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Polymer Particles with Tailored Degradation Profiles**
Denison H. C. Chang, Angus P. R. Johnston, Kim L. Wark, Kerry Breheney, and Frank Caruso*

The development of nanoengineered therapeutic carriers has
been the focus of extensive research over the last decade.!"
The assembly of advanced delivery vehicles requires control
over properties such as nanostructure, chemical functionality,
and degradation behavior. Polypeptides represent an excel-
lent class of materials to assemble into therapeutic carriers
because they are naturally biodegradable and can be engi-
neered to contain a variety of functional groups. Polypeptides
have been incorporated into a wide array of polymeric carrier
systems, including polymersomes,” micelles,* layer-by-
layer capsules and single-component polymer particles
(PPs) assembled from mesoporous silica (MS) spheres.’! To
impart additional stability, these systems can be chemically
crosslinked,™® and we have previously shown for synthetic
polymers that the degree of crosslinking affects the degrada-
tion rate of the materials.”! Conventional chemical techniques
for the post-functionalization of polypeptides (such as
carbodiimide coupling) do not afford control over the
positions at which crosslinking occurs. However, such pre-
cision may be obtained by using bacterially synthesized
peptides that are assembled into particulate systems, as
bacterial expression enables precise control over the
sequence—as well as molecular weight and chemical proper-
ties—of the polypeptides.’! This level of precision enables
examination of complex assembled systems and the correla-
tion of functional properties to be investigated without the
influence of chemical and/or molecular weight distribution.
The fabrication and investigation of such precisely defined
materials have been the focus of an increasing number of
studies in the last decade.”’) In addition to expressing precisely
defined polypeptides, bacteria reproduce at an exponential
rate, enabling a large quantity of identical polypeptides to be
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synthesized in a short time, thereby minimizing batch-to-
batch variation and cost.

Herein, we report the bacterial synthesis of polypeptides
with precise control over the position of cysteine residues for
disulfide crosslinking, and the assembly of these polypeptides
on MS spheres to form PPs. We investigate whether the
degradation profiles of these PPs can be tailored by varying
the percentage and position of the crosslinking groups on the
assembled polypeptides. The degradation profiles of PPs
constructed from polypeptide chains with precisely posi-
tioned crosslinking groups is also compared to PPs con-
structed from polypeptide chains with randomly positioned
crosslinking groups (by chemical functionalization). To our
knowledge, this work represents the first study on the effect of
crosslinking position on the degradation of therapeutic
carriers.

Bacterially derived polypeptide chains with glutamic acid
backbones were used as building blocks for the assembly of
PPs. Poly(L-glutamic acid) (PGA) has been reported to
exhibit pH-reversible swelling and shrinking behavior,*>!%
and has been exploited in a wide range of biomedical studies
without adverse side effects.'!! Critical to the function of a
drug delivery system is controlled degradation of the vehicle
upon cell entry. In the current study, the coupling of thiol
groups in cysteine allows stabilization of the PPs by the
formation of disulfide linkages, which have been previously
used to crosslink other delivery systems.” The redox-active
disulfide bonds can be reduced to thiol groups in simulated
intracellular environments."” The assembled PPs are promis-
ing for use as therapeutic carriers because they are stable
under physiological conditions and degrade in simulated
cytoplasmic environments.

To investigate the effect of crosslinking degree on the
degradation rate of the PPs, we bacterially synthesized eight
100-residue-long cysteine-functionalized PGA (PGA() var-
iants with varying percentages of cysteine (6-30%)
(Scheme 1). The precise control over the amino acid sequence
of a polypeptide chain afforded by bacterial synthesis resulted
in monodispersed PGA., which was confirmed by matrix-
assisted laser desorption/ionization-time of flight mass spec-
trometry (MALDI-TOF MS) (Supporting Information, Fig-
ure S2). A comparison of the MALDI-TOF MS spectra of the
biosynthesized PGA( (Figure S2a,b) with that of a commer-
cially available PGA (Figure S2c) further highlights the level
of control that bacterial synthesis affords over the molecular
weight. Control over the sequences of the polypeptides
through bacterial synthesis also allowed for the incorporation
of cysteine residues with exact percentages and positions. The
degree of thiolation was confirmed using NMR spectroscopy
(Figure S3 and Table S4).
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Scheme 1. The bacterially expressed and modified PGA: a) non-func-
tionalized PGA; b-e) individually functionalized PGA with varying
cysteine percentages, 6-30%; f—i) paired-cysteine-functionalized PGA,
6-30%. The polypeptides are denoted PGA,; or PGA,,. “x” refers to the
percentage of cysteine groups, “i” to individually spaced cysteine

won

groups, and “p” to paired cysteine groups.

