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he design of novel polymer carriers
T is of high importance for a range of

biomedical applications, including
gene therapy,' drug delivery,>* and
microreactors.>® The layer-by-layer (LbL) ap-
proach has proven to be a useful tech-
nique for the assembly of nanoengineered
polymeric capsules with defined properties.
LbL capsules can be assembled by exploit-
ing various interactions, including electro-
statics,” hydrogen bonding,® DNA hybridiza-
tion,? or covalent stabilization.'®~'® For
example, single-component capsules have
been constructed via hydrogen bonding
between poly(N-vinyl pyrrolidone) (PVPON)
and poly(methacrylic acid), followed by sub-
sequent cross-linking and PVPON
removal."*"> Films assembled using cova-
lent interactions have been shown to ex-
hibit increased stability under varying
conditions,'®'” and various approaches
have been used, including chemical,'®~2°
photochemical,?' electrochemical,® and
thermal cross-linking.?® The formation of co-
valently stabilized multilayer films using a
combination of click chemistry and LbL as-
sembly has proven to be a highly versatile
approach.?*?> The applicability of this ap-
proach to a wide range of materials, includ-
ing low and like-charged polymers, affords
single-component multilayer films and
capsules.'?® Furthermore, click reactions,
such as the widely used copper(l)-catalyzed
1,3-dipolar cycloaddition between azides
and alkynes,?% can be carried out under
benign conditions (room temperature, wa-
ter as solvent). Hence, the click—LbL ap-
proach has been extended to biologically
relevant molecules and biodegradable ma-
terials, allowing for the attachment of click-
functionalized peptides?®3° and the assem-
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ABSTRACT We report the modular assembly of a polymer—drug conjugate into covalently stabilized,
responsive, biodegradable, and drug-loaded capsules with control over drug dose and position in the multilayer
film. The cancer therapeutic, doxorubicin hydrochloride (DOX), was conjugated to alkyne-functionalized poly(L-
glutamic acid) (PGAyy) via amide bond formation. PGA and PGAyy+pox Were assembled via hydrogen bonding
with poly(N-vinyl pyrrolidone) (PVPON) on planar and colloidal silica templates. The films were subsequently
covalently stabilized using diazide cross-linkers, and PVPON was released from the multilayers by altering the
solution pH to disrupt hydrogen bonding. After removal of the sacrificial template, single-component PGAy
capsules were obtained and analyzed by optical microscopy, transmission electron microscopy, and atomic force
microscopy. The PGAyy capsules were stable in the pH range between 2 and 11 and exhibited reversible swelling/
shrinking behavior. PGAy+pox Was assembled to form drug-loaded polymer capsules with control over drug dose
and position in the multilayer system (e.g., DOX in every layer or exclusively in layer 3). The drug-loaded capsules
could be degraded enzymatically, resulting in the sustained release of active DOX over ~2 h. Cellular uptake
studies demonstrate that the viability of cells incubated with DOX-loaded PGA, capsules significantly decreased.
The general applicability of this modular approach, in terms of incorporation of polymer—drug conjugates in other
click multilayer systems, was also demonstrated. Biodegradable dlick capsules with drug-loaded multilayers are

promising candidates as carrier systems for biomedical applications.

KEYWORDS: click chemistry - poly(L-glutamic acid) - layer-by-layer - polymer—drug
conjugate - doxorubicin

bly of single-component biodegradable
films. 13

LbL-assembled polymer capsules fulfill
many criteria required for carrier systems
aimed at (targeted) drug delivery. The cap-
sules can be loaded with biologically active
cargo,®'*? degraded via various
mechanisms,**~3¢ and engineered with low-
fouling properties.'*”~3° The low-fouling
properties are important for ultimately
avoiding the aggregation and premature
clearance of the capsules from the blood-
stream by macrophages.*® The attachment
of targeting ligands has been shown to en-
hance specific capsule uptake,*' and cargo
release in response to external stimuli (e.g.,
near-infrared light, change of pH or ionic
strength, etc.) has been demonstrated.***
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However, the delivery and controlled release of chemo-
therapeutics remains a challenge, mainly due to leak-
age of the small cytotoxic cargo (usually M,, < 5 kDa)
from the inherently permeable LbL carrier systems.**4>
Recent approaches include the delivery of small hydro-
phobic cargo in the liposomal subcompartments of
capsosomes“ or the release of hydrophobic cargo from
drug-loaded micelles assembled into planar degrad-
able LbL multilayer films. 4748

The cancer therapeutic, doxorubicin hydrochloride
(DOX), is a potent and well-studied DNA intercalating
agent. DOX exhibits inherent fluorescence that allows
direct monitoring of the intracellular fate of DOX-
loaded capsules. Successful approaches for charge-
driven loading of DOX to polyelectrolyte capsules rely
on electrostatic interaction between the cationic DOX
and an anionic (polymeric) reservoir in the capsule
core.*30 However, in these studies, the release was trig-
gered by displacement of DOX with salt, which may
have limitations for applications under physiological
conditions. More recent approaches involve the deliv-
ery of DOX from polymer-encapsulated emulsions,”!
dendrimers,>2~%* or covalent attachment of the drug to
a polymeric carrier material.>> Frechet et al.>2~%* re-
ported the incorporation of enzyme- or hydrolysis-
cleavable linkages for more efficient drug release from
dendrimer—DOX delivery systems, while Schneider et
al> reported the assembly of multifunctional DOX-
loaded nanoparticles based on a terpolymer contain-
ing 2% of a monomer to which DOX was attached
through an enzymatically cleavable oligopeptide
spacer. In the current work, we introduce a novel ap-
proach for the controlled assembly of DOX-loaded
poly(L-glutamic acid) (PGA) capsules using a
polymer—drug conjugate that allows control over drug
position and dose within LbL-assembled polymeric car-
rier capsules.

