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In situ gellable polymers have potential applications as injectable formulations in drug delivery and
regenerative medicine. Herein, thiolated cationic polyaspartamides were synthesised via two different
approaches to correlate the side group structure with gelation properties, gel strength and drug release
kinetics. Cysteamine (CEA) was used as a thiolating agent to prepare thiolated cationic polyaspartamide
groups with short thiolated side groups. As a new pathway, thiolactone chemistry was integrated with
cationic modification of polyaspartamides to prepare thiolated derivatives with longer, flexible side
groups using N-acetyl-pL-homocysteine (NAH) thiolactone. Both types of thiolated polyaspartamides
could be converted into stiff hydrogels under mild reaction conditions through oxidation-induced
intermolecular disulfide formation. We confirmed that the longer side groups largely accelerated
gelation and the stiffness of the resultant hydrogels was higher than that of the CEA-modified
counterparts. Both the gelation time and stiffness could be adjusted by the degree of thiolation.
Poly(aspartic acid) (PASP) derivatives with a controlled concentration of anionic groups were entrapped
in the hydrogels during the in situ gelation. Based on the possible electrostatic interaction between the
linear anionic polyelectrolytes and the cationic polymer network, we hypothesized that the release of
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the encapsulated material is controlled by the charge density. In accordance, fully anionic PASP was
entrapped completely in the hydrogels, whereas a reduction in the number of anionic groups caused
the partial release of PASP derivatives. NAH- and CEA- modified cationic polyaspartamide hydrogels
showed distinct release rates, indicating the interplay between cationic and thiol functionalities in release
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utilize thiol-disulfide conversion to form a reversibly cross-
linked network. It was shown that thiolated hyaluronic acids

1 Introduction

Stimuli-responsive hydrogels for in situ gelling formulations
have gained much attention in several biomedical applications,
particularly in controlled and targeted drug delivery.'”” Their
tailor-made structure makes them suitable as delivery vehicles
for drug molecules, nucleic acids, biologics, growth factors, or
cells according to the scope of application. Particular efforts are
dedicated to develop in situ gelling formulations for loading of
high molecular weight drugs, such as peptide and protein
drugs, or for improved bioadhesion.® These formulations often
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can form hydrogels within a short time (as fast as 5 min),’
similarly to thiolated collagen,'® which has great importance to
avoid the loss of drugs from the ocular surface where liquid
drug formulations are generally used. Bernkop-Schntirch and
co-workers'' emphasized the importance of reduced gelation
time and showed that the chitosan-thioglycolic acid conjugate
gelled without any chemical oxidant within 40 min, while the
gelation time was reduced to a few minutes by using oxidants.
The thiolation of hyaluronic acid is also used to produce
disulfide cross-linked formulations, e.g., for wound healing
applications."® Disulfide groups can be cleaved in a reducing
environment, so a great effort has been devoted to utilize it for
intracellular delivery in cancer treatment.'® In such applica-
tions, non-viral gene delivery is of particular interest.'*'* Priya
et al™ reported a pullulan-based cationic polymer which
established electrostatic interactions with DNA, but the inter-
actions were readily reversible to release the encapsulated

This journal is © The Royal Society of Chemistry 2022
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material in cells. Neda et al.'® reported the synthesis of cationic
dextran nanogels showing triggered release of covalently con-
jugated peptides under reducing conditions. The effect of net-
work charge on the immobilization and release of proteins
from chemically cross-linked dextran hydrogels was also inves-
tigated and it was found that both negatively and positively
charged proteins were fully immobilized in the networks due to
electrostatic interactions with opposite charges at low ionic
strength. In contrast, at physiological ionic strength, the per-
centage of immobilized proteins depended on the charge
density of the hydrogel."”” The cationic, thiol, and other
functionalities affect the properties of drug delivery vehicles,
including stability, encapsulation and release efficiency as well
as toxicity and biodegradability. We earlier reported that
poly(aspartic acid) and polyaspartamide derivatives and their
hydrogels are promising candidates as biocompatible, chemi-
cally versatile, and responsive excipients.'***> We also showed
that the non-enzymatic degradation rate of polyaspartamide
hydrogels could be controlled by the side group structure,**
making disulfide cross-linked PASP hydrogels good candidates
for human biological applications where in situ gelation and/or
bioadhesion are beneficial.

Due to the advantages of thiolated polymers for in situ
gelling applications, extensive research has been dedicated to
developing new strategies for the synthesis of thiolated
polymers.®***” Free thiol-containing compounds including
the most frequently used thiolating agents, cysteine and cystea-
mine, are sensitive to oxidation in aqueous solution and thus
have a poor shelf life, and several reagents provide limited
conversion.?® To overcome these hindrances, Du Prez and co-
workers developed synthetic approaches based on “thiolac-
tone” derivatives, which are thiolating agents without free thiol
groups prior to the reaction. By the nature thiolactones are
highly reactive compounds®® and undergo nucleophilic ring-
opening under slightly alkaline conditions, resulting in the
release of a free sulfhydryl (thiol) group. Additional function-
alities can be incorporated by thiol click-reactions.*® In parti-
cular, N-acetyl-homocysteine thiolactone,
citiolone, is a derivative of homocysteine-y-thiolactone, a com-
mercial compound that was introduced as a thiolating agent for
proteins, antioxidants, and mucolytic drugs.’’ Despite many
synthetic protocols reported about the synthesis of thiolactone-
based polymers for various applications, their use in drug
delivery applications is limited.**** For instance, bifunctiona-
lized redox-responsive layers were developed, which can be
used to produce bioactive surfaces with drug loading and
release properties.>> Polymer prodrugs with tumour acidity-
promoted cellular internalization and intracellular drug
release®® can be achieved through the modification of drug
molecules with thiolactone moieties. However, there is still a
huge demand to develop thiolated and cationic polymer deri-
vatives for the efficient delivery of anionic macromolecular
compounds, e.g., nucleic acid derivatives. In this sense, careful
consideration of the formation of the disulfide cross-linked
network and its interaction with encapsulation materials is
required. To the best of our knowledge, in situ gellable

