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Immunization is a straightforward concept but remains for some pathogens like HIV-1 a challenge. Thus, new
approaches towards increasing the efficacy of vaccines are required to turn the tide. There is increasing evidence
that antigen exposure over several days to weeks induces a much stronger and more sustained immune response
compared to traditional bolus injection, which usually leads to antigen elimination from the body within a couple
of days. Therefore, we developed a poly(ethylene) glycol (PEG) hydrogel platform to investigate the principal
feasibility of a sustained release of antigens to mimic natural infection kinetics. Eight-and four-armed PEG
macromonomers of different MWs (10, 20, and 40 kDa) were end-group functionalized to allow for hydrogel
formation via covalent cross-linking. An HIV-1 envelope (Env) antigen in its trimeric (Envyi) or monomeric
(Envmono) form was applied. The soluble Env antigen was compared to a formulation of Env attached to silica
nanoparticles (Env-SiNPs). The latter are known to have a higher immunogenicity compared to their soluble
counterparts. Hydrogels were tunable regarding the rheological behavior allowing for different degradation
times and release timeframes of Env-SiNPs over two to up to 50 days. Affinity measurements of the VCRO1
antibody which specifically recognizes the CD4 binding site of Env, revealed that neither the integrity nor the
functionality of Envieno-SiNPs (Kq = 2.1 + 0.9 nM) and Envy-SiNPs (Kg = 1.5 + 1.3 nM), respectively, were
impaired after release from the hydrogel (K4 before release: 2.1 + 0.1 and 7.8 + 5.3 nM, respectively). Finally,
soluble Env and Env-SiNPs which are two physico-chemically distinct compounds, were co-delivered and shown
to be sequentially released from one hydrogel which could be beneficial in terms of heterologous immunization
or single dose vaccination. In summary, this study presents a tunable, versatile applicable, and effective delivery
platform that could improve vaccination effectiveness also for other infectious diseases than HIV-1.

1. Introduction

Although immunization seems a captivating easy concept, launching
an effective vaccine remains for some pathogens like HIV-1 a challenge
(Palgen et al., 2021). Therefore, many concepts have been investigated
for controlling response to a vaccine such as creating an inflammatory
niche at the injection site (Roth et al., 2022), engineering more stable
and affine antigens (Peterhoff and Wagner, 2017), or targeting specific
immune cells (Roth et al., 2022). However, one promising aspect has
been widely neglected - the kinetics of antigen presentation (Cirelli and
Crotty, 2017b). Conventional vaccination requires multiple visits to a
doctor to realize the so called prime-boost regime. A defined dose of an
antigen is administered as bolus injection at fixed time intervals. Thus, a
protein-based antigen is detected in draining lymph nodes within
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minutes to a few hours but is largely flushed away within one to two
days (Cirelli and Crotty, 2017a; Moon et al., 2012). In contrast, natural
infections expose the immune system to escalating antigen amounts, and
inflammation may proceed over days to several weeks (Cirelli and
Crotty, 2017a; Moon et al., 2012). Thus, we are far away from
mimicking a natural infection kinetics when applying a conventional
prime-boost vaccination regime. Recent publications addressed this
issue and provided evidence that antigen exposure in draining lymph
nodes over several days triggers a much stronger immune response than
traditional bolus injection (Lofano et al., 2020). For example, Tam et al.
exposed mice to different antigen kinetics by using repeated injections
or mini-osmotic pumps and compared the results to traditional bolus
immunization (Tam et al., 2016). An extended antigen dosing profile
over two weeks generally improved humoral responses. In addition, a
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continuous exposure enhanced formation of germinal centers (GC),
which are microanatomical structures that are an important part of the B
cell humoral immune response (Victora and Nussenzweig, 2022), and
higher serum antibody responses were realized (Tam et al., 2016). In
this study, also two dosing profiles, each spanning a period of two
weeks, were compared. The exponentially increasing dosing of an an-
tigen was superior compared to a constant exposure regarding the
duration of antigen retention in lymph nodes, and the number of B cells
in GCs (Tam et al., 2016). Cirelli and co-workers applied these findings
to nonhuman primates. Surgically implantable mini-osmotic pumps
were used to slowly deliver an HIV-1 vaccine over a period of up to four
weeks, thereby improving HIV-specific GC formation and the quality of
neutralizing antibodies (Cirelli et al., 2019). However, implementation
of repeated injection schedules or surgical implantable mini-osmotic
pumps are impractical for global distribution of prophylactic vaccines.
Therefore, more suitable vaccine delivery platforms are needed that
fulfill requirements for an application especially in countries of the
developing world with limited healthcare access.