Poly(L-glutamic acid) (PGA) is a biodegradable and
biocompatible polypeptide®s*” that contains a termi-
nal carboxylic acid in the repeating unit, which can be
used for chemical modification pre- or post-assembly.
High susceptibility to degradation by lysosomal
enzymes>®>? into (natural) monomeric L-glutamic acid
and non-immunogenicity in vivo®® make PGA an ideal
material for biomedical applications. Xyotax, an enzy-
matically degradable PGA—Paclitaxel conjugate,®'2
possesses both higher solubility and improved antitu-
moral activity as compared to the hydrophobic parent
drug. Biodegradable magnetic resonance imaging con-
trast agents based on PGA have also been developed.5
However, so far, only a few attempts have been made
to assemble PGA into covalently stabilized capsules.
These include strategies based on electrostatic assem-
bly with polycations such as poly(L-lysine) (PLL), result-
ing in interdiffusing multicomponent films that were
subsequently chemically cross-linked with 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC)

chemistry.5#> Recently, we reported the synthesis of
PGApox capsules from solid core/mesoporous shell
(SCMS) silica particle templates through infiltration of
the low molecular weight conjugate into the SCMS par-
ticles and subsequent cross-linking with cystamine.®
Similarly, bioresponsive DOX-loaded poly(ethylene gly-
col) (PEG) spheres were synthesized from mesoporous
silica particles.®”” However, both strategies®®®” lack the
fine control of the LbL approach in terms of position-
ing the drug within layered structures, an aspect which
is important for controlling drug release.

Herein we demonstrate a versatile hydrogen bond-
ing based approach for the assembly of click-modified
PGA with PVPON on planar and colloidal templates of
various sizes. To our knowledge, this is the first report
utilizing the hydrogen bonding capability and the as-
sembly of PGA with PVPON in a nanostructured film.
Films constructed using biodegradable materials such
as PGA are expected to have an impact on the develop-
ment of biomaterials and biodegradable coatings. The
films were subsequently covalently stabilized with a
bisazide cross-linker, after which the PVPON was re-
moved from the multilayer system by altering the solu-
tion pH to yield single-component PGA capsules. The
pH-responsive behavior of the PGA, capsules in the
range of pH 2 to 11 and the degradation of PGA click
films was studied. We also report the synthesis of a
novel polymer—drug conjugate (PGAaik+pox), Which is
then assembled into drug-loaded capsules with control
over drug dose and position. The degradation profile
of DOX-loaded PGA, capsules was investigated. The
covalent binding of DOX to the polymer carrier allowed
for controlled degradation-driven release of the drug af-
ter incubation with cells. As shown in Scheme 1, using
only PGAai, biodegradable capsules were assembled.
More importantly, in combination with PGAak+pox, a
novel biodegradable polymer—drug conjugate was in-
corporated in the multilayer system in the desired posi-
tion and with dose control. Due to the modular nature
of click systems, the polymer—drug conjugate could
also be incorporated into other click systems. The close
control over properties and drug loading, as demon-
strated for these stratified biodegradable capsules,
makes these systems versatile candidates as drug deliv-
ery vehicles.

RESULTS AND DISCUSSION

(PVPON/PGAaK)s multilayer films were assembled
on planar silica substrates. Figure 1A shows the linear
increase in layer thickness with the number of depos-
ited layers for buildup at pH 4, as monitored by ellip-
sometry for films measured in air. At this pH, hydrogen
bonds between the carboxylic acid side chains of PGA
(pK, = 4.375)%8 (donor) and PVPON (acceptor) are estab-
lished, resulting in the formation of multilayer films.
The average bilayer thickness under these conditions
was calculated as 1.21 = 0.04 nm. Washing of the
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Scheme 1. Modular assembly of PGA, (white) click capsules with drug-loaded multilayers. The polymer—drug conjugate
(PGAaik+pox, red) can be incorporated in defined positions and with controlled dose, after which the multilayer films are
crosslinked via click chemistry using a bisazide crosslinker (green bars).

