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Peptide hydrogels as slow-release formulations of
protein therapeutics: case study of asparaginase-
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In this study, hexamer peptide-based hydrogels were loaded with different model protein cargos and the
release profiles investigated to explore the balance between injectability and loading capacity permitting
the release of a therapeutically relevant dose. We demonstrate that the release of protein cargos from our
hexamer peptide hydrogels depends on the stability of the hydrogel network, the mobility of the cargo to
diffuse out of the network, and the interaction between the hydrogel network and the cargo. For the first
time, our peptide hydrogels were used to develop an injectable sustained release formulation of a thera-
peutic enzyme, namely Erwinase®, an FDA-approved asparaginase for the treatment of acute lympho-
blastic leukemia. We show that the current hexamer peptide-based hydrogels allow sufficient protein
loading and sustained release of the fully active asparaginase enzyme both in vitro and in vivo. Altogether,
this study describes how peptide hydrogels can be exploited to provide injectable slow-release formu-
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lations of biologics, including enzyme therapeutics, to enhance their clinical applicability.

1. Introduction

High dosage and repeated administration of drugs are often
required in conventional medicine, as many drugs are quickly
eliminated from the body either via metabolization or via
excretion, which often leads to complicated adverse effects and
consequentially poor compliance or treatment outcome.' A
sustained release drug delivery system that provides a pro-
longed therapeutic effect can minimize the need for frequent
drug administrations, which is especially desirable for cases
involving painful injections or complex surgical procedures.
This becomes particularly relevant in the case of protein thera-
peutics, as they often exhibit short serum half-lives lasting
only minutes to hours,”> entailing the need for more parent-
eral injections with shorter intervals between doses. It is there-
fore particularly beneficial for protein therapeutics to be for-
mulated in suitable delivery systems that not only allow their
sustained release in vivo but also provide protection from enzy-
matic degradation. Moreover, this opens up possibilities for
the development of localized depot formulations.

Hydrogels, which consist of a three-dimensional network of
hydrophilic (bio)polymers, are able to encapsulate a variety of
therapeutic molecules within the interstices of their networks
and have been recognized as promising biomaterials for sus-
tained drug release.* However, many biodegradable synthetic
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polymer-based hydrogels feature disadvantages such as (i)
monomer and degradation product toxicity,? (ii) uncontrolla-
ble polymer swelling in vivo that can cause pain in the host,°
and (iii) non-uniform networks that lead to variable release
properties.” In contrast, self-assembling peptide hydrogels
composed of natural amino acids have been reported to be
one of the most interesting alternative drug delivery vehicles to
tackle those problems.®° Additionally, these peptide hydrogels
possess interesting properties ideal for drug-delivery appli-
cations such as injectability, tunable mechanical as well as
release properties, ease of synthesis and high purity based on
a defined peptide component.®™*°

Since the first short peptide hydrogelator, EAK16 or Ac-
AEAEAKAKAEAEAKAK-NH,, was reported in 1993 by Zhang
et al,'"" a number of p-sheet forming oligopeptides have been
introduced, usually containing amino acids with an alternat-
ing distribution of polar and non-polar blocks, providing
amphiphilicity to the peptides and driving the self-assembly
process."””™** In 2015, we reported the first, short, hexamer
peptide gelator, H-FEFQFK-OH, as a result of conscientious
amino acid selection.’® The arrangement of hydrophilic and
hydrophobic side chains on opposite sides of the peptide
backbone leads to the formation of f-strands, whose align-
ment results in p-sheet secondary structures. These are stabil-
ized by hydrogen bonding between neighboring amide groups
on the backbone and a combination of hydrophobic, aromatic,
and coulombic interactions between the side chain groups of
different peptide molecules. f-Sheet bilayers are formed upon
hydrophobic collapse and their elongation results in fiber for-
mation with subsequent entanglement under increased con-
centration and/or ionic strength leading to the establishment
of hydrogel networks (Fig. 1A).'® Further optimization regard-
ing the pH"” and the stability of the hydrogel formulations led
to the introduction of other related sequences, most notably
H-FEFQFK-NH, (1) and H-FQFQFK-NH, (2), which allow
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syringe-delivered formulations of different therapeutic small
molecules (e.g. morphines, opioid peptides...) that can be
released over a period of 1-2 days upon subcutaneous injec-
tion in mice.">'® Recently, we successfully encapsulated a
human PD-L1 nanobody, resulting in a sustained release and
tumor-uptake, up to 72 hours post subcutaneous injection in a
melanoma mouse model.'”**?° Thus, this collection of short
peptide hydrogelators can be considered a suitable and bio-
compatible platform for the encapsulation of a broad spec-
trum of therapeutics.

In the present study, we further explored the versatile appli-
cations of this hydrogel system for the delivery of proteins by
systematically studying the loading capacity of the gels, as well
as a multitude of factors affecting release of various encapsu-
lated protein cargos. This knowledge will facilitate the develop-
ment of novel optimized hydrogel formulations. Although
encapsulation and sustained release of bioactive proteins
using hydrogel materials have been well explored®**" to the
best of our knowledge, there have not been previous reports on
peptide-based hydrogel formulations of therapeutic enzymes.
As it is important to ensure the stability and activity of
enzymes in order to maintain their therapeutic effectiveness, it
is a critical challenge to find optimal hydrogel formulations
for their in vivo delivery.**>* Previous attempts have been
mostly focused on the use of polymer-based hydrogels, either
natural,® synthetic,”® or semi-synthetic.”” These systems,
however, often result in formulations with low encapsulation
efficiency, altered enzyme activity due to unwanted chemical
conjugation, and potential toxicity from the polymer precur-
sors or byproducts of the polymer degradation. In this regard,
peptide hydrogels, especially those from short sequences, are
advantageous as their building blocks are natural amino acids.
Also, polymer-based hydrogels, both natural and synthetic,
even though are designed to be biocompatible, may still
trigger an immune response, leading to inflammation or rejec-
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Fig. 1 Self-assembling peptide hydrogels. (A) Illustration of the self-assembly mechanism and gelation process that leads to the entrapment of
cargos under suitable external stimuli inside the fiber network. (B) Structure of hexamer hydrogelator peptides 1 and 2, all containing alternating
hydrophobic and hydrophilic residues, forming hydrogel via p-sheet assembly.
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tion in the host organism. It is known that host response to
biomaterials is strongly affected by factors such as size, shape,
stiffness, and chemistry.>> Most biomaterials, including poly-
ethylene glycol (PEG), polyethylene, and crosslinked collagen
induce a classical immune response called the foreign body
response (FBR), resulting in an unresolved chronic inflam-
mation and fibrous encapsulation of the materials.?® The
current hydrogel systems are based on short self-assembling
peptide sequences containing only natural amino acids, and
fully degrade within only several days, therefore providing a
safe platform for delivery of bio-therapeutics.