also known as
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formulations synthesised by thiolactone chemistry have not
been reported yet, and thus our goal was to integrate this
approach into the synthesis of thiolated cationic polyasparta-
mides. Both a conventional (cysteamine-based) and a
thiolactone-based synthetic strategy were used to reveal the
correlation between the gelation properties and side group
composition, including the thiol content and the length of
thiolated side groups. As a model for anionic macromolecular
drugs, poly(aspartic acid) derivatives with a controlled negative
charge density were used as the entrapped material to study the
release kinetics from disulfide cross-linked hydrogels.

2 Experimental
2.1 Materials

L-Aspartic acid (99.5%) and phosphoric acid (99%) were bought
from Merck. Deuterium oxide (D,0, 99.9 atom% D, containing
0.05 wt% 3-(trimethylsilyl)propionic-2,2,3,3-d, acid sodium
salt) and ethanolamine (HE; 99%) were bought from Sigma-
Aldrich. Cysteamine (CEA) (95%), dithiothreitol (DTT; 99%),
dibasic sodium phosphate monohydrate (99.5%), sodium
chloride, hydrochloric acid (37%), sulfuric acid (96%), N,N-
dimethylformamide (DMF), sodium bromate (99%), and
sodium hydroxide (99%) were bought from Reanal Hungary.
Butane-1,4-diamine (DAB), N-acetyl-pL.-homocysteine thiolac-
tone (NAHT), r-tryptophan methyl ester hydrochloride (Trp)
and dibutylamine (DBA, 99%) (T) were bought from TCI
Imidazole (99%, crystalline) was bought from Thermo Scientific
Chemicals. Acetate acid (96%) was bought from Molar Chemi-
cals. Sodium acetate trihydrate (pure) was bought from Lach-
Ner. A dialysis tubing cellulose membrane (avg. flat width:
43 mm, molecular weight cut-off: 14000) was bought from
Merck. All reagents were used without any purification and
their quality was “for analysis” unless otherwise noted. Synth-
eses and measurements were done at 25 °C unless otherwise
indicated. Ultrapure water (p > 18.2 MQ cm, Millipore) was
used for the preparation of aqueous solutions.

Phosphate-buffered saline (PBS) solution (pH = 7.4) was
prepared by dissolving 8.00 g of NaCl, 0.20 g of KCl, 1.44 g of
Na,HPO,-2H,0 and 0.12 g of KH,PO, in 1 L of water, the pH
being adjusted with 0.1 mol L™" HCL

Imidazole buffer (pH = 8) was prepared by dissolving 6.80 g
of imidazole, 10.38 g of KCl and 10.73 ml of 1 mol L™ HCI in
1 L of water.

Acetic acid/sodium acetate buffer (pH = 4.5, I = 0.5 M) was
prepared by dissolving 33.34 g sodium acetate trihydrate and
22.97 g acetic acid in 1 L of water. The ionic strength of buffer
solution was adjusted to 0.5 M with 14.89 g of NaCl.

2.2 Synthesis

2.2.1 Synthesis of polysuccinimide. Polysuccinimide (PSI)
synthesised by thermal polycondensation of aspartic
acid, as reported earlier.*® The molecular mass of PSI was 33 kDa
(determined by viscosimetry using an Anton Paar Lovis 2000 rolling
ball viscometer, solvent: 0.1 M LiCl in DMF, Mark-Houwink

was
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constants®” are K=1.32 x 10~ >ml g~ " and « = 0.76). The chemical
structure of the polymer was confirmed by "H NMR (500 MHz,
DMSO-d, 3, ppm): 5.10 (1H, CH); 3.20 and 2.75 (2H, CH,).

2.2.2 Synthesis of poly{[N-(4-aminobutyl)aspartamide]-co-
[N-(2-sulphanylethyl)aspartamide]}s. Poly{[N-(4-aminobutyl)
aspartamide]-co-[N-(2-sulphanylethyl)aspartamide]} (PASP-DAB-
CEA) polymers were prepared in two steps (Scheme 1A). First,
PSI was modified with CEA (the polymers were prepared with
varying degrees of thiolation, with the feed molar ratio of CEA to
succinimide repeating units ranging from 2 to 10%) and then
with DAB to render cationic properties to the polymer. 0.5 g
(5.15 mmol succinimide repeating units) PSI was dissolved in
4.5 g DMF (10 wt%), and DTT was added (half the molar amount
of the CEA reagent) to the solution. Argon gas was bubbled
through the solution for 30 min to remove oxygen, then CEA
was added, and the mixture was stirred for 72 h under an argon
atmosphere. The solution was diluted with DMF to 25.0 ml
(concentration of 0.2 mM for repeating units) and added to
25.7 ml of a 1 mM solution of DAB in DMF with a syringe pump
for 25 h at a flow rate of 1 ml h™'. After the reaction was
finished, 50 ml of water was added to the PASP-DAB-CEA
solution and dialyzed against water for several days until the
conductivity dropped below 10 uS cm™". Then, the pH of the
samples was adjusted to 3 with 1 M H,SO, and dialyzed again
for several days. Lastly, DTT was added (half of CEA repeating
units) to the polymer solution and dialyzed for one day. The
sample was concentrated to 10 ml using a rotary evaporator
(40 °C, 30 mbar) and freeze-dried to yield a solid, off-white
product.