polymer-coated wafer slides with phosphate buffered
saline (PBS) resulted in disassembly of the multilayer
film, as raising the pH above the pK; of PGA disrupts
the hydrogen bonding interaction between PVPON and
PGAK.
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Figure 1. Hydrogen bonding assembly of (PVPON/PGA,)
films in water at pH 4. (A) On planar silica supports, as
monitored by ellipsometry for dry films; pH 7.2 refers to
the film thickness after washing with PBS. (B) Assembly of
(PVPON/PGAA|k+AF4gs)5 and (PVPON/PGAAZ+R|Tc)5 multi-
layer films on 3 um diameter silica particles, as moni-
tored by flow cytometry. (C) Assembly of (PVPONagss6/
PGA.K)4 films on 3 pum silica templates, with xL1 = cross-
linked core—shell particles washed with PBS, and xL2 =
capsules washed with PBS. Error bars, where not visible,
are within the size of the symbols.
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Fluorescently labeled PGAp arags OF PGAaz+riTc Was
sequentially deposited with PVPON on 3 um silica par-
ticles in water at pH 4. Linear film growth was observed
for both (PVPON/PGAA|k+AF438) and (PVPON/PGAAZ+R|Tc),
as monitored via the increase in fluorescence intensity
per particle (Figure 1B). PGAak was used for all further
experiments due to the availability of a broader range
of bisazide cross-linkers. Regular film growth was also
observed for multilayer films assembled using fluores-
cently labeled PVPONgas46 and unlabeled PGA, (Figure
1Q). After cross-linking the PGAxy layers, the core—shell
particles were washed with PBS. As hydrogen bonding
is not effective at pH 7.2, PVPON 546 diffused out of the
PGAa multilayers, as evidenced by the decrease in fluo-
rescence intensity, leaving behind a single-component
PGA film cross-linked with covalent bonds. Figure 1C
suggests that not all PVPONags4s Was removed from the
multilayers after cross-linking (Figure 1C, xL1). This is
probably due to the innermost PVPONags46 layer (=the
first layer on the silica particles) not being affected by
the disruption of hydrogen bonding upon a change in
the solution pH. However, after core removal, the diffu-
sion of PVPON ars46 0ut Of the PGA click capsules was ob-
served (Figure 1C, xL2).

The silica core of the core—shell particles was dis-
solved to yield one-component PGA click capsules. Af-
ter several washes with water, the isolated capsules
were analyzed with TEM (Figure 2A) and AFM (Figure
2B). The capsules obtained were found to collapse and
exhibited folds and creases, which are typical for a
range of polyelectrolyte capsules.'"'>?° The close con-
tact of the capsules is due to the drying process re-
quired for TEM and AFM analysis (negligible aggrega-
tion was observed in solution; see CLSM images in
Figure 6). The layer thickness extracted from the AFM
height profiles of representative capsules was calcu-
lated as 1.9 = 0.4 nm, which is slightly higher than that
obtained from ellipsometry. Such differences in thick-
ness may, in part, be attributed to variations in the silica
surface properties for the planar and particle sub-
strates.?°
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Figure 2. (A) TEM and (B) AFM images of cross-linked
(PGAAK)s capsules obtained from 3 pwm diameter silica par-
ticles. AFM images for scanned areas of 50 X 50 pm? (B) and
10 X 10 pm? (inset).

PGA click capsules obtained from 1, 3, or 5 pm diam-
eter silica templates were stable over a range of pH val-
ues (pH 2 and 11) and showed reversible pH-responsive
swelling/shrinking behavior over a large number of
cycles (Figure 3 and Supporting Information Figure S1),
as expected from results obtained previously for con-
ventional (PGAa,/PGA) click capsules.” If exposed to
pH 11, the glutamic acid side chains of PGA are depro-
tonated (negative charge), resulting in electrostatic re-
pulsion between adjoining layers, causing capsule
swelling. In contrast, in pH 2 media, the carboxylic acid
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Figure 3. Reversible pH-responsive behavior of (PGAaK)s
capsules obtained from 1, 3, and 5 um diameter templates.
The average capsule diameter after sequential exposure to
pH 2 (O) and pH 11 (M) solutions was calculated from 10 dif-
ferential interference microscopy images.
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Figure 4. Degradation of cross-linked (PGAak+arass)s films
on 3 um diameter silica particles with 0.1 mg mL™" protease
in PBS at 37 °C, as monitored by flow cytometry.

groups are protonated, leading to negligible electro-
static repulsion, and resulting in shrinking of the cap-
sules. Changes in electrostatic interactions induced by
pH or ionic strength are well-known to cause capsule
swelling and shrinking.'®6°~7! As shown in Figure 3, the
capsule size varied by as much as 83% for capsules ob-
tained from 3 wm templates (pH 2, 2.78 = 0.43 pm; pH
11, 5.08 = 0.61 um). Similar swellability was observed
for the capsules obtained from 1 and 5 pm templates
(80 and 76%, respectively). Compared to the conven-
tional (PGAa,/PGAay) click capsules (28% swelling), the
higher swellability found here can be attributed to the
different cross-linking density and the additional flex-
ibility provided by the bisazide cross-linker. In the con-
ventional case, PGA,, and PGA,y are covalently at-
tached directly via the triazole linkage, whereas in this
study, longer and more flexible cross-linkers were used.
A higher swellability achieved by simple variation of
the cross-linker length and density is promising with re-
spect to tuning of the pH-responsive shrinking/swell-
ing behavior, which may be used as a triggered load-
ing/release mechanism.

