed
the onset of degradation and fragmentation by
approximately 60 min. Further increasing the degree
to 93% delayed the signs of degradation for approxi-
mately 3 h (Figure 5). This emphasizes the role of the
degree of cross-linking in controlling the intracellular
degradation rate.

Furthermore, by comparing these results to degrada-
tion profiles measured in simulated conditions (Figure 4),
different degradation kinetics were observed. The cap-
sules with a low degree of cross-linking (67%) degraded
within 30 min in both conditions. However, for capsules
with higher degrees of cross-linking, a significantly
delayed degradation response was observed in the cells
compared to simulated conditions (1 h in cells for 87%
cross-linking, compared to 30 min in simulated conditions,
and 6 h in cells for 98% cross-linking compared to 90 min
in simulated conditions, see Supporting Information,
Figure S7). This suggests that the GSH concentration
within the endosome is depleted as the cells degrade
the capsules. We speculate that once the GSH is con-
sumed, there is a significant delay before the cell can
synthesize fresh GSH and it can diffuse into the endosomal
compartments. This results in the cells being able to effec-
tively process PDPA capsules with less cross-linking (<90%);
however, highly cross-linked capsules (>90%) are pro-
cessed more slowly. These capsules demonstrate in-
creased cellular response over disulfide-cross-linked
PMA (PMAg) capsules that we have previously reported,
but no significant degradation within the cells was

EXPERIMENTAL METHODS

Materials. Sodium acetate anhydrous, phosphate buffered
saline (PBS), and reduced L-glutathione (GSH) were purchased
from Sigma—Aldrich. 2-Diisopropylaminoethylmethacrylate
(DPA) and poly(methacrylic acid) (PMA, 15 kDa) were obtained
from Polysciences (USA). Nonporous colloidal SiO, particles
(2.59 um average diameter) were obtained from Microparticles
GmbH (Berlin, Germany). Alexa Fluor 488 azide, and Alexa Fluor
647 azide (triethylammonium salt) were purchased from Invi-
trogen. Tritiated 4-azidosalicylic acid [ring-5-3H] (1 mCi/mL in
ethanol) was purchased from American Radiolabeled Chemicals,
and ultima Gold scintillation cocktail was obtained from PerkinElmer.
All other materials were obtained from Sigma—Aldrich and used as
received.

High purity and resistivity (18.2 M Q cm) deionized water
(Milli Q) was obtained from an inline Millipore RiOs/origin water
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observed using TEM.?® This is due to the greater number
of disulfide linkages in PMAsy capsules and/or the use of
PMA, which undergoes shrinkage at endosomal pH, thus
making the PMAgy capsules less sensitive to changes in
redox-potential compared with the PDPA capsules. This
delayed cellular response highlights the complexity that
exists in the cells compared to simulated cellular condi-
tions, and also suggests that it is important to consider
the amount of disulfide groups used when designing
new therapeutic delivery vehicles. Moreover, the cells re-
mained healthy throughout the experiments (Figure 5),
indicating that PDPA capsules have negligible impact on
cell viability, which is also in agreement with the MTT
assay reported previously.”*> We have previously de-
monstrated the loading and release of a model antigen
(OVA) from these capsules,®® and the control over
capsule degradation demonstrated in the current work
is expected to improve the efficiency of drug and
antigen delivery.*®

CONCLUSIONS

In summary, we have presented a versatile approach
to control the degradation profile of polymeric capsules,
in both stimulated cellular conditions and in cells, by
varying the degree of cross-linking, which was achieved
by adjusting the quantity of cross-linker used to stabilize
the polymer films. Using this approach, the roughness of
the films on planar supports could be finely tuned
without affecting the thickness of the film. The resultant
PDPA capsules showed similar reversible size changes
with pH. The onset of degradation of capsules in JAWS Il
cells was controlled from being almost instantaneous for
65% cross-linking, to being delayed by 6 h for 98% cross-
linking. The cellular degradation differed significantly
from the degradation in simulated cellular conditions.
This highlights the significance of cross-linking degree in
controlling the cellular responses. The controlled degra-
dation of PDPA capsules holds promise for intracellular
delivery of therapeutics, DNA, protein, and vaccines,
which often require specific release rates to enhance
their therapeutic outcomes.

purification system. Silicon wafers were obtained from MMRC
Pty Ltd. (Melbourne, Australia). Cleaning of silicon wafers for
AFM experiments was performed by submerging slides in
Piranha solution (70/30 v/v sulfuric acid/hydrogen peroxide)
for 10 min and rinsing thoroughly with water. [Caution! Piranha
solution is highly corrosive. Extreme care should be taken when
handling Piranha solution and only small quantities should be
prepared.] The slides were then sonicated in 50 v/v isopropyl
alcohol/water for 15 min. Following this, the slides were heated to
60 °C in RCA solution (5:1:1 water/hydrogen peroxide/ammonia
solution) for 20 min. Finally, substrates were washed with water
and dried under a stream of nitrogen.