2.2.3 Synthesis of poly([N-(4-aminobutyl)aspartamide]-co-
{N{4-(2-acetamido-4-sulphanylbutanamido)butyl]aspartamide})s.
Poly([N-(4-aminobutyl)aspartamide]-co-{N-[4-(2-acetamido-4-sulpha-
nylbutanamido)butyljaspartamide}) (PASP-DAB-NAH) polymers
were prepared in two steps (Scheme 1B). First, PSI was modified
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Scheme 1 Synthesis of thiolated cationic polyaspartamides from poly-
succinimide (PSI) with an amine substituent, butane-1,4-diamine (DAB),
and a thiolating agent (A), cysteamine (CEA) or (B) N-acetyl-DL-
homocysteine (NAH) thiolactone.
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with butane-1,4-diamine (PASP-DAB) and further modified with
NAH thiolactone. 1 g (10.3 mmol succinimide repeating units) PSI
was dissolved in 51.5 ml DMF (a concentration of 0.2 mM for
repeating units) and added to a 1 mM solution of DAB (4.54 g,
51.5 mmol) in DMF (51.54 ml) with a syringe pump for 50 h at a
flow rate of 1 ml h™*. Then, 100 ml water was added to the PASP-
DAB solution and neutralized with 1 M HCIL. PASP-DAB solution
was dialyzed against water until the conductance dropped below
10 uS ecm . The solution was concentrated to 20 ml using a rotary
evaporator (40 °C, 30 mbar) and freeze-dried to yield a solid, off-
white product.

PASP-DAB-NAH polymers with different degrees of thiola-
tion (NAH 2, 4, 6, 8, and 10) were prepared by the reaction of
PASP-DAB with NAH thiolactone. For this purpose, 0.5 g (2.1 mmol
repeating units) PASP-DAB was dissolved in 5.34 ml imidazole
buffer (pH = 8) and stirred under an argon atmosphere for 15 min
before adding NAH thiolactone, then the solution was stirred
for 48 h to complete the reaction. PASP-DAB-NAH solution
was dialyzed against water until the conductance dropped below
10 uS cm ™. Then, the pH of the sample was adjusted to 3 with
1 M sulfuric acid and dialyzed again for several days. The sample
was dialyzed again after adding DTT (half of NAH repeating units)
for one day, then concentrated to 10 ml using a rotary evaporator
(40 °C, 30 mbar) and freeze-dried to yield a solid, off-white product.

2.2.4 Synthesis of polyaspartamides with a fluorescence
marker. Fluorescently labeled polymers bearing anionic or
neutral side groups, as well as anionic and neutral side groups
in 1:1 molar ratios, were prepared (Scheme 2). At first, PSI was
modified with the fluorescent r-tryptophan methyl ester (Trp).
0.5 g (5.15 mmol succinimide repeating units) PSI was dis-
solved in 4.00 g DMSO, and after dissolution 0.013 g
(0.051 mmol) tryptophan methyl ester hydrochloride was added
to the mixture. Then, 0.25 g of 4 wt% H;PO,/DMSO solution
and 0.026 g of DBA (0.23 mmol) were added dropwise, and the
mixture was stirred at room temperature for 48 h. After the
reaction was completed, the polymer (PSI-Trp) was modified as
described below.

2.2.4.1 Preparation of fluorescence marked polymers with neu-
tral side groups (PASP-HE100-Trp). A PASP derivative with neu-
tral side-groups (PASP-HE100-Trp) was prepared (Scheme 2A)
by adding 0.47 g (7.7 mmol) ethanolamine (HE) to the solution
of Trp modified PSI and stirred for further 48 h. HE was added
in 1.5-fold excess to modify all succinimide units. After the
reaction was completed, the polymer was precipitated in ethyl
acetate (the volume ratio of ethyl acetate to the polymer
solution was 10:1) and washed five times with ethyl acetate
(50 ml) and three times with acetone (50 ml). The polymer was
dissolved in water and dialyzed against water for one week with
daily change of water until the conductance dropped below
10 pS ecm ™. The solution was concentrated to 20 ml using a
rotary evaporator (40 °C, 30 mbar) and freeze-dried to yield a
solid, off-white product.

2.2.4.2 Preparation of fluorescence marked polymers with anio-
nic charges (PASP100-Trp). A polymer with anionic side groups

This journal is © The Royal Society of Chemistry 2022
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(PASP100-Trp) was prepared (Scheme 2B) by adding the
solution of PSI-Trp to 100 ml of 0.1 M NaOH and stirring for
48 h. NaOH was used in two-fold excess for complete hydro-
lysis. After hydrolysis, the polymer was dialyzed against water
for one week with daily change of water until the conductance
dropped below 10 uS em™". The solution was concentrated to
20 ml using a rotary evaporator (40 °C, 30 mbar) and freeze-
dried to yield a solid, off-white product.

2.2.4.3 Preparation of fluorescence marked polymers with anio-
nic and neutral groups (PASP50-HE50-Trp). In the preparation of
the polymer with both anionic and neutral side groups
(PASP50-HE50-Trp) (Scheme 2C), 0.16 g of HE (2.6 mmol) was
added to the solution of PSI-Trp to modify half of the succini-
mide units with HE and stirred for two days. Then the polymer
(PSI50-HE50-Trp) was hydrolyzed with 52 ml of 0.1 M NaOH for
48 h. PASP50-HES50-Trp was dialyzed against water for one week
with daily change of water until the conductance dropped
below 10 pS em™'. The solution was concentrated to 20 ml
using a rotary evaporator (40 °C, 30 mbar) and freeze-dried to
yield a solid, off-white product.