The incorporation of cysteine residues into the polypep-
tide chain may result in conformational changes to the
secondary structure of the polypeptides. These secondary
structures were characterized using circular dichroism (CD)
spectroscopy (Figure S4). Non-functionalized PGA showed
the typical random coil structure in pH 7.4 phosphate-
buffered saline (PBS) and a-helical structure in acidic
conditions.™¥ However, all of the cysteine-modified PGA
peptides showed CD spectra peaks, suggesting the partial
formation of an a-helical structure.'”] Although both series of
PGA( had a different structure to the non-modified PGA, the
CD spectra of each PGA. demonstrated no significant
differences in the secondary structures among the function-
alized derivatives, irrespective of the percentages and/or
positions of the cysteines.

The similarity in structure and the precise control over
molecular weight, enabled the effects of the positioning of
crosslinking groups on the degradation rates to be examined
by comparing paired cysteines (PGA,,) and individually
spaced residues (PGA,;), where “x” refers to the percentage
of cysteines. We demonstrate that spatial arrangement of the
crosslinkers allows tuning of the PP degradation rate, which
could be applied to tailoring cargo release. Further, we also
compare the degradation rate of PPs assembled from PGA
chemically modified by random functionalization of the
carboxylic groups.

The bacterially derived PGA. were assembled into PPs
using sacrificial mesoporous particle templates. Mesoporous
templates offer large surface areas and tunable pores,* and
the resulting porous particle structure can be loaded with a
high concentration of therapeutic cargo.”* PP assembly
involved two main steps. First, PGA. was adsorbed onto
aminated 5 um diameter MS spheres, as this enables the
negatively charged PGA( to electrostatically adsorb onto the
MS spheres. Next, the infiltrated polypeptides were cross-
linked by the formation of disulfide bonds between cysteine
residues using chloramine-T (CAT) as an oxidizing agent.
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Dissolution of the MS spheres with hydrofluoric acid (HF)
resulted in polypeptide-only PPs (Figure 1a).

5um 5pum

Figure 1. a) Negatively charged PGA,; or PGA,, were electrostatically
adsorbed onto positively charged aminated MS spheres, followed by
stabilization of the polypeptide assembly upon crosslinking the cys-
teine thiol groups with CAT. Dissolution of the silica template resulted
in PGA,; or PGA,; particles. The polypeptides were fluorescently labeled
with AF-488 before infiltration to enable visualization by fluorescence
microscopy: b) PGA,y; produced ca. 2 uym diameter PPs, whereas

c) PGA,q, produced ca. 3 um diameter PPs.

Since there were no significant structural differences
between the various PGA( building blocks (Figure S4) that
could influence the characteristics of the assembled PPs,
differences of the PP system can be attributed to the
percentage and/or positions of the cysteine crosslinking
groups. Furthermore, despite the different cysteine percent-
age, the PGA series demonstrated no notable differences in
their adsorption onto MS spheres (Figure S5), suggesting
similar amounts of material were available for assembly into
PPs. After removal of the silica templates, PGAg-infiltrated
particles disassembled, suggesting that crosslinking was
insufficient to retain the original structures. All other PGA¢
peptides resulted in stable PPs upon template removal. PPs
formed from PGAg, and PGA,; (Figure 1b) shrunk to ca.
2 um diameter structures, whereas PGA,,, (Figure 1c),
PGA,;, PGA,,, PGA;;, and PGA;, formed larger (ca.
3 um diameter) spheres (Figure S6). The smaller-sized PPs
may be a result of insufficient crosslinking, resulting in the
loss of material.