As PGA is a biodegradable polypeptide, the PGA
multilayer films should be susceptible to enzymatic
degradation. Consequently, the degradability of the
cross-linked PGA films was investigated by exposing
fluorescently labeled (PVPON/PGA - arags)s multilayer
films to a 0.1 mg mL™! protease solution in PBS at 37 °C
(Figure 4). Degradation was complete after approxi-
mately 1 h, as monitored by the decrease in fluores-
cence intensity. A control sample of particles incubated
in the absence of protease had stable fluorescence in-
tensity for at least 150 min. Tuning of the cross-linking
degree via modification of PGA with alkyne groups is
expected to influence the degradation kinetics and is
promising as a control mechanism for the release of
cargo.

We further synthesized a novel polymer—drug con-
jugate for the controlled assembly and degradation of
drug-loaded multilayer click capsules. PGAa was modi-
fied with the model drug DOX, which is a potent and
well-studied DNA intercalating agent. The drug was co-
valently bound to the reactive carboxylic acid side
chains of PGA via amide bond formation. The conjuga-

www.acsnano.org



22
3 20] A
8
2 18] -
2
£ 1.6
g 1.4
0
§ 1.24 -
10| w”
01 2 3 4 5
Bilayer Number
3.5
B —o— xL after bilayer 5
3 3.0- —mu— xL after bilayer 3+5
G o—
% 25 —
g i
£ i
2.0 :
g A N
8 1.51 '
k| :
“10{o0—a—=8 :
0 1 2 3 x4
Bilayer Number
. 64 C —o—(PLL,/PLL,), O
;;4 —u—(PGA, JPGA,,), \
z 5 o
5
E 4
i
1{8——8——
L5 T T T r
0 1 2 3 4
Bilayer Number

Figure 5. Assembly of DOX-loaded multilayer films on 3 pm
diameter silica particles, as monitored by flow cytometry. (A)
(PVPON/PGAKk+pox)s films; xL refers to cross-linked samples
washed with PBS. (B) (PVPON/PGA)s films incorporating
PGAaik+pox in bilayer 3; xL1 refers to cross-linking (for
samples only); xL2 refers to cross-linking of @ and O
samples. (C) (PLLa,/PLLai)4 and (PGA,,/PGAaK)s multilayer
click films. PGAk+pox Was incorporated in bilayer 3, substi-
tuting for the respective PLLyy or PGAa.

tion significantly reduced the cytotoxicity of DOX and
allowed for controlled release of active DOX only after
enzymatic degradation of PGAa+pox capsules. A further
advantage of the polymer—drug conjugate is that,
prior to drug release, the assembly and fate of the cap-
sules can be examined using the inherent fluorescence
of DOX. As mentioned earlier, this conjugate not only
can be incorporated at defined positions in the multi-
layer system but also allows for high precision over the
drug dose simply by controlling the number of
PGAak+pox layers as well as the initial degree of PGA
modification with DOX. Furthermore, the
polymer—drug conjugate is generally applicable to a
variety of click systems due to the modular nature of the
assembly.

Multilayer films of PVPON and PGA-pox were as-
sembled on 3 um silica particles at pH 4. Due to the
fluorescent nature of DOX, the assembly could be moni-
tored via the increase in fluorescence per incorporated
PGAaik+pox layer in a flow cytometry assay. As shown in
Figure 5A, film growth is regular for the polymer—drug
conjugate. Hence, the additional modification with
DOX does not impair the ability of PGA to form hydro-
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Figure 6. Microscopy images of cross-linked (PGAa+pox)s capsules obtained
from 3 pum diameter silica particles. (A,B) CLSM fluorescence and bright-
field images. (C,D) Magnified image of two capsules and their correspond-

ing fluorescence profile.

gen bonds with PVPON under these conditions. It was
observed that, after cross-linking and washing into PBS,
the fluorescence of the core—shell particles decreased,
which is probably due to loss of some of the
polymer—drug conjugate during washing.

CLSM images of the (PGAak-pox)s capsules reveal a
uniform distribution of the polymer—drug conjugate
and a regular, spherical shape of the capsules (Figure
6A,B). A profile line drawn across representative cap-
sules shows that DOX is only present in the walls of
the capsules and not in the core (Figure 6C,D). Upon ex-
posure to media of different pH, these capsules exhib-
ited the same reversible pH-responsive swellability ob-
served for PGAai capsules without DOX (data not
shown).

To demonstrate the versatility of the incorporation
of polymer—drug conjugates in LbL click capsules,
PGAak+pox Was assembled at a defined position in the
multilayer system. Successful incorporation was evi-
denced by an increase in fluorescence intensity for the
third bilayer (Figure 5B). Upon addition of further
(PVPON/PGA ) bilayers, the fluorescence intensity con-
tinued to increase (Figure 5B, O). This is probably due
to rearrangement of the polymer—drug conjugate in-
side the multilayer system, causing a reduction in the
self-quenching of DOX.%”72 As observed by Hammond
et al., the diffusion of polymers inside multilayer sys-
tems can be contained by cross-linking.*487374 Indeed,
the suggested rearrangement could be stopped if the
sample was cross-linked directly after DOX incorpora-
tion (Figure 5B, W), and upon the addition of more lay-
ers, the fluorescence remained stable after an initial de-
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Figure 7. Quantification of the amount of DOX incorporated
in the layers of different click systems, as calculated from the
supernatant absorbance at A = 486 nm using UV—vis and
NanoDrop UV—vis spectrophotometry. Left: PGApj+pox in
every layer for (PVPON/PGApik+pox)s films (hatched). Right:
PGApik+pox only in bilayer 3 for (PVPON/PGA), films (gray),
(PGAp/PGAAK)4 films (white), or (PLLa,/PLLAK)4 films (black).

crease. These experiments indicate that the
polymer—drug conjugate may be fixed in a certain
layer position by cross-linking of the multilayer system.
Control over the cargo position in these stratified sys-
tems may result in different release kinetics of the drug
from the multilayers and even time-tunable multidose
release depending on the number and position of the
polymer—drug conjugate layers.