The estimated degree of modification for Trp groups in each
fluorescent PASP derivative is 0.5-1.0% based on 'H NMR
spectra (not shown).

This journal is © The Royal Society of Chemistry 2022
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2.3 Chemical characterization

The structures of both CEA-modified and NAH-modified poly-
aspartamides were analyzed by using "HNMR spectroscopy (500
MHz, 16 scans). Solutions for the measurements were prepared
by dissolving 20 mg of freeze-dried polymers in 1 ml of D,O.

2.4 Gel permeation chromatography measurements

The number averaged molecular weight (Mn), weight averaged
molecular weight (Mw) and polydispersity index (PDI) of freeze-
dried thiolated polyaspartamides at a concentration of
2 mg ml™" in acetate buffer (pH = 4.5, I = 0.5 M containing
10 mM DTT) were determined by size exclusion chromatogra-
phy (SEC). A Nucleogel GFC-300-8 column was used with a Jasco
HPLC system (Jasco, Tokyo, Japan) consisting of a PU-4180
pump (the flow rate was 1.0 ml min~") with a UV-4075 UV/Vis
detector (A = 254 nm). B-Galactosidase, bovine serum albumin
and wheat germ agglutinin (all were bought from Sigma-
Aldrich) were used as protein standards to estimate the molar
mass distribution of polyaspartamides.

2.5 Rheological measurements

Rheological measurements were done on an Anton Paar Phy-
sica MCR301 rheometer equipped with a cone-plate geometry
(diameter: 25 mm; cone angle: 1% gap: 54 pm). 15 wt% solu-
tions were prepared by dissolving 20 mg of each polymer in 93
mg of PBS buffer (pH = 7.4) containing DTT (half of the
thiolated repeated groups), and 20 pl of the oxidant (0.5 M
NaBrO;) was added to the polymer solutions on the plate of the
rheometer. The change of dynamic moduli (storage and loss
moduli, G’ and G”, respectively) was monitored at constant
strain and angular frequency (y = 1%, » = 1 rad s~ ') during
gelation. After gelation, the frequency dependence of the
dynamic moduli (y = 1%, = 0.5-500 rad s~ ') was measured.

2.6 Dynamic light scattering and zeta potential
measurements

The size and zeta potential of PASP100-Trp, PASP50-HE50-Trp,
and PASP-HE100-Trp were measured using a Malvern Nano-ZS
Zetasizer (Malvern Instruments). For dynamic light scattering
(DLS) measurements, polyaspartamides were dissolved in PBS
buffer with pH = 7.4 at a concentration of 10 g L™". For zeta
potential measurements, the polyaspartamides were dissolved
in PBS buffer with pH = 7.4 at a concentration of 1 g L™". The
electrophoretic mobility was measured for each sample. The
Smoluchowski model was used to calculate the zeta potential
from mobility values.

2.7 Potentiometric titration

0.05 M polymer solutions of PASP-DAB, PASP100-Trp, and
PASP50-HE50-Trp were prepared by dissolving the polymers
in water. The inert salt NaCl was added to the polymer solu-
tions to a final concentration of 50 mM. The pH of the polymer
solutions was set to 2 with 1 M HCI. A single-junction glass pH
electrode (Metrohm pH electrode, pH range: 1-13, filled with
3 M KCl) was calibrated using commercial pH buffers (Merck,
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Certipur® buffer solutions with pH = 4, 6, and 9). The polymer
solutions were added to the flask equipped with a Teflon stir
bar, a gas bubbler, and a titrant dispenser. The flask was then
sealed with Parafilm®™ and purged with N, for 15 minutes prior
to the titration and also during the titration. The titrations were
performed using an auto-titrator (Metrohm 808 Titrando,
Tiamo, version 1.2) set to deliver 0.1 M NaOH with a dissolution
amount of 50 mM NaCl (prepared freshly before the measure-
ment) in automatic additions from pH 2 to 12, with the stability
criterion of signal change slower than 25 mV min~ ' between
additions. A sufficient time (about 30 s) was allowed to reach a
reasonably stable pH reading before the next volume of the
base was added. Each titration lasted approximately 1 h. The
sample temperature was kept constant (23 + 1 °C).

2.8 Turbidimetric measurements

Turbidimetric measurements were performed to confirm the
interactions between cationic polyaspartamide (PASP-DAB) and
polyaspartamides with different surface charges. A 1 g L™*
polymer solution of amine-modified cationic PASP-DAB and
1 g L' solutions of negatively charged poly(aspartic acid)
(PASP100-Trp), neutral polyaspartamide (PASP-HE100-Trp),
and partially negatively charged PASP (PASP50-HE50-Trp) were
prepared in PBS buffer solution (pH = 7.4). PASP100-Trp, PASP-
HE100-Trp, and PASP50-HE50-Trp solutions were added to a
2 ml solution of PASP-DAB stepwise, and after each step the
absorbance spectra of the solutions were recorded between 300
and 800 nm using a UV-Vis spectrometer (Agilent Cary 60).
Absorbance values at 400 nm were recorded to evaluate the
turbidimetric data. Results are the means of triplicate
measurements.