Polymer and Linker Synthesis. Details of the synthesis of PDPA
with alkyne moieties (referred to as PDPA,,) can be found
in our previous publication.?* Details of the synthesis of the
nonreducible cross-linker (bisazido dodecaethylene glycol)
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and the disulfide-containing bisazide linker can be found
elsewhere 2%

Multilayer Assembly on Planar Supports. For (PDPA,/PMA) mul-
tilayer assembly, polyethylenimine- and PMA,-coated silicon
wafer slides (1 cm?) were sequentially immersed into sodium
acetate buffer solutions (pH 4, 50 mM) containing 1 mg mL™" of
PDPA i or PMA in Milli Q water (pH 4). A period of 15 min was
allowed for the deposition of each layer, followed by immersion
in acetate buffer for 1 min three times. After deposition of five
consecutive bilayers, the multilayers were cross-linked by in-
cubation in solutions containing various amounts of the bisa-
zide cross-linker, sodium ascorbate (4.4 mg mL™"), and copper
sulfate (1.8 mg mL™") at pH 4 for 24 h. The final volume in each
sample was 1 mL. Removal of PMA from cross-linked PDPA
multilayers was achieved by incubation in PBS (pH 7.4) over-
night, followed by three PBS (pH 7.4) washings for 1 min. The
silicon wafers were then reimmersed into PBS (pH 6) before AFM
analysis in liquid.

Capsule Preparation. A 100 uL aliquot of a SiO, particle suspen-
sion (5 wt %, 2.59 um average diameter) was centrifuged and
washed three times in sodium acetate buffer (pH 4, 50 mM). This
procedure was used as the standard washing procedure. Assembly
of the polymers was achieved by consecutive incubation of
the silica templates with 200 uL of PMA (1 mg mL™") at pH 4
and 200 uL of alkyne-functionalized poly-(2-(diisopropylamino)ethyl
methacrylate) (PDPAyy, 12 kDa, 1 mg mL™") at pH 4 in 50 mM
sodium acetate buffer with constant shaking at 23 °C. A 15 min
adsorption time was allowed for all layers, and particles underwent
three centrifugation/wash cycles before the addition of the follow-
ing layer. This procedure was repeated until five bilayers of PDPA,/
PMA were adsorbed. The multilayers were then cross-linked by
incubation in solutions containing various amounts of the bisazide
cross-linker, sodium ascorbate (44 mg mL™"), and copper sulfate
(1.8 mg mL™") at pH 4 for 24 h with constant shaking. Removal of
the SiO, particles to form hollow capsules was achieved by mixing
the particle suspension with ammonium fluoride (13.3 M) buffered
HF (5 M) at a volumetric ratio of 1:1.5. The capsules were then
washed three times through centrifugation/wash cycles in pH 4,
50 mM sodium acetate buffer. The removal of electrostatically
bound PMA layers from the cross-linked PDPA multilayers was
achieved by incubating capsules in PBS overnight followed by three
centrifugation/wash cycles in PBS.

Determination of the Degree of Capsule Cross-Linking. PDPA cap-
sule samples (prepared on 2.59 um diameter silica templates,
2 x 108 capsules/sample) cross-linked to different degrees with
the bisazide cross-linker were prepared in duplicate and sus-
pended in 200 uL of sodium acetate buffer (50 mM, pH 4). One
sample from each pair was incubated with 10 uL of tritiated
4-azidosalicylic acid (500 xCi mL™") in the presence of 50 ulL of
copper sulfate (1.8 mg mL™" in 50 mM sodium acetate) and
50 uL of sodium ascorbate (44 mg mL™" in 50 mM sodium
acetate) for 2 h with regular agitation. The remaining sample
from each pair (no copper catalyst control) was incubated with
10 ulL of tritiated 4-azidosalicylic acid (500 uCi mL™") in the
presence of 100 uL of 50 mM sodium acetate buffer (pH 4) and
otherwise treated the same as the catalyzed samples. After
incubation, samples were isolated by centrifugation and 200 uL
was collected from the supernatant. A 200 uL aliquot of sodium
acetate buffer (50 mM, pH 4) was added, and the centrifugation
and supernatant removal was repeated. This washing step was
completed a further four times. After the final washing step
270 uL of DTT (50 mM in 50 mM sodium acetate buffer) was
added to each sample in the presence of 30 uL of hydrochloric
acid (1 M). The non-cross-linked sample (0 M cross-linker) was
treated with 300 uL of sodium hydroxide (0.5 M). Samples of the
wash supernatants and 10% of each degraded capsule sample
were added to 5 mL scintillation vials, Ultima Gold scintillation
cocktail (2 mL) was added, and the samples were well mixed.
Activity was measured using a PerkinElmer Tri-Carb 2800TR
Liquid Scintillation Analyzer.