Multiple materials and technologies are currently being investigated
in the preclinical stage to enable programmed antigen release (Lofano
et al., 2020), like e.g. implants, injectable microparticles, and micro-
needle patches (DeMuth et al., 2013; DeMuth et al., 2014; Liu et al.,
2014; Noh et al., 2016; Slobbe et al., 2003; Thalhauser et al., 2020c).
Microparticles have been shown to allow for a pulsatile release kinetics,
with the antigen being released in a wavelike fashion mimicking a multi-
bolus schedule (Guarecuco et al., 2018). Transdermal antigen delivery
via microneedle patches is very attractive because it provides a way to
encapsulate the antigen in a stable state prior to use and the richness of
antigen-presenting cells in the intradermal region is beneficial for
vaccination (Lofano et al., 2020; Menon et al., 2021). Unfortunately,
these technologies still suffer from two major drawbacks: (I) Usually,
they enable zero-order kinetics, in which an almost constant release of
the antigen lasts for days or weeks. However, an infection-like, expo-
nential release remains difficult to realize (Lofano et al., 2020). (II) As
yet, only soluble antigens have been delivered, but not antigens
immobilized on the surface of nanoparticles (NPs). The latter have been
shown to increase the antigenicity of a vaccine compared to soluble
antigens (Brinkkemper and Sliepen, 2019; Brouwer and Sanders, 2019;
Thalhauser et al., 2020a). Microparticles and microneedle patches suffer
from the limited amount of NPs that can be delivered, and may not be
able to ensure particle stability or functionality (Jiang et al., 2022;
Thalhauser et al., 2020c).

Hydrogels may overcome the above-mentioned shortcomings: They
have been shown to release proteins with tunable release kinetics
including sigmoidal, delayed, burst, or continuous release profiles from
hours over several months while protecting them against degradation
(Brandl et al., 2010; Gregoritza et al., 2016a; Gregoritza et al., 2017;
Gregoritza et al., 2016b; Li and Mooney, 2016; Schweizer et al., 2013;
Ziegler et al.,, 2021). Additionally, due to their cross-linked three-
dimensional structure, they even allow for the incorporation and
controlled release of NPs (Giovannini et al., 2017; Nunes et al., 2022).
For vaccination, hydrogels have been used to co-deliver ovalbumin and
an adjuvant to improve the immune response in mice (Gale et al., 2021;
Roth et al., 2020). However, to the best of our knowledge, the release of
an antigen covalently attached to NPs from hydrogels for vaccination
has never been realized.

The goal of this study was to demonstrate the principal feasibility of a
sustained release of antigen decorated NPs from hydrogels with the aim
to mimic the prolonged antigen exposure of a natural infection. We
developed a poly(ethylene) glycol (PEG)-based hydrogel platform
comprising PEG macromonomers of different molecular weights (MW)
and branching degrees and cross-linked them via click chemistry. Two
different HIV-1 antigens were incorporated into the hydrogels either in
their soluble form or attached to the surface of NPs.
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2. Methods
2.1. Materials

All chemicals were purchased from Sigma Aldrich (Taufkirchen,
Germany) f not stated otherwise. N-succinimidyl-3-mal-
eimidopropionate was purchased from TCI EUROPE N.V. Sulfosuccini-
midyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate (sulfo SMCC)
and GibcoTM Phosphate buffered saline pH 7.4 (PBS; 1.5 mM KH3POy4,
8 mM NayHPQy4, 2.7 mM KCl, and 138 mM NaCl) were obtained from
Thermo Fisher Scientific (Schwerte, Germany). Eight-armed PEG
(8armPEG) with a hexaglycerol core and a MW of 10, 20, and 40 kDa
and four-armed PEG (4armPEG) with a MW of 40 kDa were purchased
from JenKem Technology (Allen, TX, USA). 100 nm silica NPs (SiNPs)
functionalized with 1 pmol/g amino groups (sicastar® and sicastar®
greenF, 25 mg/mL in water) were delivered by micromod Parti-
keltechnologie (Rostock, Germany). Broadly neutralizing antibody
VRCO1 was in-house produced and fluorescently labeled with a DY-
647P1-NHS-Ester dye (Dyomics, Jena, Germany) using N-Hydroxy suc-
cinimide (NHS)-ester chemistry, as previously described (Peterhoff
et al., 2022). HIV-1 envelope (Env) antigens were applied in a trimeric
(Envy;) and a monomeric (Envyeno) form and were expressed, purified,
and characterized according to previously published protocol (Peterhoff
et al.,, 2021a). Alexa647 labeled Envy; was obtained by NHS-ester
chemistry, according to a Nanotemper labeling protocol as previously
described (Peterhoff et al., 2022). Ultrapure water was obtained from a
Milli-Q water purification system (Millipore, Schwalbach, Germany).