The general applicability of the polymer—drug con-
jugate was demonstrated by incorporating PGAa+pox
into the recently reported (PLL,/PLLay) and (PGA,,/
PGAay) click films."" Again, the polymer—drug conju-
gate was included in bilayer position 3 in both systems,
and the successful incorporation was monitored with
flow cytometry (Figure 5C). As this experiment was car-
ried out using the same instrument settings as for the
(PVPON/PGAk+pox) Systems, the increase in fluores-
cence intensities in bilayer 3 is directly comparable,
showing that for the conventional click systems a
higher amount of polymer—drug conjugate is incorpo-
rated (see also Figure 7). Furthermore, continued layer-
ing with (PGAA,/PGAAi) does not lead to a loss of fluo-
rescence intensity, as the polymer—drug is immediately
“fixed” during the assembly. For the (PLLa,/PLLay) mul-
tilayer films, an even larger increase of fluorescence was
observed, which can be explained by the additional
electrostatic interaction driving the assembly of the
negatively charged polymer—drug conjugate. The sub-
sequent decrease of fluorescence is probably due to re-
moval of noncovalently bound polymer—drug conju-
gate during the subsequent LbL assembly.

The incorporation of PGAay-pox for all of the above-
mentioned experiments was also confirmed indepen-
dently with UV—vis and NanoDrop UV —vis spectropho-
tometry to quantify the amount of DOX in the
multilayer systems. After deposition of the respective
PGAai+pox layers, the supernatant was collected, di-
luted, and the absorption at A = 486 nm was measured.
The amount of adsorbed DOX was calculated from a
calibration curve for DOX in water. As shown in Figure
7 and supported by the results obtained from flow cy-
tometry experiments, the incorporation of the
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Figure 8. Enzymatic degradation of (PGAak+pox)s Capsules
obtained from 3 pm diameter silica particles, as monitored
by flow cytometry. Degradation with 0.1 mg mL™" protease
was carried out in PBS at 37 °C. A control sample of capsules
was incubated in the absence of protease.

polymer—drug conjugate using LbL assembly follows
a linear trend and, hence, allows for precise control over
the amount of incorporated drug (hatched series). A
similar amount of DOX per layer (~25 pg) was loaded
into the multilayers, even if only one layer of conjugate
was asssembled at a defined position (gray). For the
conventional (PGAa,/PGAai) and (PLLa,/PLLay) click sys-
tems, higher amounts of drug (75 and 125 g, respec-
tively) could be loaded due to additional electrostatic
interaction with PLL (black) and immediate conjugation
of the cargo via click chemistry.

DOX-loaded capsules were incubated with protease
in PBS at 37 °C, and the progress of PGA degradation
was monitored with flow cytometry by measuring the
decrease in fluorescence intensity due to loss of the
polymer—drug conjugate (Figure 8). Release of DOX
from the capsules was complete after ~2 h, which was
further evidenced by strong red background fluores-
cence and the absence of capsules under a fluorescence
microscope (Supporting Information Figure S2). From
the initial DOX loading (as quantified above), the
amount of DOX released per capsule was calculated as
approximately 1.28 + 0.2 pg. The fluorescence of a con-
trol sample of capsules incubated in the absence of pro-
tease remained stable for more than 6 h. Control over
the degradation profile (e.g., via variation of the cross-
linking density or layer number) is expected to allow for
tailoring of the drug release profile. The remaining car-
boxylic acid and alkyne groups in the capsule layers and
surface may be used for further postfunctionalization,
as demonstrated for PLL capsules previously.'! The abil-
ity to load polymer—drug conjugates in defined posi-
tions and doses into different click capsules and to sub-
sequently release the drug cargo makes these systems
promising candidates for delivery applications.

Polymer solutions of PGAak and PGAak+pox and mul-
tilayer capsules thereof were also incubated with
LIM1899 cells to investigate their effect on cell viability
and to examine the toxicity of the polymer—drug con-
jugate. The MTT assay (Figure 9) showed that, even at
high concentrations, the proliferation of cells was not
impaired by unmodified PGA or PGAay (T2 + T3). Im-
portantly, no change in cell proliferation was observed
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Figure 9. Cell proliferation of LIM1899 cells in the presence
of PGA polymer materials (white) and capsules (black) after
48 h of incubation. Cells were: T1 = untreated; or treated
with T2 = PGA; T3 = PGAa T4 = PGAak+pox; T5 = pro-
tease; T6 = protease + PGApk+pox; T7 = (PGAaKk)s capsules;
T8 = (PGAak+pox)s capsules. Cells were incubated with cap-
sules at a ratio of 1:24. Data show the mean and standard er-
ror of two independent experiments, each performed in
triplicate.