Here, we explored the possibility of utilizing the current
peptide hydrogel system for sustained release of bioactive
enzymes and applied the generated knowledge in a case study
on a sustained-release formulation of Erwinase, an FDA-
approved asparaginase enzyme derived from Erwinia chrysan-
temi for the treatment of acute lymphoblastic leukemia (ALL).
Due to the downregulation and/or loss of asparagine synthe-
tase (ASNS), leukemic cells have a limited capacity for
endogenous asparagine synthesis, rendering them dependent
on extracellular asparagine for survival.>*>!' Enzymatic
depletion of circulating asparagine with asparaginases there-
fore selectively induces cell death in leukemic cells.>*™"
Erwinase is currently used in the clinic as second-line therapy
for patients with ALL who have developed allergies and/or
hypersensitivity towards the first-line product, a PEGylated -
and thus long-acting - formulation of E. coli-derived
asparaginase.”' However, its administration is associated
with a plethora of problems. One important limitation is the
limited in vivo half-life, approximately 10 hours in mice and
15 hours in patients.”>*>*® As a result, patients will need fre-
quent visits to the clinic to maintain sufficient L-asparaginase
activity in their serum to preserve the efficacy of their aspara-
gine deprivation therapy. Furthermore, the glutaminase co-
activity of the bacterial-derived asparaginases currently used in
the clinic is the cause of undesired toxicities, such as pancrea-
titis and neurotoxicity.**** As a result of its very short half-life
and to extend its activity, an excessive bolus injection of
Erwinase has to be administered, which is accompanied by
stronger toxic side effects.”***° Using our hydrogel platform,
we evaluated whether peptide-based hydrogels would allow a
slow sustained-release of Erwinase from a high loading gel for-
mulation and allow a longer-lasting plasma concentration of
the enzyme, which could lead to improved quality of life of
patients with ALL receiving Erwinase treatment.

2. Materials and methods

2.1. Reagents

The hydrogelators H-FEFQFK-NH, (1) and H-FQFQFK-NH, (2)
(TFA salts) were bought from Royobiotech Co., Ltd (Shanghai,
China). Glacial acetic acid was from Sigma-Aldrich whereas
acetonitrile (HPLC grade) was purchased from Chem-Lab.
Analytical grade AG1-X8 anion exchange resin (100-200 mesh,
chloride form) was from Bio-Rad (Belgium). Water used in all
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in vitro experiments was purified with a Millipore system (18.2
MQ cm). Phosphate-buffered saline (PBS, 1x and 10x) and
UltraPure water used for in vivo experiments purchased from
Thermo Fisher Scientific (Invitrogen, USA). Bovine serum
albumin (BSA) and avidin were purchased from Sigma-Aldrich
(Belgium) whereas neutravidin and HRP-conjugated streptavi-
din is from Thermo Scientific (Belgium). Erwinase® (crisantas-
pase) was obtained through the pharmacy of Ghent University
Hospital as a lyophilized powder, 10 000 IU per vial. All pro-
teins were received as lyophilized powders and were reconsti-
tuted with PBS 2x to the required concentration except for
HRP-conjugated streptavidin which was supplied as a 1.25 mg
mL ™" solution. Microbial transglutaminase (mTG), supplied as
powder formulation from Bindly, was reconstituted in PBS
buffer and filtered with 0.22 pm filter.

2.2. Counter ion exchange

To conduct the exchange from trifluoroacetate to acetate salt, a
high excess of 1500 mg of the ion-exchange resin was prepared
in a 50 mL Steriflip unit. The resin was successively washed
three times with 1.6 M acetic acid (25 x 3 mL), followed by
three times with 0.16 M acetic acid (25 x 3 mL). 125 mg of the
peptide was dissolved in 25 mL of miliQ water and poured on
the resin. After 2 hours of rotary stirring, the peptide-resin sus-
pension was filtered, and the liquid phase recovered. The resin
was washed twice with 2 x 5 mL of miliQ water. The solutions
were pooled for freeze-drying. The peptide (acetate salt) was
collected as fluffy white powder.

2.3. Hydrogel preparation

First, a stock solution of each hydrogelator peptide was pre-
pared in Milli-Q or UltraPure water to have 4% w/v final
peptide concentration. The gel was then prepared by adding
an equal volume of PBS 2x (with or without protein cargoes) to
an equal volume of peptide stock solution and mixed by pipet-
ting while avoiding bubble formation (2% w/v gel). The
samples were left to rest overnight at room temperature (in
case of model cargos) or at 4 °C (in case of enzymes and thera-
peutic cargos).

2.4. Rheology measurement

The rheological properties of the peptide hydrogels were
measured on an Anton Paar MCR 301 modular rheometer
equipped with a Peltier plate and evaporation blocker acces-
sories. The measurements were performed in a parallel-plate
mode (diameter: 25 mm) at 25 °C. 500 pL of hydrogel were pre-
pared as described in 2.3 and withdrawn in a 1 mL syringe
and left overnight at RT. 350 pL of the prepared hydrogel was
then applied to the plate from the syringe (without needle).
Gels were left for 2 minutes before measurements. The
dynamic strain sweep (from 0.01% to 500% strain, 1 Hz oscil-
lation) was previously conducted to determine the linear visco-
elastic regime. For the shear-recovery experiment, a dynamic
time sweep (1 Hz and 1% strain) was performed for 60
seconds after loading a gel, followed by the application of 50%
strain for 30 seconds to shear-thin the gel. Then, the strain
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was decreased to 1%, and the dynamic time sweep was per-
formed again for another 60 seconds. Such a shear recovery
experiment was performed for three cycles at 25 °C and
repeated three times. The Anton Paar Rheometer software was
used for analysis.