2.2. Synthesis of macromonomers
Scheme 1 shows an overview of synthesized PEG macromonomers.

2.2.1. Synthesis of branched PEG-amines

8armPEG10K/20 K/40 K-NH,, and 4armPEG40K-NH,, were syn-
thesized as described previously considering the MW and the branching
degree (8arm or 4arm) of the polymers (Kirchhof et al., 2013).

2.2.2. Synthesis of 8armPEG10K/20 K/40 K-furan and 4armPEG40K-
furan

The end-groups of 8armPEG10K/20 K/40 K-NH; and 4armPEG40K-
NH; were functionalized with furyl groups (8armPEG10K/20 K/40 K-
Furan and 4armPEG40K-Furan) considering the MW and the branching
degree (8arm or 4 arm) of the polymers as previously described
(Kirchhof et al., 2013).

2.2.3. Synthesis of 8armPEG10K/20 K/40 K-maleimide and 4armPEG40K

Exemplary the synthesis for 8armPEG1OK is described. 8arm-
PEG10K-NH; (3 g), 3 N-succinimidyl 3-maleimidopropionate (1.5-fold
molar excess), and triethylamine (1.5-fold molar excess) were dissolved
in 45 mL acetonitrile. After checking the pH (neutral) the solution was
heated to 85 °C under reflux for 2 h, followed by 10 h stirring at room
temperature. The solvent was evaporated under reduced pressure. The
residue was dissolved in 150 mL water. The aqueous solution was
extracted with DCM (3x 170 mL) and the pooled organic layers were
dried with anhydrous Na;SO4 and further concentrated to 15 mL under
reduced pressure. Finally, the product was precipitated (0 °C) by adding
300 mL of diethyl ether dropwise while vigorously stirring. The pre-
cipitate was filtered off, washed with cold diethyl ether, and vacuum-
dried.

2.2.4. Synthesis of 4armPEG40K-Lys-AHX-Furany and 4armPEG40K-Lys-
AHX-maleimides

4armPEG40K-Lys-AHX-furan, was synthesized according to the
protocol of Kirchhof et al. for 8armPEG20K-Lys-AHX-furan, considering
the MW (40 kDa) and the branching degree (4arm) of the polymer
(Kirchhof et al.,, 2015b). 4armPEG40K-Lys-AHX-maleimide, was
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Scheme 1. (a) Chemical structures of multi-armed macromonomers used for synthesis of hydrogel precursors and (b) realized end-group functionalities. 8armPEG
was used with a MW of 10, 20, or 40 kDa. For 4armPEG hydrogel precursors, macromonomers had a MW of 40 kDa.

synthesized in accordance to (Kirchhof et al., 2015b), with the excep-
tion, that for the last step 4armPEG40K-Lys-AHX-NH; reacted with N-
succinimidyl 3-maleimidopropionate under water-free conditions to get
the maleimide functionalization as reported in section 2.2.3. considering
the branching degree and the MW of the macromonomer.

2.2.5. H nuclear magnetic resonance (NMR) spectroscopy

To calculate the end group conversion, NMR spectra were taken in
CDCls using a Bruker Avance III 400 spectrometer (Bruker BioSpin
GmbH, Rheinstetten, Germany). The integrated proton peak of each
functional group was compared with the integrated PEG proton peak at §
3.75-3.35 ppm. The conversion of the end groups ranged between
74-79 % for maleimide and 82-100 % for furan, respectively. For a
detailed list of achieved end-group conversions, please refer to sup-
porting information (SI; Table S1).