2.9 Scanning electron microscopy (SEM) imaging

The morphology of polyaspartamide hydrogels with or without
fluorescent polymers (PASP100-Trp, PASP-HE100-Trp, and
PASP50-HE50-Trp) was investigated by SEM (FEI Inspect S50,
accelerating voltage: 20 kV). The hydrogels were prepared in the
same composition as for release experiments, and after gelation
the samples were kept in water to remove salts. The samples
were kept in liquid nitrogen for 15 min before freeze-drying.
Before taking the images, solid specimens were coated with
gold (Emitec K550%, 1.5 min, 35 mA).

2.10 Release experiments

Drug release experiments were performed to study the release
profiles of PASP derivatives from disulfide cross-linked poly-
aspartamide hydrogels and the correlation between release
kinetics and polymer interactions. 18 mg of the thiolated
polymer, PASP-DAB-CEA10 or PASP-DAB-NAH10, was dissolved
in 82 pl PBS buffer (pH = 7.4) containing 0.56 mg DTT (44 mM).
Separately, each fluorescently labelled polymer (PASP100-Trp,
PASP-HE100-Trp, and PASP50-HE50-Trp) was dissolved in 15 ul
of 0.5 M NaBrO;. The solutions of PASP-DAB-CEA10 and PASP-
DAB-NAH10 were transferred onto a glass plate bordered with
2 mm thick silicone frames (gels formed in holes with a
diameter of 7 mm), and under stirring each Trp modified
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polymer was added to the solution of PASP-DAB-CEA10 or
PASP-DAB-NAH10 (six compositions in total). Stirrer bars were
then removed from the precursor solutions, and the frames
were covered with silicon sheets. After the gelation was com-
plete, the gels were placed into dissolution jars containing
20 ml PBS bulffer solution (pH = 7.4). 2 ml of the solution was
withdrawn at 0, 15, 30, 60, 120, 180, and 240 min from every
dissolution jar and an equal amount of fresh buffer was
replaced after each sampling. The emission spectra of the
samples were recorded with an Edinburgh Instruments FS5
fluorescence spectrometer in the emission wavelength range of
290-460 nm (dwell time = 0.5 s, xenon lamp, excitation at
270 nm, scan slit = 1.499, temperature = 20 °C). Release of the
model drug from the chemically cross-linked hydrogels was
tested in triplicate for all compositions. The emission values at
350 nm were used to calculate the amount of drug released
from the hydrogels at predetermined times after calibration
was done with aqueous solutions of marked polymers. To show
the efficiency of the drug release from the hydrogels, the
cumulative release (CR) for each time point was calculated.

3 Results and discussion
3.1 Synthesis of cationic thiolated polyaspartamides

Cationic thiolated polyaspartamides were designed to encapsu-
late anionic poly(aspartic acid) derivatives during gelation as a
result of oxidant-induced disulfide formation. Two different
thiolation strategies were applied. In the first pathway
(Fig. 1(A)), PSI was thiolated by CEA'®** and primary amine
groups were immobilized by using a large excess of DAB. We
expected the formation of a cross-linked network upon the
addition of a chemical oxidant (for the reaction scheme see
Scheme S1(A), ESIt). In the second and completely new pathway
(Fig. 1(B) and Scheme S1(B), ESIY) for preparing in situ gellable
derivatives, primary amine groups were first immobilized, and
a thiolactone-type agent (NAH thiolactone) was used to attach
thiol groups as longer, flexible side groups to enhance gelation
and avoid problems with free thiol-containing reagents.

The structure of the synthesised polymers was confirmed by
'H NMR spectroscopy (the "H NMR spectra, details on peak
assignment are shown in Fig. S1 and S2, ESIt). Results showed
that the actual composition of polyaspartamides correlated well
with the feed composition in each case. Thus all side groups
can be attached to polysuccinimide with high conversion
(Table S1, ESIY).

The molecular weight of thiolated polyaspartamides was
determined from SEC (for SEC traces see Fig. S3, ESIt) mea-
surements by converting the elution time to molar mass. My,
M,, and PDI values are listed in Table 1 (molar mass values
must be only considered as a rough estimation as polyasparta-
mide standards are not available for SEC).

The molecular weight of thiolated polyaspartamides showed
similar values for all compositions, and a slightly lower mass
was obtained for PASP DAB-CEA2. The analogous numbers in
the molecular weight of thiolated polyaspartamides suggest

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 The effect of the side group structure on oxidation-induced gelation and release of anionic and neutral PASP. (A) Thiolation by CEA; (B) thiolation

using NAH thiolactone.

Table 1 Number averaged molecular weight (M,), weight averaged
molecular weight (M,,) and polydispersity index (PDI) of PASP-DAB and
CEA and NAH modified thiolated polyaspartamides

Composition M, (kDa) M,, (kDa) PDI (—)
PASP-DAB 108 116 1.07
PASP-DAB-CEA2 89 94 1.06
PASP-DAB-CEA4 116 125 1.07
PASP-DAB-CEA6 114 124 1.08
PASP-DAB-CEAS8 110 120 1.08
PASP-DAB-CEA10 113 122 1.07
PASP-DAB-NAH2 113 123 1.08
PASP-DAB-NAH4 115 125 1.08
PASP-DAB-NAH6 114 123 1.07
PASP-DAB-NAHS8 116 125 1.07
PASP-DAB-NAH10 115 125 1.08

that the properties of polymers will not affected by the differ-
ence in molecular weight.