2.5. Invitro release studies

The in vitro release behavior of BSA, avidin, neutravidin, and
Erwinase from the hydrogels was evaluated by determining the
cumulative release value at each timepoint and the cumulative
release curve was drawn as the function of time. Briefly, the
protein-loaded gels were prepared first by mixing 50 pL cargo
solution in PBS 2x with 50 uL peptide 4% w/v solution in an
Eppendorf tube (1.5 mL), as described in 2.3. At the start of
the release experiment, 400 pL of a PBS 1x solution (10 mM,
PH 7.4) was carefully added on top of each gel (= timepoint 0).
No significant swelling of the hydrogels was observed in all
cases. At regular timepoints, the supernatant was homogen-
ized and aliquots of 20 uL were collected and replaced by
equal amounts of fresh PBS. Subsequently, these samples were
analyzed with reversed phase high-performance liquid chrom-
atography (RP-HPLC) (see ESIt), where the area under the
curve (AUC) value was determined for each sample. Hence, the
cumulative doses released (M,) could be calculated by making
use of a calibration curve. Finally, the cumulative protein
release percentage was determined over time, considering the
initial encapsulated dose (M;), using eqn (1).

. . M,
% Cumulative protein release = Ve 100. (1)
i

2.6. Horseradish peroxidase (HRP) enzyme activity
determination

The HRP-conjugated streptavidin is from Thermo Scientific
(Product code: 434323). The specific isoenzyme used in this
product is not explicitly stated in the product information. It is
likely a mixture of HRP isoenzymes, potentially with a higher
proportion of the most abundant isoenzyme, C1A, which has a
pI value of 7.2.

Hydrogels made up of peptide 2 (2% w/v) loaded with HRP-
streptavidin enzyme (5 pg mL™" final concentration) were pre-
pared following the above procedure (section 2.3). For the
determination of enzyme activity in release buffer over time,
500 pL of a PBS 1x solution (10 mM, pH 7.4) was carefully
added on top of each gel (= timepoint 0). At regular timepoints
(1, 3, 6, 8, 24, 48 hours), the supernatant was homogenized
and aliquots of 10 pL were collected and replaced by equal
amounts of fresh PBS. The release samples were stored at 4 °C
until the time of measurement (see ESI{).

For the qualitative determination of enzyme activity while
being encapsulated within the hydrogel matrix, the enzyme-
loaded hydrogel of peptide 2 was injected into a vial contain-
ing a mixture of 3,3',5,5'-tetramethylbenzidine (TMB) substrate
and hydrogen peroxide (1-Step Ultra TMB ELISA Substrate
Solutions, Thermo Scientific) and the color development was
recorded. Alternatively, the TMB substrate solution was added
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directly on top of the priorly prepared enzyme-loaded
hydrogel.

2.7. Invivo release assay - pharmacokinetic (PK) study

Prior to the PK study, we tested different needle sizes (21G,
25G, and 27G) for the injection of the hydrogel samples. While
all needle sizes allowed a smooth flow of hydrogel which
instantly reformed after model injection in vitro (Fig. S1, see
ESIY), the use of a 27G needle resulted in less back flow when
injecting in mice without anesthesia. Therefore, 27G needles
were used for all samples in the PK study. Healthy female wild-
type C57BL/6] mice (Charles River; n = 60) were subcu-
taneously injected in the flank (150 pL per injection, 12 mice
per group) with a single bolus injection of Erwinase (5000 IU
kg™') formulated in peptide hydrogels or PBS buffer.
Hydrogels without Erwinase were similarly injected as negative
controls. At 8 different timepoints (1, 4, 8 hours and 1, 2, 3, 5
and 7 days), peripheral blood (50 pL per mouse) was collected
in EDTA-covered blood collection tubes and the samples were
centrifuged at 2000 rcf at 4 °C for 10 minutes to obtain plasma
which was then stored at —80 °C until needed for activity
measurements (see ESI Table S1f). During the experiment,
mice were monitored for clinical signs of toxicity and their
body weight was carefully monitored. All animal procedures
were performed in accordance with the Guidelines for Care
and Use of Laboratory Animals of Ghent University and
approved by the Animal Ethics Committee of the Faculty of
Medicine and Health Sciences of Ghent University.

2.8. Asparaginase enzyme activity determination

The release samples from the in vitro release assays and the
plasma samples from the in vivo PK study were subjected to
the enzymatic assay to determine asparaginase activity. For the
in vitro release samples, aliquots of 20 pL in the release buffer
were mixed with 80 pL of Tris-BSA 5% and stored at —80 °C
until the time of measurement. Plasma asparaginase activity
was quantified by incubating the samples with an excess
amount of r-aspartic acid p-hydroxamate (AHA; Sigma-Aldrich
A6508) at 37 °C. r-Asparaginase hydrolyses AHA to r-aspartic
acid and hydroxylamine, which was detected at 690 nm with a
SpectraMax M3 (molecular devices) spectrophotometer, after
condensation with 8-hydroxyquinoline (Merck 820261) and oxi-
dation to indo-oxine. Detailed procedures can be found in the
ESLt

2.9. Transglutaminase enzyme activity determination

The release samples containing microbial transglutaminase
(mTG) from the in vitro release assays (10 uL per sample) were
quantified by incubating the samples with the reactivity
mixture containing N-benzyloxycarbonyl-r-glutaminylglycine
(Z2-GIn-Gly) and hydroxylamine (140 pL) (Zedira, Z009) at 37 °C
in a 96 well plate. After 10 minutes of incubation, a stop solu-
tion containing iron(u) was added to each well (150 pL per
well). In the presence of mTG, hydroxylamine is incorporated
into Z-GIn-Gly to form Z-glutamyl(y-hydroxamate)-glycine
which develops a colored complex with iron(m). The absor-

This journal is © The Royal Society of Chemistry 2025
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bance signal was detected at 525 nm with DropSense 96
(Trinean) spectrophotometer. Detailed procedures can be
found in the ESL.}

2.10. Statistical analysis

In vitro experiments were carried out in duplicate or triplicate
and were presented with standard deviation (SD). In vivo
experiments were done in sample size of 6-12 mice per group
and the data were presented with standard error mean (SEM).
The data were evaluated using Prism 8.0 (GraphPad software).
Experimental data of free versus encapsulated enzyme was ana-
lyzed by two-way ANOVA and followed by Dunnet’s multiple
comparison test. An unpaired t-test was employed to find the
significance of serum asparaginase levels between treatments
or between specific time points. In all cases, p values < 0.05
were considered significant.