after the treatment with PGAak+pox at high concentra-
tion (100 wg mL™", equivalent to 25 ug mL™" of free
DOX) (T4), in agreement with previous studies on PGA-
pox conjugates.®®’> It has been reported that a conju-
gate of Paclitaxel and PGA exhibits better solubility and
higher antitumoral activity than free Paclitaxel.®'? This
apparent difference in cytotoxicity may be explained by
the different mechanisms of therapeutic action, as DOX
intercalates into DNA in the nucleus, whereas Pacli-
taxel stabilizes microtubules to interfere with mitotic
spindle function in the cytoplasm. When the
polymer—drug conjugate was incubated with pro-
tease before addition to the cells (T6), the cell viability
decreased to 78%, presumably due to partially or com-
pletely cleaved DOX entering the cells more easily as
compared to the nondegraded conjugate. A control
sample of protease (at the same concentration used
for T6) had no negative effect on cell viability (T5), con-
firming that the cytotoxic effect was due to the enzy-
matic release of DOX.

In contrast, significantly decreased cell viability
(32%) and proliferation were observed only after treat-
ment with capsules assembled from PGApk-pox (T8),
whereas capsules assembled from the unloaded carrier
material (PGAai) proved to have no effect on cell prolif-
eration (T7). It is also notable that PGAak+pox capsules
exhibited enhanced cytotoxicity compared to the enzy-
matically digested PGAai-+pox CONjugate, suggesting
that the degradation of the capsules and the cleavage
of DOX take place more effectively inside the cells,
which may be attributed to the presence of more ac-
tive or specific enzymes. Furthermore, drug-loaded cap-
sules carry a larger “payload” as compared to the free
conjugates and can be fine-tuned to provide desired
pharmacokinetic properties with careful control of size
and surface chemistry.

To correlate the observed cytotoxicity with cellular
uptake and release of DOX, we evaluated the intracellu-
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Doxorubicin E Cell Nucleus

Overlay

Figure 10. Representative CLSM images of LIM1899 cells
treated with (PGAak+pox)s capsules obtained from 3 pm di-
ameter silica particles after 24 h incubation. (A) Red fluores-
cence corresponds to DOX, (B) Nuclear DNA was stained blue
with Hoechst 33342. (C) Overlay image showing colocaliza-
tion of DOX and nuclei. (D) Brightfield image. All scale bars
are 10 pm.

lar distribution of DOX delivered by PGAai-+pox cap-
sules and free polymer by incubating them with
LIM1899 cells for 24 h. As shown in Figure 10 for cells in-
cubated with capsules, DOX-associated fluorescence
was present in the cytoplasm, largely concentrated in
vesicles at the perinuclear region, and a significant pro-
portion of DOX was localized in the nuclei of the
LIM1899 cells. This suggests that some free DOX had
been released from the capsules and further translo-
cated to the nucleus by previously reported mecha-
nisms.”® These involve binding of DOX to cytoplasmic
proteasome, formation of a proteasome—DOX com-
plex, and subsequent accumulation in the nucleus by
a nuclear pore-mediated mechanism. In contrast, sig-
nificantly weaker DOX-associated fluorescence was ob-
served if cells were incubated with equivalent amounts
of the free polymer—drug conjugate (Supporting Infor-
mation Figure S3). More importantly, no DOX was fur-
ther translocated to the nucleus after treatment with
the polymer—drug conjugate. The images also support
the data obtained in the MTT assay because DOX can
be located in the nucleus only after treatment with
DOX-loaded capsules, resulting in significantly de-
creased viability as compared to the free
polymer—drug conjugate. The different uptake behav-
ior and subsequent effect of DOX on cell viability for ei-
ther the capsule or free polymer—drug conjugates
highlights the importance of the LbL approach to pro-
duce drug-loaded capsules with engineered properties.
The nontoxicity of the carrier system and the con-
trolled release of DOX from drug-loaded capsules after
enzymatic degradation exclusively inside the cells make
this polymer—drug conjugate a highly interesting ma-
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terial for drug delivery applications. The high level of
control over drug dose and position afforded by the
modular LbL assembly approach with regard to tuning
of the release kinetics and killing efficiency is promising.

CONCLUSIONS

In summary, we have presented a versatile approach
for the assembly of biodegradable, covalently stabi-
lized drug-loaded capsules (PGAak-+pox) With control
over drug dose and layer position. Regular film growth
on planar (for PGA,) and particle substrates was ob-
served. In the case of particles, cross-linking of the lay-
ers and core removal yielded stable PGAa capsules. The
single-component capsules exhibited reversible, pH-
responsive properties (up to 83% swelling). Due to the
modularity of the click LbL approach, the
polymer—drug conjugate was incorporated into the

EXPERIMENTAL SECTION

Materials. Poly(L-glutamic acid, sodium salt) (PGA, M,, =
50 000—70 000 Da) and poly(N-vinyl pyrrolidone) (PVPON, M,,
= 55000 Da) were purchased from Sigma-Aldrich. Doxorubicin
hydrochloride (DOX, purity 99+%) was purchased from OChem
Inc. (Des Plaines, IL). Nonporous colloidal silica particles (5 wt %
suspensions, average diameter 5.35 = 0.25,3.25 = 0.18,and 1.11
+ 0.05 wm) were obtained from Microparticles GmbH (Berlin,
Germany). Protease (from Streptomyces griseus, 4.6 units/mg
solid) was obtained from Sigma-Aldrich. Gibco phosphate buff-
ered saline (PBS) at pH 7.2 was used as received. Unless specified
otherwise, all other chemicals were purchased from Sigma-
Aldrich and used as received.