3.2 Gelation properties of disulfide cross-linked hydrogels

The effect of two different thiolating agents (CEA and NAH) on
the hydrogel formation and mechanical properties was studied
via rheological measurements by following the changes in
dynamic moduli for one hour during gelation and directly after
gelation by the frequency dependence of moduli. We showed
earlier that the oxidation-induced conversion of thiolated
poly(aspartic acid) derivatives to disulphide bridges is accom-
panied by the gel formation in aqueous medium."® Accordingly,
the gels formed on the plate of the rheometer from thiolated
polyaspartamides upon oxidation (Scheme S1, ESIt), and aqu-
eous solutions of all the investigated polymers formed a gel
within 20 min, except PASP-DAB-CEA2 and PASP-DAB-CEA4,
which did not form hydrogels within one hour. It should be
noted that the rheological measurement could be started only
50 s after the addition of the oxidizing agent, which explains
the comparable storage (G') and loss (G”) moduli at the
beginning.*® Nevertheless, the storage and loss moduli are very

This journal is © The Royal Society of Chemistry 2022

small in the beginning and the moduli are comparable, sug-
gesting a viscoelastic liquid state of the mixture in its sol state.
As the cross-linking reaction proceeds, the gel point is reached
when the mixture suddenly loses its fluidity under the effect of
the interconnection between sol components through the
formation of disulfide linkages. The storage modulus becomes
much higher than the loss modulus (G’ > G”), and the system
progressively loses its viscosity, while its elasticity increases
significantly. The gelation is close to complete where G’ reaches
a plateau. After that point, G’ still increases slightly, which can
be due to post-cross-linking reactions, including dangling
chain formation.>* The gelation was accompanied by a signifi-
cant increase of the storage modulus and the gelation time was
calculated from the inflection point of the storage modulus
(Fig. 2).

In general, NAH-modified polyaspartamides formed gels
faster than CEA-modified counterparts for each degree of
thiolation (Fig. 3). The range of gelation time was below
20 min for all gellable compositions and was as short as
12 min for NAH derivatives which can be considered as fast-
gelling formulation.*® Furthermore, NAH-modified derivatives
formed gels even at the two lowest degrees of thiolation,
contrary to the lack of gelation for CEA counterparts, clearly
indicating the enhanced disulfide formation of NAH deriva-
tives. For PASP-DAB-CEA4, only an increase in viscosity was
observed which is shown by increased dynamic moduli and will
be further analyzed by the data of frequency sweep measure-
ments. PASP-DAB-CEA2 did not show any cross-linking process
indicated by the moduli remaining constant.

The frequency-dependence of moduli was determined after
one hour of gelation to investigate the mechanical properties of
the hydrogels (Fig. 4). Among CEA-modified polyaspartamides,
only PASP-DAB-CEA10 and PASP-DAB-CEA8 showed constant
storage moduli over the whole frequency range which is the
requirement of a stable gel structure. The loss modulus of
PASP-DAB-CEA10 was almost frequency independent, only
showing frequency dependence at high frequencies, while for

J. Mater. Chem. B, 2022,10, 5946-5957 | 5951
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Fig. 3 Gelation times of thiolated cationic polyaspartamides in the case of
both thiolating agents as a function of the degree of thiolation.

the rest of the polymers, the loss modulus was frequency-
dependent. For PASP-DAB-CEA4 and PASP-DAB-CEA?2 polymers,
both storage and loss moduli were frequency-dependent, indi-
cating the absence of gel formation. At lower frequencies,
the storage modulus of PASP-DAB-CEA4 was constant (below
5 rad s~ ') and showed frequency dependence at higher fre-
quencies, proving that even though complete gel formation did
not happen, the cross-linking reaction proceeded to some
extent. NAH-modified polyaspartamides showed constant sto-
rage modulus over the whole frequency range. Only a slight
increase was observed at higher frequencies for PASP-DAB-
NAH4 and PASP-DAB-NAH2 due to chain entanglements of
hydrogels (Fig. 4).* The loss modulus of all compositions
was frequency-dependent, indicating the presence of a relaxa-
tion process in the frequency window of the measurement.

5952 | J Mater. Chem. B, 2022, 10, 5946-5957

We used a power-law equation (eqn (1)) in the frequency
range of 0.5 to 500 rad s™' to quantify the frequency depen-
dence of the storage modulus.

G' = k" )

where k and n are constants and n characterizes the strength of
frequency dependence (for frequency-independent behavior,
n = 0). The n values are plotted against the degree of thiolation
for all hydrogels in Fig. 5. It is clearly shown that the frequency
dependence is negligible for all PASP-DAB-NAH compositions.
In contrast, the frequency dependence of the storage modulus
for PASP-DAB-CEA hydrogels strongly increases with decreasing
degree of thiolation, suggesting a weaker gel structure.

To compare the stiffness of the hydrogels formed from CEA-
and NAH-modified polyaspartamides, the storage moduli of
polymers at a frequency of 0.5 rad s~ * were plotted as a function
of the degree of thiolation (Fig. 6). Although the storage moduli
of PASP-DAP-CEA10 and PASP-DAB-NAH10 gels were similar, by
reducing the degree of thiolation, the stiffness of PASP-DAP-
CEA hydrogels decreased largely in comparison with NAH-
modified counterparts. We can assume from the storage mod-
ulus values and the frequency dependence of dynamic moduli
that the longer side group length of NAH thiolactone can lead
to faster gelation and a higher cross-linking density compared
to CEA modification.

3.3 Mesh size of hydrogels and particle size of model drugs

The mesh size, the average distance between consecutive cross-
links, is an important hydrogel feature, it is correlated with the
mechanical strength and degree of swelling of the hydrogels,
and it controls many important properties of drug release, such
as the diffusion coefficient and the rate of release of entrapped
drugs/proteins.***!
calculated from the storage modulus values (G’) of disulfide
cross-linked cationic polyaspartamides at the lowest angular

To this end, the mesh size of hydrogels was

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 The strength of frequency dependence (n) as a function of the
degree of thiolation.

frequency measured (0.5 rad s~ '), which is considered to be of
an equilibrium value (eqn (2)):"”

3/ 6RT
=\ ron @)

where ¢ is the network mesh size, R is the universal gas
constant, T is the absolute temperature, N, is the Avogadro’s
constant, and G’ is the storage modulus obtained from rheolo-
gical measurements.