3. Results and discussion

We previously demonstrated that peptides H-FEFQFK-NH, (1)
and H-FQFQFK-NH, (2) serve as a safe matrix to encapsulate
and release a variety of chemical cargos including morphine,
fluorescein sodium, ciprofloxacin, and opioid peptides in a
controlled manner."*® In previous works, these hydrogelators
have been demonstrated to be biodegradable and exhibit good
biocompatibility, since no significant cytotoxicity (as 2% w/v
gel, 100 puM) was observed.'® Moreover, they are prepared
under mild physiological conditions, thereby generating a
highly aqueous self-supporting hydrogel network with con-
venient thixotropic properties, making them a suitable formu-
lation for injection-based delivery of therapeutics, particularly
beneficial in the case of protein biologics as has been demon-
strated in the case of nanobodies.'®" The current study inves-
tigates in detail the loading capacity of different members of
this peptide hydrogel platform and factors that govern the
release of a series of encapsulated proteins in order to better
characterize and understand the system in detail.

3.1. Protein loading capacity and hydrogel characterization

BSA was chosen as a model protein cargo to study the loading
capacity and injectability of the final hydrogel formulations.
Although it has been demonstrated in several studies that
electrostatic interactions between encapsulated cargos and the
hydrogel networks can significantly affect the release profiles
of the cargos,***® the effect of electrostatic interactions on the
initial loading of the cargos and characteristics of the loaded
hydrogels have not been systematically explored. The relatively
low pI (4.7) of BSA suggests that at pH higher than 4.7, BSA
bears an overall negative charge,”” leading to potential strong
electrostatic interactions between the protein molecules and
the positively charged hydrogel fibers of 1 and 2.

Cargos can be loaded to hydrogel matrices via different
methods, most commonly through either post-loading or
in situ loading.®® The post-loading technique refers to the
immersion of the preliminary formed hydrogel into a drug

This journal is © The Royal Society of Chemistry 2025
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solution for a certain time period to allow the cargos to diffuse
into the hydrogel matrix. The loading efficiency is highly
dependent on the size of the protein cargo and porosity of the
peptide hydrogels. Besides, as the matrix can already undergo
partial disentanglement during the incubation period, particu-
larly in the case of short peptide hydrogelators, we did not
apply this method to the currently investigated peptide hydro-
gels. Instead, the in situ loading method, often used for hydro-
philic drugs, was employed. In the previous works, the
aqueous solutions containing the drug of interest were added
to the hydrogelator powder, followed by repeated vortex, soni-
cation, and centrifugation steps for complete solubilization. In
this work, the proteins were loaded into the hydrogels via
mixing a fiber-rich solution (a very viscous 4%w/v peptide solu-
tion) of the peptide hydrogelators in water with the protein
solution in buffer. This, due to the salting-out effect, results in
spontaneous formation of physical crosslinks between the
peptide molecules and entanglement of the fibers, leading to
the instant formation of a self-supporting hydrogel and the
entrapment of the cargos within the fiber network.>® In this
way, as solubilization of the peptide is conducted prior to the
mixing with cargos, the vigorous vortexing and ultrasonication
step that might affect the stability and activity of certain sensi-
tive proteins,*® can be avoided.

A range of BSA-loaded hydrogels formulated with peptide
hydrogelators 1 and 2 (2%w/v) were prepared to obtain 0, 2.5,
25 and 50 mg mL " final concentrations of the BSA protein.
Two different buffers, Tris and PBS, were tested as they are the
most commonly used in protein reconstitution and physiologi-
cal hydrogel formulations. The physical appearance of the
resulting hydrogels was monitored, with changes in the
opacity upon increasing concentration of the protein (Fig. 2A).
While there was no significant difference in the appearance of
the hydrogels formulated in Tris and PBS, the BSA concen-
tration and nature of the peptide strongly affected the charac-
teristics of the resulting hydrogels. In the case of hydrogels
from peptide 1 (net charge +1), aggregation (white cloudy
appearance) started to appear non-homogenously in the hydro-
gels when BSA was loaded at 25 mg mL™", while in the case of
hydrogels from peptide 2 (net charge +2), aggregation was
already observed at loading concentrations of 2.5 mg mL ™"
BSA. In addition, we observed a link between cargo loading,
aggregation capacity and loss of gelation. More specifically,
aggregation correlated with loss of gelation as part of the gel
started to flow at 25 mg mL ™" BSA, and a complete loss of gel
behavior was observed at 50 mg mL™" concentration (Fig. S2,
ESIT). Shear-recovery rheological measurements of BSA-loaded
hydrogels of 1 confirmed this, as at 25 mg mL™" and 50 mg
mL™" loading, the difference between the storage moduli (G')
and loss moduli (G") reduced significantly, suggesting the loss
of gel-like behavior (Fig. 2B). In contrast, at 2.5 mg mL~" BSA
loading, there was no apparent change in visual appearance
and mechanical properties (strength and shear-thinning be-
havior) of the gel as compared to the unloaded hydrogel of 1.
Overall, in contrast to what was reported earlier in studies with
small molecule cargos,® above a certain concentration, the
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Fig. 2 The BSA loading capacity of peptide hydrogels. (A) Visual observation through vial inversion test of hydrogels of 1 and 2 loaded with BSA at
varying concentrations from 0-50 mg mL™. Two different physiological buffer systems, PBS and Tris, were tested; (B) rheological measurements of
the hydrogels of 1 loaded with O (black), 2.5 (green), 25 (red), and 50 (purple) mg mL™! BSA. Storage moduli (G, darker colors) and loss moduli (G”,
lighter colors) were recorded in a shear-recovery experiment at constant frequency of 1 Hz. The shear step was performed at 50% strain for 30
seconds, followed by 60 seconds at 1% strain, and the process was repeated 3 times. In the images corresponding to materials at each loading con-
centration, white arrows indicate hydrogel region, red arrows indicate the fiber aggregation, and blue arrows indicate the flowing aqueous region.