The pH of solutions was measured with a Mettler-Toledo
MP220 pH meter. High-purity water with a resistivity greater
than 18 M() - cm was obtained from an in-line Millipore RiOs/
Origin water purification system. Silicon wafers were obtained
from MMRC Pty Ltd. (Melbourne, Australia). Cleaning of silicon
wafers for ellipsometry and atomic force microscopy (AFM) ex-
periments was performed by submerging slides in Piranha solu-
tion (70/30 v/v sulfuric acid/hydrogen peroxide) for 20 min and
rinsing thoroughly with water. [Caution! Piranha solution is highly
corrosive. Extreme care should be taken when handling Piranha so-
lution and only small quantities should be prepared.] This process
was repeated, and the slides were sonicated in 50 v/v isopro-
panol/water for 20 min. Afterward, the slides were heated to 60
°C in RCA solution (5:1:1 water/hydrogen peroxide/ammonia so-
lution) for 20 min. Finally, substrates were washed with water
and dried under a stream of nitrogen.

Polymer Synthesis. Details of the synthesis of PGA with alkyne
or azide functionality (referred to as PGAak and PGA,,, respec-
tively) and their fluorescently labeled counterparts (Alexa Fluor
488 for PGAak+arags and rhodamine B isothiocyanate for
PGAn;+ric) can be found in our previous publication.! The modi-
fication of PGA with DOX, fluorescent dyes, or click groups is in-
dicated by subscripts. PGA with 20% click functionalization
(alkyne or azide) was used throughout this study. The
polymer—drug conjugate (PGAak+pox) Was synthesized by dis-
solving 40 mg (0.18 mmol GA, 1 equiv) of PGAai in 10 mL of wa-
ter. One hundred milligrams (0.36 mmol, 2 equiv.) of 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride
(DMTMM) and 20 mg (0.04 mmol, 0.2 equiv.) of doxorubicin hy-
drochloride were then added, and the clear, red solution was
stirred at room temperature overnight. The product was dia-
lyzed extensively and further purified using a Sephadex column
to remove nonbound doxorubicin. The solution was lyophilized
to give 50 mg (0.16 mmol, 88%) of a red powder. NMR analysis
showed that 10% of the glutamic acid side chains were modified
with doxorubicin: '"H NMR (400 MHz, D,0) 8y 1.17—1.27 (dd,

multilayer systems with control over drug position and
dose (on average 25 p.g of DOX per layer for hydrogen
bonding assembly). DOX-loaded capsules were enzy-
matically degraded, resulting in release of active DOX
over ~2 h. A decrease in cell viability (32% in compari-
son to untreated cells) and colocalization of DOX with
the nuclei of LIM1899 cells were only observed if the
polymer—drug conjugate was delivered as a “click cap-
sule”, highlighting the importance of the presented ap-
proach to produce drug-loaded biodegradable cap-
sules. The conjugate was also incorporated into other
click systems, showing its general applicability. The op-
tional incorporation of new modules (similar
polymer—drug conjugates or PEGylated PGA) makes
this approach promising for the synthesis of multifunc-
tional, drug-loaded, and degradable carrier systems.

DOX-CHs), 1.84—2.14 and 2.14—2.40 (m, CH4(CH,),CONH poly-
mer and DOX), 2.42—2.58 (m, DOX), 2.63 (br s, CCH click group),
3.60—3.63, 3.67—3.72, 3.73—3.8 (m, DOX), 3.85 (br s, DOX-OMe),
3.93—3.99 (br s, CONHCH, click group), 4.00—4.05 (br s, DOX),
4.24—4.44 (br s, CH, polymer), 5.34—5.37 (m, DOX), 7.11—7.37
(m, DOX aromatic), 7.47—7.59 (m, DOX aromatic) ppm.

Cross-Linker Synthesis. Details of the synthesis of the nonreduc-
ible cross-linker (bisazido dodecaethylene glycol, herein referred
to as bisazide) can be found elsewhere.®

Multilayer Assembly on Planar Supports. For (PVPON/PGA ) multi-
layer assembly, wafer slides were sequentially immersed into so-
lutions containing 1 mg mL™" of PVPON or PGA,y at pH 4. A pe-
riod of 20 min was allowed for the deposition of each layer,
after which the slides were rinsed with water at pH 4 three times
for 1 min and dried with nitrogen. As a control experiment, one
slide was washed with PBS after deposition of four bilayers at pH
4.