Adsorption of similar amounts of peptide into the MS
spheres was also confirmed by determining the concentration
of free cysteine residues adsorbed into the MS spheres (using
5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB); Figure S7). As
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expected, MS spheres infiltrated with PGA;,, had approx-
imately 5 times the free thiol concentration of MS spheres
infiltrated with PGA, (Figure S7). After the addition of CAT
and subsequent core removal, the concentration of free
cysteine in all of the crosslinked systems decreased to just
above the detection limit of free thiols. For example, the
concentration of free thiols in the PGA; system decreased
from 1.2 fmol per particle prior to crosslinking to only
18 amol per particle after crosslinking and core dissolution.
This suggests that the majority of the cysteine residues have
crosslinked to form disulfide bonds.

Alexa Fluor 488 (AF-488) fluorescently labeled disulfide-
crosslinked PPs constructed from the various PGA peptides
were incubated in PBS for 60 min at 37°C and monitored
using flow cytometry to investigate the stability of the
particles under physiological conditions. As anticipated, the
particles did not degrade. To study the degradation of the
different PPs, the particles were incubated in 5 mm gluta-
thione (GSH) for 60 min at 37°C to mimic intracellular
reducing conditions."®! Degradation did not occur as a gradual
erosion of the assembled polypeptides, which would be
evidenced as a shift in the fluorescence intensity on the flow
cytometry peaks. Instead, degradation of the PPs was seen by
decreased particle counts, suggesting particles disassembled
quickly once a critical degree of disulfide cleavage was
reached (Figure S8).

Degradation of the PPs was analyzed by measuring the
particle concentration over 60 min as a percentage of the
initial particle concentration prior to incubation in GSH
(Figure 2a and b). PPs assembled from PGA,; (individually
positioned cysteine) degraded rapidly within 5 min (Fig-
ure 2a). There were no significant differences in degradation
profiles of PPs assembled from PGA y, PGA,y, and PGA,;,
suggesting that when the cysteine residues were positioned
individually, varying the cysteine content alone did not
influence degradation. PGA,;-PPs degradation was also
visualized using fluorescence microscopy at 0 and 15 min
following the addition of GSH (Figure 2a). Degradation was
observed as deformation of the PPs at 15 min. Similar
degradation rates of PPs constructed from the three PGA(
peptides (PGA,y, PGA,;, and PGA;;) may be due to low
degrees of inter-chain crosslinking of PGA,; and PGA;.
Since the thiol groups are evenly and individually spaced,
intra-chain disulfide bonds may readily form, but these bonds
would not play a role in stabilizing the assembled three-
dimensional structures.

PPs assembled from PGA,, peptides with cysteine per-
centages of 6-30% show that PPs with higher cysteine
content degrade slower (Figure 2b). This indicates that when
the crosslinking groups are paired, degradation profiles can
be tailored by varying the percentage of the crosslinkers. To
highlight the differences in degradation, the PP particle
counts were compared after 30 min of incubation in GSH. PPs
constructed using PGA,; degraded more rapidly than those
assembled from PGA,, (Figure 2c), indicating that pairing
the cysteine residues lowers the degradation rates of the PPs.
Moreover, for the PPs assembled from paired cysteines with
increasing cysteine content, the degradation rate decreased.
The most notable difference was observed between particles
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Figure 2. Degradation of PPs constructed from eight different deriva-
tives of PGA: (6% (black), 10% (red), 20% (blue), 30% (green);
paired cysteines are represented by closed legends, and individual
cysteines are represented by open legends) at physiological reducing
conditions, 5 mm GSH at 37°C, as measured by flow cytometry and
analyzed as a percentage of the initial particle count. a) Degradation of
PPs constructed by PGA,; was examined and PPs assembled from
PGA,; were imaged using fluorescence microscopy at 0 and 15 min
after incubation with 5 mm GSH (inset). b) The degradation of PPs
constructed from PGA,, was also examined, and c) the percentage of
the remaining particles of all PPs at 30 min were observed. (* PGA
did not assemble into stable PPs).

assembled from PGA;, or PGA;),: PGA;, PPs had six and
eight times more particles remaining after 30 and 60 min of
incubation in GSH, respectively. This difference may be due
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to the orientation of the paired cysteines on opposite sides of
the peptide chain (Scheme 1), thus promoting the formation
interpeptide bonds.