presence of BSA cargo strongly affects the emergent properties
of the hydrogels. It is possible that certain interactions, most
likely electrostatic attraction, between protein molecules and
peptide fibers, resulted in the localization of the cargo on the
surface of pre-assembled peptide fibers, thereby increasing the
fiber’s hydrophobicity and leading to fiber aggregation
together with the loss of gel-like state. The higher net charge
of peptide 2 presumably results in a stronger attractive force
between BSA molecules and the peptide fibers, resulting in
aggregation at lower cargo loading. Similar observations have
been reported with the positively charged MAX8 peptide hydro-
gel where negatively charged proteins were shown to be
absorbed to hydrogel, limiting their diffusion out of the gel.*
It was also noted that cargos that bear overall positive charge
would preferably stay in the aqueous interface between the
fibers of these materials and easily diffuse out of the
network.”> We therefore speculate that positively charged
cargos would likely result in less aggregation, due to less
surface absorption, and thus higher loading upon formulation
with the current peptide systems.

3.2. Invitro release of model protein cargos

It has been reported before that the release of cargos, includ-
ing small molecules®® and model proteins,®® is highly depen-
dent on the electrostatic interactions between the encapsulated
cargos and the peptide network. Hydrogels with positively
charged fibers can strongly retain negatively charged cargos,
slowing down their release and potentially resulting in the fact
that cargos are not fully released from the network. On the
other hand, in case of positively charged cargos, the same
hydrogels can induce an electrostatic repulsion force, acceler-
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ating the release of the cargo. Previous release studies from
the current peptide platform have yielded similar observations.
Particularly, the significant difference in the rate of release
between the H-Dmt-"Arg-Phe-Phe-NH, opioid tetrapeptide,*’
and the H-Ala-Ala-Gly-Ser-Ala-Trp-Tyr-Gly-Thr-Leu-Tyr-Glu-Tyr-
Asp-B*hTyr-NH, peptide*' from the hydrogels of peptide 2 was
noted. The tetrapeptide bears an overall positive charge of +1
and a calculated pI value of 11.7 while the pentadecapeptide
has a net charge of —1 and the calculated pI value of 4.07
(Table 1), thereby experiencing different electrostatic forces
from the positively charged fibers of peptide 2. On the other
hand, the absence of strong electrostatic retention forces, as a
result of a near-neutrality pI value, together with the small size
of the PD-L1 sdAb K2 nanobody'® afforded a quick release,
only slightly slower than that of the positively charged opioid
peptide (Table 1).

To further investigate this for the protein-loaded hydrogels
of 1 and 2 (at 2%w/v) and to study how this translates into the
formulation development, we selected BSA, avidin, and neutra-
vidin as model protein cargos. These proteins have similar
molecular size (approximately 65 kDa), yet different isoelectric
points (pI BSA ~ 4.5, pI neutravidin ~ 6.3 and pI avidin ~
10.5) (Table 1). We loaded 100 pg of each protein into 2 mg of
hydrogelator peptide (to give a 2%w/v hydrogel at 1 mg mL™"
final protein concentration) via the in situ loading method
(vide supra). All formulations resulted in strong and homo-
geneous gels as qualitatively assessed by the tube inversion
test (Fig. S3, see ESIt). A slight opacity was observed in the
case of BSA-loading of hydrogel 2, however, without apparent
fiber aggregation or loss of gel-like behavior (Fig. S3, see ESIT).
A PBS solution (pH 7.4), serving as a physiologically relevant
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Table 1 List of cargos that have been studied for the release from the peptide hydrogel(s)

MW Theoretical Net charge Cumulative release Cumulative release
Cargos (kDa) pr? at pH 7 from hydrogel of 1 from hydrogel of 2
H-Dmt-"Arg-Phe-Phe-NH, ** 0.66 11.7 Positive 90% 90%
H-Ala-Ala-Gly-Ser-Ala-Trp-Tyr-Gly-Thr-Leu- 1.74 4.1 Negative <5% Not studied
Tyr-Glu-Tyr-Asp-p*hTyr-NH, peptide*'
PD-L1 sdAb K2"° 14 6.03 ~Neutral 80% Not studied
BSA® 66 4.8 Negative <5% 78%
Avidin® 68 8.9 Positive 40% 80%
Neutravidin® 60 6.3 ~Neutral 10% 50%

“ Current work. ? pI and MW values were previously reported in literature or calculated using a computing pI/MW tool at EXPASy Server.

release medium, was gently added on top of the gels. No
apparent swelling of the hydrogels was observed. This can be
attributed to the reduced solubility in PBS and the dense
network of fibers that are highly entangled as the result of the
salting-out effect.*>”** To assess the released protein amounts,
samples were collected from the supernatant after 1, 3, 6, 8,
24, and 48 hours and analyzed by analytical RP-HPLC. As illus-
trated in Fig. 3, the results showed that BSA (overall negative
charge) was completely retained with no detectable release
from the hydrogel of peptide 2, whereas a cumulative release
of approximately 10% of neutravidin (overall neutral charge)
and 40% of the avidin (overall positive charge) were observed
from the hydrogel formulations with peptide 2. This clearly
showed that electrostatic interactions occur between the
protein molecules and the peptide fibers that significantly
affect their release from the hydrogels. It should be noted that
the size of the protein cargos affects diffusivity of the mole-
cules, therefore also partially influencing the release rates,
which is most clearly observed with electrically neutral cargos