Fluorescent Labeling of Capsules. For a starting volume of 100 uL
particles, 1.5 uL of Alexa Fluor 488 azide or Alexa Fluor 647 azide
(1 mgmL™"in DMSO), 50 L of sodium ascorbate (4.4 mgmL™"),
and 50 uL of copper sulfate (1.8 mg mL~") were added in 150 uL
of sodium acetate buffer (pH 4, 50 mM) to the cross-linked
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particles with constant shaking overnight. The particles were
washed three times before the removal of core templates.

Degradation of PDPA,, Capsules. Cross-linked and fluorescently
labeled PDPA capsules were washed into PBS and counted
using flow cytometry. Then, a set of samples with a total capsule
population of 1 x 10” was prepared by mixing with glutathione
(GSH, 0.5 mM) in PBS buffer, the pH of which was adjusted to 6.
The samples were incubated at 37 °C with constant shaking at
500g. At each measurement, approximately 5 x 10* capsules
were assessed. The mean fluorescence intensity and the num-
ber of capsules were measured to determine the degradation of
capsules that resulted from capsule swelling due to pH, and
from capsule degradation via GSH reduction of the cross-linker.

Live Cell Imaging. JAWS Il cells were seeded in an 8-well
chambered cover glass (Thermo Scientific) at 37 °C (5% CO,)
overnight at a population of 50 000 cells per well. The cells were
then incubated at 4 °C. Capsules cross-linked with different
amounts of cross-linker were added at a capsule/cell ratio of
20:1 in each well. Nondegradable capsules were also added at
the same ratio as a control. After 4 h, the cells were washed with
warm media (37 °C) twice to remove free-floating capsules. The
cells were finally covered with 500 uL of media in each well. The
cover glass was then fitted in a DeltaVision (Applied Precision)
microscope. Cells were kept alive in the incubation chamber,
equipped with a CO, inlet, at 37 °C and mounted on the
microscope stage, forimaging. Live cell imaging was performed
for 12 h on five random spots chosen in each well. Each exper-
iment was performed in triplicate. Deconvolution images were
taken on a series of z-sections within the top and bottom of the
cells at a time lapse of 30 min for 12 h. Each slice of the images
(i.e., in the same z-plane) was analyzed to verify if the capsule was
either on the outside or inside of the cell membrane.

Capsule-Cell Association Kinetics. JAWS Il cells were seeded in a
24-well plate at 37 °C (5% CO,) overnight at a population of
40000 cells per well. The cells were then incubated at 4 °C.
Capsules cross-linked with different amounts of cross-linker
were added at a capsule/cell ratio of 20:1 in each well. Non-
degradable capsules were also added at the same ratio as a
control. At each time point, the cells were washed with warm
media (37 °C) twice to remove free-floating capsules. One mL of
1x trypsin was added to lift the cells. The cells were then
centrifuged and washed twice to remove trypsin before being
transferred to flow cytometry tubes. This experiment was
carried out in triplicate.

Analytical Methods. For AFM measurements in liquid, samples
prepared on silica wafers were mounted on a NanoWizard I
AFM (JPK Instruments, Berlin, Germany) in intermittent contact
in liquid mode with Veeco silicon nitride cantilevers (MLCT).
Samples were immersed in pH 5.9 PBS buffer at 37 °C while
conducting the measurements. Film roughness and thickness
were analyzed using JPK SPM Image Processing software
(V.3.3.32). TEM images were taken with a Philips CM120 BioTWIN
TEM at an operation voltage of 120 kV. Samples of capsules
were air-dried on a carbon-coated Formvar film mounted on
300 mesh copper grids (ProSciTech, Australia). Fluorescence
images were taken on an inverted Olympus IX71 microscope
equipped with a 60x objective lens (Olympus UPFL20/0.5 NA,
W.D. 1.6). A CCD camera was mounted on the left-hand port of
the microscope. Fluorescence images were illuminated with an
X-Cite module. Deconvolution fluorescence microscopy was
performed on a DeltaVision (Applied Precision) microscope
with a 60x 1.42 NA oil objective with a standard FITC/TRITC/
CY5 filter set. Images were processed with Imaris (Bitplane)
using the maximum intensity projection. Flow cytometry mea-
surements were carried out on a Partec CyFlow Space (Partec
GmbH, Germany) flow cytometer at an excitation wavelength of
488 and 647 nm. Each experiment was performed in triplicate.
Analysis was performed using FlowJo v8.7 (TreeStar).
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