To examine differences between the degradation profiles
of PPs constructed from polypeptides modified with either
predetermined or random crosslinking group positions, PGA
was functionalized with thiol-bearing-cystamine through
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
chloride (DMTMM) coupling (PGA,,; “r” denotes random
positioning of the crosslinking groups; 10 % functionalization
confirmed by NMR analysis; '"H NMR (400 MHz, D,0): 6 =
1.95-2.20 (m, CH,CH,), 2.30-2.50 (m, CH,CONH), 3.05-3.10
(br, CH,SH), 3.55-3.75 (br, CONHCH,), 4.15-4.30 ppm (br,
NHCH,CO)). Unmodified PGA was also adsorbed onto MS
spheres and crosslinked by coupling cysteamine, a bifunc-
tional amine that contains a disulfide bridge, to the carboxylic
groups of the infiltrated PGA (PGAy,) through DMTMM
coupling. Both chemical functionalization methods do not
afford positional control, resulting in crosslinking of the
polypeptides at random positions. Degradation of fluores-
cently labeled PPs assembled from PGA,, PGA,, PGA,,
and PGAy, in 5 mm GSH at 37°C was analyzed using flow
cytometry. The rate of degradation of PPs assembled from
PGA,; and PGAy, was lower compared with that of PPs from
the bacterially derived PGA;; or PGA,,, peptides (Fig-
ure 3a). Differences in degradation profiles are highlighted
by the PP particle counts after 30 min of incubation in GSH
(Figure 3b). The degradation profile of PGA,,-PPs was the
slowest of the four types of PPs, followed by PPs constructed
from PGAy,. The increased degradation rates of PPs con-
structed from PGA,; or PGA,,, may be due to the ordered
positions of the crosslinkers compared with both PPs
constructed from PGA,, or PGAy,, which are crosslinked
at random positions.

In summary, we have demonstrated that the position of
crosslinking groups affects the degradation rate of the
assembled PP carriers: when the crosslinking moieties are
individually and evenly spaced, varying the percentage of
crosslinkers alone is insufficient to alter the degradation rate
of the PPs. In contrast, when the crosslinkers are positioned in
pairs, the PP degradation rate decreased as the percentage of
crosslinkers increased. In addition, compared to PPs assem-
bled from polypeptides with individually spaced crosslinkers,
PPs constructed from polypeptides with paired crosslinkers
degrade up to eight times slower in a simulated intracellular
environment (after 60 min). This level of control over
degradation rate is expected to translate to control over the
release of encapsulated therapeutics in these systems. The
results of this study are expected to underpin and provide new
opportunities for designing delivery systems with controlled
degradation properties and hence drug release rates.

Experimental Section

Bacterial expression of PGA. was performed using the BL-21 strain
of E. coli. The expressed polypeptides contained histidine tags at the
N-terminus, which enabled purification of the product using a nickel-
charged affinity column as histidine binds to it (see Supporting
Information for more details). The purified PGA. peptides, fluo-
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Figure 3. a) Degradation of PPs constructed from four different deriva-
tives of 10% crosslinked polypeptides (0 PGA;q, m PGA;g,, & PGA;,,
x PGA,,) in 5 mm GSH at 37°C was analyzed as the percentage of the
initial particle count, and measured by flow cytometry at 0, 5, 15, 30,
45, and 60 min after incubation of the PPs in GSH. b) Percentage of
remaining particles at 30 min after incubation in 5 mm GSH.

rescently labeled with AF-488, were adsorbed onto aminated 5.0 um-
diameter MS spheres containing 100 nm pores. Adsorption was
performed at room temperature for 48 h in 1x Tris-EDTA (Tris =
tris(hydroxymethyl)aminomethane, EDTA = ethylenediaminetetra-
acetic acid) buffer. 0.5 CAT was added to crosslink the PGA.
peptides by forming disulfide bonds from the thiol groups. The MS
templates were then removed by ammonium fluoride (8 M) buffered
HF (2Mm), resulting in PGAc-only PPs. Degradation of the PPs was
performed in 5 mm GSH at 37°C, and analyzed using flow cytometry
and fluorescence microscopy (see Supporting Information for more
details).
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