The calculated mesh size of PASP-DAB-NAH10 were 11.3 nm
and that of PASP-DAB-CEA10 was 10.8 nm, which are in the
range for typical synthetic hydrogels and can be ideal for
sustained release of macromolecular drugs, e.g., proteins or

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Storage modulus (G’) as a function of the degree of thiolation at a
frequency of 0.5 rad s~* in the case of both thiolating agents.

nucleic acids, which are usually in the range of a few nm. We
emphasize that the mesh size can be a determining factor in
the release of encapsulated compounds; however, a general
porous structure on various length scales was observed for all
gels, as proven by the SEM images (Fig. S4, ESIY).

We synthesised fluorescently labelled model polyelectrolytes
to study drug release. Fully and partially anionic as well as
neutral PASP derivatives with tryptophan groups were synthe-
sised (Scheme 2) to test drug encapsulation and release. The
particle size of model drugs determined by DLS was generally
smaller than the estimated mesh size of the hydrogel but was in
the same magnitude (Fig. S5, ESIf). The particle sizes of
PASP100-Trp, PASP50-HE50-Trp, and PASP-HE100-Trp were
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Table 2 The pK,, zeta potential and particle size of model drugs and the
positively charged polyaspartamide

Composition pK.  Zeta potential (mV)  Particle size (nm)
PASP-DAB 9.6 15 £ 0.1 —

PASP100-Trp 4.8 —-10 £ 1.8 3.1+0.9
PASP50-HE50-Trp 4.8 —12 £ 1.8 2.5+ 0.5
PASP-HE100-Trp — —-5+1 4.7 £1.2

3.1 £ 0.9 nm, 2.5 £ 0.5 nm, and 4.7 + 1.2 nm, respectively
(Table 2), which suggested the lack of steric hindrance for the
release of the chosen model polymer drugs, but we also
expected that the charge significantly affects the release rates.

3.4 Protonation state of the polymers used and their
electrostatic interactions

To reveal the protonation and charge state of model drugs and
the hydrogels, acid-base titration and zeta potential measure-
ments were performed. Titration was carried out for PASP-DAB,
PASP100-Trp and PASP50-HE50-Trp and the number of protons
bound to the basic group (COO- or NH,) was determined by
converting titration curves to Bjerrum type plots (Fig. 7) using
the following formula (eqn (3)):**

N = (Vocuar — Viewaon) — ([H'] — Ko[H'T (Vo + V) + N

(3)

where ny; represents the number of protons bound to the basic
groups (COO- or NH,) at any pH value, Ny is the number of
dissociable groups in the polymer, K, is the ionic product of
water, [H'] is the hydrogen ion concentration, V, and V, are the
initial sample volume and the volume of the added titrator,
respectively, and cyc; and cnaon are the molar concentrations of
HCI in sample and NaOH in the titrator, respectively.

The pK, values of PASP100-Trp, PASP-DAB and PASP50-
HES50-Trp were calculated from the inflection point by plotting

1.5
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Fig. 7 Bjerrum curves of PASP-DAB, PASP100-Trp and PASP50-HE50-
Trp.
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the second derivative plot of ny; over pH and the zero point was
the pK,. The pK, value was 9.6 for PASP-DAB, 4.8 for aspartic
acid (PASP100-Trp), and 4.8 for PASP50-HE50-Trp, which were
in good agreement with the literature.”® Results suggest that all
amine groups of cationic polyaspartamide (PASP-DAB) at pH =
7.4 are protonated, while the protonation state of PASP is in the
acidic range. Thus, PASP-DAB is positively charged at pH = 7.4,
while PASP100-Trp is negatively charged. The zeta potential
measurements confirmed the positive surface charge of PASP-
DAB and the negative charge of PASP100-Trp at pH = 7.4
(Table 2).

The possible electrostatic interactions between the cationic
polyaspartamide, PASP-DAB and the PASP derivatives with
different surface charges were tested by turbidimetric measure-
ments (Fig. 8).*> The interaction can be detected by the appear-
ance of turbidity as a result of polyplex formation between
oppositely charged polyelectrolytes. No signal was observed
between the cationic PASP-DAB and the neutral PASP-HE100-
Trp, while a strong interaction was detected between oppositely
charged PASP-DAB and PASP100-Trp. As expected, by replacing
half of the negative charges with neutral charges, the curve
shifted to a higher mass ratio of anionic to cationic derivatives,
suggesting weaker interactions. The weaker interactions were
also indicated by lower maximum absorbance values for the
mixed composition compared to fully anionic PASP.