(i.e., neutravidin and PD-L1 sdAb K2 nanobody).*’ This can be
seen in the difference between the release rates of neutravidin
and the nanobody (Table 1). When looking at the release pro-
files of the proteins from the hydrogels of peptide 1, the
release of all three proteins was observed with much higher
rates as compared to the formulations with peptide 2. Here,
the trends were less clear possibly due to (i) the lower net
charge of peptide 1, leading to less significant electrostatic
interactions and (ii) the erosion of the hydrogel network of
peptide 1 as indicated by the loss of hydrogel volume over
time, which was not observed in the case of hydrogel 2
(Fig. S31). This suggests that the observed release profiles
reflect the combined effect of the electrostatic interactions as
well as the gradual disintegration of the hydrogel surface. This
is often observed in the case of supramolecular hydrogels and
particularly in the case of short peptide hydrogelators.®
Overall, the release window varied with the nature of the
loaded proteins and the stability of the hydrogel formulations.
Peptide 2 afforded the most stable hydrogels, most likely due
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Fig. 3

In vitro cumulative release of different model proteins from peptide hydrogels. Solid lines with filled symbols represent the release of pro-

teins from hydrogel of peptide 1, whereas dashed lines with empty symbols correspond to the release of proteins from hydrogel of peptide 2. Dot,
square, and triangle symbols correspond to BSA, neutravidin, and avidin, respectively. All hydrogels were formulated at 2% w/v peptide concentration
and 1 mg mL™* (0.1% w/v) loading of protein cargo. Mean values + SD are represented (n = 2).
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to the decreased hydrophilicity upon introduction of gluta-
mine (Q) residues (Fig. S31). These hydrogels are however not
compatible with negatively charged proteins at higher loading
(>2.5 mg mL™"). Meanwhile, protein-loaded hydrogels of 1
exhibit gradual erosion in the release buffer, which is likely
more profound in the in vivo environment. In such cases, an
increase in peptide concentration and/or ionic strength of the
buffers,*® or lengthening the peptide sequence*' might help to
increase the stability of the hydrogel, making it less suscep-
tible to external stimuli, and thereby mitigating this effect.

3.3. Activity of the released model enzyme cargos

In order to investigate whether a protein encapsulated in such
peptide hydrogels can retain its original functionality, we
hypothesized that preservation of enzyme activity would
provide a good indication of protein stability. A streptavidin-
horseradish peroxidase (HRP) protein construct (5 pug mL™"
final concentration) was formulated in a hydrogel made up of
peptide 2 (2%w/v, Fig. 4A). The good in vitro mechanical stabi-
lity of this hydrogel as shown in the previous experiment
allows investigating the activity of the enzyme not only upon
being released in the buffer, but also while being encapsulated
within or bound to the hydrogel matrix. Enzyme activity was
verified by direct injection of the HRP-loaded hydrogel to the
vial containing the TMB-H,O, solution. The hydrogel almost
instantly colored yellowish - green and later turned into brown
as the oxidized product continued to be generated (Fig. 4B and
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Fig. S4, see ESIf). This observation clearly suggests that the
encapsulated enzyme is functionally active while still being
entrapped within the hydrogel matrix and/or being bound to
the surface of peptide fibers. Furthermore, a blue color was
released from the injected hydrogel fragments and quickly
intensified in the solution as a qualitative indication of the
release of the active enzyme (Fig. 4B). Similar observations
were made as the TMB and hydrogen peroxide solutions were
added directly on top of the HRP-loaded hydrogel (Fig. S4, see
ESIT). To assess the activity of the released enzyme in the
buffer, an in vitro release experiment was conducted. For this
purpose, aliquots of the release buffers were collected, and
concentrations of the active enzyme were determined via end-
point reaction with the TMB-H,0, solution. A gradual increase
in the active enzyme concentration, as represented by increas-
ing absorbance at 450 nm, was observed over time (Fig. 4C).
To further explore the versatility of the current hydrogel
system in enzyme encapsulation and slow release, microbial
transglutaminase (mTG), an enzyme commonly used for
protein crosslinking, was also formulated together with
peptide 2 to afford a clear transparent self-supporting hydrogel
(Fig. 4D). Using a similar approach, the hydrogel was injected
into the vial containing a solution of the reacting substrate
Z-GIn-Gly and hydroxylamine (Fig. 4E). The presence of mTG
allows formation of Z-glutamyl(y-hydroxamate)-glycine which
turns into a colored complex with iron(m). As a result, the
colorless hydrogel gradually turned brown upon addition of

c HRP-Streptavidin loaded hydrogel

HRP control level

Abs @450nm
)

-
| P

mTG loaded hydrogel

mTG control level

o
'S
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0.0
mTG loaded hydrogel of 1 i 3h 6h, 8h 24h 4sh

Fig. 4 Activity of model enzymes upon peptide hydrogel formulation and release. (A) HRP-conjugated streptavidin (5 pg mL™2) loaded into hydrogel
composed of H-FQFQFK-NH; (2) (2%w/v), visual observation via tube inversion test, (B) injected fragments of HRP-conjugated streptavidin loaded
hydrogel of 2 are stained green (see red arrows) after addition of the reaction mixture containing TMB substrate and hydrogen peroxide. A blue color
can be seen in proximity of the hydrogel fragments and quickly intensified in the solution. Time after adding reaction mixture was indicated. (C)
Colorimetric detection of active HRP-conjugated streptavidin in the release buffer from the in vitro release experiment at the indicated time points.
Mean values + SD are represented (n = 3), (D) mTG (8 IU mL™) loaded into hydrogel 2 (2%w/v), visual observation via tube inversion test, (E) mTG
loaded hydrogel of 2 in the solution containing Z-GIln-Gly and hydroxylamine and incubated for 10 min at 37 °C, (F) the enzyme loaded hydrogel
fragment stains brown (see red arrow) after addition of Fe(i) solution. Time after adding stop solution was indicated. (G) Colorimetric detection of
active mTG in the release buffer from the in vitro release experiment at the indicated time points. Mean values + SD are represented (n = 2).
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the ion(m) solution (Fig. 4F), indicating the preserved catalytic
activity of the encapsulated enzyme. Again, quantitative
measurement of enzyme activity from the in vitro release
experiment suggested slow release of intact active enzyme
(Fig. 4G).