Multilayer Assembly on Colloidal Supports. One hundred microli-
ters of the particle stock solution was washed with water at pH
4.Then, 400 p.L of the PVPON solution was added to the pellet,
and adsorption was allowed to proceed for 20 min with constant
shaking of the mixture. Afterward, the particles were isolated
by centrifugation (1300g for 1 min), and the supernatant was re-
moved. In a washing step, 400 pL of pH 4 water was added.
The particles were then redispersed, centrifuged again, and the
washing procedure was repeated twice. For adsorption of the
next layer, 400 L of the PGA, solution was added, followed by
the same washing protocol. PGA multilayer films were prepared
by repeating this process until the desired number of layers was
obtained. Afterward, the PGA layers were cross-linked over-
night by adding a mixture of 300 L of bisazide,* 100 L of so-
dium ascorbate (4.4 mg mL™"), and 100 p.L of copper sulfate (1.75
mg mL™"). The PVPON was subsequently removed by washing
the core—shell particles with PBS three times.

For the assembly of drug-loaded multilayer click films, the
PGA solution was substituted with a 2 mg mL™" of PGAak+pox
solution adjusted to pH 4. Hollow capsules were formed by dis-
solving the core using hydrogen fluoride (HF) buffered to pH 5
with ammonium fluoride.”” Three washing steps (4500g for 5
min, replacing the supernatant with fresh water) were applied
to remove the HF and isolate the capsules for analysis.

Degradation of PGA,, Multilayer Films. Core —shell particles with
cross-linked PGAa or PGAai+pox multilayer capsules were
washed into PBS and counted on the flow cytometer. Then, 5
X 10° particles were incubated with 0.1 mg mL™" protease solu-
tion in PBS at 37 °C. A control sample of particles was incu-
bated in PBS only. Aliquots were taken after the indicated peri-
ods of time, and the fluorescence was monitored with flow
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cytometry. The degradation of the PGA click film was also
monitored by fluorescence microscopy.

MTT Assay. The interference of PGAak and PGAai+pox capsules
with cell proliferation was assessed in an MTT assay as described
previously.”® The human colon cancer cell line LIM1899 was
plated at 1 X 10* cells per well into 96-well plates.”® After 20 h at-
tachment, cells were exposed to 100 g mL™" of PGAx poly-
mer, 100 ug mL™" of PGA+pox polymer, or capsules composed
of either polymer (6 PGA layers, obtained from 3 um silica tem-
plates) at a concentration of 1200 capsules wL™" (equivalent to a
capsule/cell ratio of 24:1). After treatment for 48 h (at 37 °C, 5%
CO,), the medium was replaced with 200 pL of MTT solution
(Sigma, 0.5 g L"), and cells were incubated for a further 2 h. The
resulting blue formazan was solubilized in 150 pL of acidified iso-
propanol (0.04 M HCl), and the absorbance at 560 nm was mea-
sured with a plate reader (MultiskanAscent, Thermo Scientific).
The MTT reduction of untreated cells was set as 100%, and that
of treated cells was expressed as a percentage of untreated cells.
Each experiment was performed in triplicate.

Intracellular Release of DOX from PGAyy.pox Capsules. LIM1899 cells
were plated at 8 X 10* cells/well into 8-well Lab-Tek | cham-
bered coverglass slides (Thermo Fisher Scientific, Rochester) and
allowed to adhere overnight. Cells were then incubated with
PGAAaik+pox capsules at a concentration of 1200 capsules pL ™"
for 24 h (37 °C, 5% CO,), followed by three washes with PBS. Cells
were then fixed with 4% paraformaldehyde for 20 min at room
temperature, and nuclei were counterstained with the blue dye
Hoechst 33342 (2 ug mL™" in PBS) for 20 min at room
temperature.

Analytical Methods. Film thicknesses were determined with a
Jobin Yvon UVISEL spectroscopic ellipsometer. Typical measure-
ments were carried out between 400 and 800 nm with a 2 nm in-
crement. Layer thicknesses (measured in air) were extracted
with the integrated software by fitting the experimental data
with a classical wavelength dispersion model. Flow cytometry
measurements were carried out on a Partec CyFlow Space
(Partec GmbH, Germany) flow cytometer at an excitation wave-
length of 488 nm. Data were analyzed according to the proce-
dure outlined previously.?® Differential interference contrast
(DIC) and fluorescence images were taken on an inverted Olym-
pus IX71 microscope equipped with a DIC slider (U-DICT, Olym-
pus) 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 mi-
croscope. A tungsten lamp was used for DIC images. Fluores-
cence images were illuminated with an Hg arc lamp, using a
UF1032 filter cube. Confocal microscopy images were obtained
using a Leica TCS-SP2 confocal laser scanning microscope
(CLSM). For AFM and transmission electron microscopy (TEM)
measurements, 1 pL of a concentrated capsule solution was
placed on a clean silicon wafer slide (or TEM grid) and allowed
to dry. AFM scans were carried out with an MFP-3D Asylum Re-
search instrument in AC mode using ultrasharp SiN gold-coated
cantilevers (NT-MDT). TEM analysis was carried out with a Philips
CM 120 microscope operated at 120 kV. The amount of ad-
sorbed doxorubicin was quantified via absorbance readings at
\ = 486 nm using a NanoDrop 1000 spectrophotometer
(Thermo Scientific, Australia) and an Agilent 8453 UV —visible
spectrophotometer (Agilent Technologies, CA).
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