3.5 Release of model drugs with different surface charges
from thiolated polyaspartamides

The role of electrostatic interactions in the drug release profile
was studied by the release of neutral (PASP-HE100-Trp), par-
tially anionic (PASP50-HE50-Trp) and completely anionic
(PASP100-Trp) PASP derivatives as model drugs from thiolated
cationic polyaspartamides. The model drugs were entrapped in

3.0
O PASP100-Trp
1 O PASP50-HE50-Trp
25 A PASP-HE100-Trp
: Ono =
g [m}
1 m}
[m]
2.0 B g i
g ] é o) 00000
o
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2
® |
7]
QO
< 1.04

/m

polymer

PASP-DAB ¢

Fig. 8 Turbidimetric titration of PASP-DAB solution by PASP100-Trp,
PASP50-HE50-Trp, and PASP-HE100-Trp solutions. The concentration
of the polymer solution was 1 g L%

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D2TB00674J

Open Access Article. Published on 01 June 2022. Downloaded on 10/19/2024 12:55:04 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
709 PASP-DAB-CEA10 PASP-DAB-NAH10
|l m PASP-HE100-Trp @® PASP-HE100-Trp
cod @ PASP50-HE50-Trp ® PASP50-HE50-Trp
O PASP100-Trp O PASP100-Trp

Cumulative release (%)

0 60 120 180
Time (min)

240

Fig. 9 Cumulative release of model drugs from thiolated polyaspartamides.

PASP-DAB-CEA10 and PASP-DAB-NAH10 hydrogels during
in situ gelation, and the effect of network composition, ie.,
the type of thiolating agent, was also considered.

The drug release profiles from hydrogels are generally gov-
erned by the mesh size and the interactions between the compo-
nents. As previously shown, the hydrodynamic diameters of PASP
derivatives used as model drugs are smaller than the estimated
mesh size, although it should be noted that the size distribution
of mesh size is not known. In this point of view, the release of a
significant amount of the entrapped polymers was expected due
to the lack of steric hindrance. On the other hand, the anionic
polyelectrolytes (PASP100-Trp and PASP50-HE50-Trp) were
expected to be retained by the cationic polymer network because
of the strong electrostatic forces between the anionic drugs and
cationic thiolated polyaspartamides. In accordance with these
presumptions, fully anionic PASP100-Trp was completely retained
in both cationic hydrogels (Fig. 9). The partial (50%) replacement
of anionic groups with neutral ones resulted in the partial release
of entrapped PASP50-HE50-Trp with a significant difference
between the two hydrogels. The increased release from the
PASP-DAB-NAH hydrogel might be explained by the partial screen-
ing of primary amine groups from electrostatic interactions by
amide groups formed after modification by the thiolactone
reagent. The neutral PASP-HE100-Trp showed an increased
release from both hydrogels due to the lack of attractive electro-
static interactions with the hydrogel network. Interestingly, the
PASP-DAB-NAH10 hydrogel showed somewhat faster release, and
thus the screening effect of amide groups as a result of thiolactone
modification might play a role here as well through hydrogen
bonding.

We used the empirical Korsmeyer-Peppas equation (eqn (4))
for describing the release profiles:**

M,
Mo

= k" @)

This journal is © The Royal Society of Chemistry 2022
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Table 3 Release kinetics of neutral and partially anionic PASP derivatives
from thiolated polyaspartamides

k n Final CR? (%)
PASP-DAB-NAH10
PASP-HE100-Trp 7.17 0.42 48 £ 7
PASP50-HE50-Trp 5.97 0.31 35+ 0.7
PASP-DAB-CEA10
PASP-HE100-Trp 3.70 0.50 47 £ 7
PASP50-HE50-Trp 1.44 0.44 13+1

“ Final values of the cumulative release.

where k is a constant incorporating characteristic of the macro-
molecular network or particle system and n is the diffusional
exponent which refers to the transport mechanism.

The kinetic constants and exponents are summarized in
Table 3, and the percentage release after 4 h is also shown for
comparison. For neutral polymers, the exponent is close to 0.5,
indicating that the release is diffusion-controlled release. The
kinetic constant is affected by both the model drug and net-
work structure. The addition of anionic charges reduced the
kinetic constant and, for both drugs, it was higher for NAH-
modified gels, suggesting weaker interactions between the
model drug and polymer network. In conclusion, the release
profile could be controlled by the charge density of the
entrapped material, but there is a complex interplay between
diffusion limited by mesh size (distribution) and secondary
interactions, including electrostatic attraction and hydrogen
bonds. The results obtained might be useful in the design of
similar cationic polyaspartamides for the encapsulation of
nucleic acid derivatives in continuation of the work.

4 Conclusion

Thiolated polyaspartamides with cationic charges were synthe-
sised using two synthetic pathways, such as modification with
cysteamine (CEA) and, as a new approach, combining thiolac-
tone chemistry with the cationic modification of polyasparta-
mides. Primary amine groups were attached to the polymer
chain to render cationic properties to all compositions in both
cases. Disulfide formation was induced by the addition of an
oxidant in the aqueous solution of thiolated polyaspartamides,
resulting in an increase of viscosity and, in most cases, the
rapid formation of hydrogels. The longer, flexible side group
length of NAH-modified polyaspartamides displayed faster
gelation than CEA-modified counterparts which also increased
the stiffness of the hydrogels gels, proving the enhanced cross-
linking reaction of NAH-modified hydrogels over CEA-modified
counterparts. We confirmed the electrostatic interaction
between the linear anionic PASP derivatives and the cationic
thiolated polyaspartamides. The release kinetics of PASP deri-
vatives was followed by the fluorescent labelling of the encap-
sulated polymers, which showed that fully anionic PASP was
entrapped completely in the hydrogels. In contrast, the
reduction of the concentration of anionic groups caused a
partial release of PASP derivatives. NAH- and CEA-modified
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cationic polyaspartamide hydrogels showed distinct release
rates, indicating the interplay between electrostatic interactions
and the chemistry of thiolated side groups. The developed
in situ gellable materials have potential applications as inject-
able, fast gelling formulations to deliver macromolecular drugs
of various charges, and possible non-enzymatic degradation of
cationic poly(aspartamides) can be combined with these prop-
erties for further benefits.
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