Altogether, although these results do not necessarily corre-
late to a full preservation of enzyme activity upon hydrogel for-
mulation and release, they provide important insights into the
suitability of the currently investigated hydrogel system to
accommodate active enzymes, providing a platform for func-
tional protein cargo release while safeguarding in situ activity
of the entrapped proteins.

3.4. Peptide hydrogel formulation of Erwinase and the
in vitro release profile

After successfully demonstrating the compatibility of the
applied hydrogel system for encapsulation, functional preser-
vation and sustained release of model protein (including
enzyme) cargos, we applied this knowledge to design an inno-
vative sustained-release formulation of Erwinase. We evaluated
whether encapsulation of Erwinase into a hydrogel matrix
could allow an extension of the enzyme activity as well as
buffer the initial activity peak after administration, thereby
potentially lowering the adverse effects. Erwinase, with a pI of
8.6, has a positive charge at physiological pH. We selected
both peptides 1 and 2 for hydrogel formulations with Erwinase
considering the differences in their stability, electrostatic be-
havior, and protein release mechanism. Both hydrogel formu-
lations (at 2% w/v) resulted in transparent, self-supporting
hydrogels with good shear-thinning property at relatively high
loading of Erwinase (1.86 mg mL™") (Fig. S5-Af).

To allow assessment of functionality of the Erwinase-loaded
gels, we examined the asparaginase activity in the released
samples at multiple time points alongside the in vitro release
kinetics of Erwinase from the gels. Enzyme activity was deter-
mined spectrophotometrically while the enzyme concentration
in the release samples was analyzed by RP-HPLC for cumulative
release measurements. As can be seen in Fig. 5A, both hydrogel
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formulations allow gradual increase of the enzyme activity
without significant burst effect. Non-significant differences in
the enzyme activity were observed as compared to the non-
encapsulated enzyme control after 24 hours in case of the for-
mulation with hydrogel 1 and after 72 hours in case of hydrogel
2, indicating that the enzyme remained functionally intact upon
release. The cumulative release (Fig. S5-Bf) correlated nicely
with the asparaginase activity present in the release buffer.

Release of peptide hydrogelators into the buffer allows a
quantitative assessment of hydrogel integrity (Fig. 5B). In the
case of hydrogel 1, a cumulative amount of 30% of the total
peptide content was detected in the buffer after 1 hour, and
only approximately 40% of the gel volume remained after the
first 24 hours, after which it stabilized. When it came to gel 2
there was no apparent loss of hydrogel mass over the examined
period of 3 days. This suggest that electrostatic repulsion
between positively charged peptide fibers and enzyme mole-
cules is the main contributing factor to the release of the
enzyme from hydrogel 2 while it is the synergistic effect of
electrostatic interaction and matrix surface degradation that
governs the release of the enzyme from hydrogel 1. Hence, the
release profile of Erwinase can be controlled by selection of
the peptide hydrogel. Of note, when comparing the erosion of
hydrogel with and without Erwinase in both cases of peptide 1
and 2, the enzyme encapsulation did not affect stability of the
formulations.

3.5. Subcutaneous injection of Erwinase-loaded hydrogel and
in vivo release study

Next, we evaluated the clinical potential of Erwinase-loaded
hydrogels by performing a detailed PK study in healthy C57BL/
6 mice. Results (Fig. 6, and Table S1 in ESIf) show that the
average plasma asparaginase activity of the mice injected with
the non-encapsulated Erwinase control quickly dropped from
502 TU L™" at 1 hour post administration to below the thera-
peutic threshold of 100 IU L™" after 24 hours (69 IU L™") and
became undetectable after 48 hours. Meanwhile, although the
Erwinase-loaded hydrogel of 1 initially showed comparable
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Fig. 5 Sustained-release hydrogel formulations of Erwinase. (A) Asparaginase activity of the enzyme in release samples from enzyme-loaded hydro-
gel 1 (blue line, filled circle) and 2 (green line, filled square) as compared to the control sample of Erwinase in PBS (black line, filled triangle). Non-
significant differences in the enzyme activity were observed in both cases of loaded hydrogels as compared to the control after 72 hours post
release (two-way ANOVA and Dunnet’'s multiple comparison test; *p < 0.05; ****p < 0.0001; ns, not significant). (B) In vitro cumulative release of
peptide hydrogelators from hydrogel 1 loaded with enzyme (blue line, filled circle), without enzyme (blue dotted-line, filled square), hydrogel 2
loaded with the enzyme (green line, empty circle) and without enzyme (green dotted-line, empty square) (all formulated at 2%w/v peptide). In both

data sets, mean values + SD are represented (n = 2).
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Fig. 6 In vivo release study of Erwinase-loaded hydrogels. (A) Visual set-up of in vivo pharmacokinetics experiment, (B) asparaginase activity
measurements (IU L™) in blood plasma samples of mice obtained at 1, 4, 8, 24, 48 and 72 hours after injection of 5000 IU kg™ Erwinasse, either in
PBS or encapsulated in hydrogel 1 or 2. Hydrogels without Erwinase were used as negative controls. Significant differences in enzyme activity were
observed between both Erwinase-loaded hydrogels as compared to the positive control Erwinase in PBS (unpaired t-test; *p < 0.05, **p < 0.01). Data
is represented as mean values + SEM (n = 6), (C) bodyweight measurement. No significant bodyweight changes were observed between treatment
conditions (two-way ANOVA test; ns, not significant). Data is represented as mean values + SEM (n = 12).

enzyme activity level (785 IU L™') at 1 hour post injection, a
significant increase in activity (2601 IU L™'; p = 0.0087,
unpaired t-test) was observed after 4 hours. Clinically relevant
asparaginase activity was still detected at 24 hours (159 IU
L™"). When it comes to the enzyme-loaded hydrogel of 2, a sig-
nificantly higher enzyme activity (1249 IU L™%; p = 0.00411,
unpaired ¢-test) as compared to the non-encapsulated control
was observed at 1 hour post injection, which slightly dropped
at 4 hours but still maintained slightly above the therapeutic
threshold after 24 hours post injection (131 IU L™"). For both
the enzyme-encapsulated hydrogels of 1 and 2, the asparagi-
nase activity dropped below detectable level after 72 hours.
The PK study nicely shows that (i) the hydrogel formulations
clearly performed better than the non-encapsulated Erwinase
control, (ii) a sustained-release of Erwinase was observed from
both enzyme-loaded hydrogel 1 and 2, and (iii) gel 1 has a
superior PK profile compared to gel 2 (Fig. 6B). Of note, while
residues of both loaded and unloaded hydrogel 2 were still
visibly present and subsequently examined after 7 days post
injection (Fig. S6, see ESIf), no residue of hydrogel 1 was
observed, which is desirable in case of clinical application.
Unexpectedly, but importantly, the better biostability of hydro-
gel 2 did not lead to a more sustained release of Erwinase
in vivo as observed in the in vitro experiment, indicating that
in vivo behavior cannot be fully predicted based on in vitro
release studies.

Toxicity of the Erwinase-loaded hydrogels was evaluated by
monitoring the bodyweight loss and visual signs of toxicity

4148 | Biomater. Sci, 2025, 13, 4139-4152

(Fig. 6C). As expected, for hydrogel controls and the enzyme-
loaded hydrogel of 1 no obvious toxicity or bodyweight loss
could be observed, while mice injected with Erwinase, both
non-encapsulated and encapsulated in the hydrogel of 2,
showed an initial non-significant drop in body weight
48 hours post drug administration,>** which then normalized
after 96 hours, implying no notable or long-lasting toxicity.
Additionally, no substantial elevation of plasma IL-6 cytokine
was observed after the injection of hydrogels with or without
the encapsulated enzyme (Fig. S7, see ESI}), suggesting the
absence of systemic inflammation. Overall, encapsulation of
Erwinase in peptide hydrogels prolonged the activity of
Erwinase without any remarkable toxicity.

It should be noted that, although the hydrogels maintain
their ability for sustained release in an in vivo setting, no
extension of activity could be observed compared to intramus-
cularly injected Erwinase (Fig. S8-A, see ESIT). Encapsulation
of Erwinase into the gel did buffer the initial bolus activity,
and as such, it is anticipated that the excessive peak of gluta-
minase activity is lowered. To further explore whether this has
a positive impact on toxicity, more in vivo experiments will be
necessary with repeated dosing of non-encapsulated versus
encapsulated Erwinase.

From the above, it can be concluded that the current
Erwinase peptide hydrogel systems expands the options for
injectable slow-release delivery of Erwinase. Altogether, the
discussed hydrogel-based system provides a simple, cost-
effective, biocompatible and biodegradable formulation for
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sustained release of Erwinase via subcutaneous, intramuscu-
lar, or intratumoral injection. To further optimize the
Erwinase hydrogel system, following factors can be explored in
future endeavors: (i) after injection, local depots are formed at
the site of administration that slowly release enzyme via
different mechanisms. However, the nature of the local extra-
cellular matrix (ECM) can strongly affect the rate and amount
that reaches the vascular compartment. The bio-therapeutic
released from the hydrogel depot injected subcutaneously
likely undergoes different types of events (such as interactions
with the ECM component, uptake by the cells present at the
depot and surrounding tissue, interaction with enzymes that
could affect the activity of the therapeutics...) before reaching
and being absorbed into the blood stream. During all these
events, a significant amount of therapeutic can be lost to the
surrounding tissue or undergo silent inactivation.”” The injec-
tion of hydrogel formulations of biotherapeutics could instead
be much more effective for the treatment of solid tumors
where local distribution of the release cargos is desired.
L-Asparaginase has shown activity in solid tumor models, but
clinical applicability is limited due to severe toxicity of long-
term treatment. The asparaginase-loaded hydrogel formu-
lations might therefore be useful for other applications beyond
subcutaneous injections. (ii) The simultaneous administration
of hyaluronidase could potentially help to regulate the sur-
rounding microenvironment to allow better transit of the
released therapeutics across the hypodermis space and reach
to the blood vessels more efficiently.*® (iii) Finally, Erwinase is
positively charged which results in a faster release from the
current peptide hydrogels leading to the currently observed
two-day therapeutic window. In order to slow down the release
of Erwinase from the matrix, efforts can be made to optimize
the peptide hydrogelators to allow a better retention of the
encapsulated protein (via electrostatic attraction and/or better
in vivo stability) while still affording sufficient loading of the
cargos.”’

4. Conclusions

In conclusion, our hydrogels, formed from amphipathic
hexamer peptides H-FEFQFK-NH, (1) and H-FQFQFK-NH, (2),
offer a suitable platform to develop sustained-release formu-
lations for a variety of protein cargos. The ionic nature of the
hydrogelating peptides and encapsulated cargos have a strong
influence on the final hydrogel formulation and the release
profiles of the protein cargos. By harnessing the electrostatic
interaction between the peptide fibers and the cargoes, we can
select suitable formulation parameters of the hydrogels for
certain cargos of interest which allow sufficiently high loading
of proteins without losing thixotropic properties for injectabil-
ity and afford better control over their release profiles.
Importantly, we have shown that enzymes are able to retain
their functionality upon encapsulation into our peptide hydro-
gel system and/or after being released from the hydrogel
matrices. This is the first time that a peptide hydrogel system
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has been utilized to create an injectable formulation of
L-asparaginase for the purpose of sustained release, providing
alternative options for delivery of the enzyme. Although the cir-
culation time of r-asparaginase is only comparable to the
current standard treatment, the initial bolus injection peak
was significantly reduced, potentially lowering the side-effect
toxicity of treatments with high-doses and/or frequent injec-
tions of the enzyme. Future studies are needed to improve the
current hour-to-day release window of the r-asparaginase
loaded hydrogel formulations, via tuning the erosion of the
hydrogel network and/or the interaction between the hydrogel
network and the encapsulated cargos. Given the advantages of
this system to accommodate high loading of proteins and sus-
tained enzymatic activity, combined with the simple “mix-and-
go” procedure yet allowing thixotropic formulation, its appli-
cation can be extended to create new enzyme therapeutic for-
mulations for different enzyme replacement therapies and
cancer treatments.”®
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