2.3. Attachment of antigen to silica NPs

We chose solid, amino functionalized (1 umol/g) SiNP as basis for
our antigen decorated NPs. SiNPs are well established in our laboratory
and already successfully applied to augment the immune response
against the HIV-1 Env protein and other antigens (Barbey et al., 2023;
Peterhoff et al., 2021b; Thalhauser and Breunig, 2020; Thalhauser et al.,
2020Db). SiNPs carrying Envyj (Envy-SiNPs) or Enviyone (Envimoeno-SiNPs)
were prepared as previously described (Peterhoff et al., 2021a; Thal-
hauser and Breunig, 2020; Thalhauser et al., 2020b). Briefly, aliquots of
amino-functionalized SiNPs were adjusted to a concentration of 12.5
mg/mL (Envyj) and 10 mg/mL (Envpene), respectively, in 0.1 x phos-
phate buffered saline (PBS; 15 mM, pH 7.4). The particles were activated
by a molar excess of bifunctional SMCC linker and allowed to react for 1
h. Afterwards, excess cross-linker was removed by centrifugation and
redispersed in PBS (pH 6.7). Antigen, that was previously treated with
0.5 mM tris-(2-carboxyethyl)-phosphine was added to the NP suspen-
sion (antigen to NHy molar ratio of SiNP: Envygne = 1:3; Envyy = 1:1).
The mixture was allowed to react over night at RT. Afterwards, the re-
action was quenched by adding a molar excess of 2-mercapto ethanol,
particles were washed three times with 0.1 x PBS, and redispersed in
ultrapure water for a final concentration of 5 mg/mL (Envy;) and 10 mg/

mL (Envpene) SiNP, respectively. Finally, the amount of bound antigen
was determined using a QuantiPro™ BCA Assay Kit following the
manufacturer’s instructions, and the NP suspension was adjusted to a
final antigen concentration of 1 mg/mL. The procedure was the same for
green fluorescing solid SiNPs (sicastar® greenF; micromod Parti-
keltechnologie, Rostock, Germany).

2.4. NP characterization

The hydrodynamic diameter of the NPs was determined by dynamic
light scattering (DLS) using a Malvern Zetasizer Nano ZS (Malvern,
Herrenberg, Germany). For the DLS measurements, the NP stock solu-
tions were diluted (1:10) and the general purpose mode with automatic
measurement position was used. The data were acquired using Malvern
Zetasizer Software 7.11 (Malvern Instruments, Worcestershire, UK).

2.5. Hydrogel preparation

Macromonomers with similar MW and branching degree were used.
Equal molar amounts of maleimide-functionalized PEG and furan-
functionalized PEG were dissolved independently in water. For hydro-
gels loaded with soluble Envy; or Env-SiNPs, furan-functionalized PEG
was dissolved in Env-SiNPs or soluble Envy; containing water (50 pg/
mL). The final polymer concentrations ranged from 5 to 15 % (w/V). The
two liquid precursor solutions were mixed to induce gel formation.
Immediately after mixing, 200 uL of the mixture were pipetted into
previously siliconized (Sigmacote®, according to manufacturer’s in-
structions) cylindrical glass molds (7 mm inner diameter) and allowed to
gel for 72 h at 37 °C, 95 % relative humidity, and 5 % CO,. The hydrogel
loading for each antigen was 10 pg. Scheme 2 shows the reaction be-
tween furan and maleimide-functionalized multiarmed PEGs.

2.6. Hydrogel characterization

2.6.1. Rheology

Rheological behavior of the hydrogels was determined by a Malvern
Kinexus Lab + rheometer (Malvern, Kassel, Germany) with a 25 mm
parallel plate geometry as previously described (Ziegler et al., 2022;
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Scheme 2. Diels-Alder reaction, which underlies the cross-linking between
maleimide and furan-functionalized PEG to create a hydrogel scaffold. This
reaction takes place in water at 37 °C. Only one arm of the multiarmed mac-
romonomers is shown for clarity.

Ziegler et al., 2021). The oscillation frequency was set to 1 Hz, and a
strain of 1 % was applied. Monitored were storage (G, loss (G"), and
complex shear modulus (G*; a measure for hydrogel stiffness) over time.
As gel point the cross-over point of G' and G’, indicating the transition
from a liquid-like to a solid-like behavior, was consulted. The final value
of G* was determined after 2.5 h.

2.6.2. Hydrogel swelling and degradation

Empty hydrogel cylinders were manufactured as described in section
2.5. without addition of NPs. After gelling, hydrogels were weighed and
immersed in 5 mL 50 mM PBS (pH 7.4) and incubated in a shaking water
bath (10 rpm; 37 °C). At predefined timepoints, hydrogel mass was
determined, and the hydrogels were subsequently incubated again in
fresh buffer. Gel degradation was considered complete when macro-
scopic gel residues were no longer detectable.

2.6.3. Determination of the average mesh sizes ({avg) Of the hydrogels

Empty hydrogels cylinders were manufactured as described in sec-
tion 2.5. Then, the hydrogel average mesh sizes were determined using
the equilibrium swelling theory, as previously described (Kirchhof et al.,
2013; Ziegler et al., 2021).

2.7. Antigen PEGylation

Maleimide reacts beside furan also with functional groups of amino
acids such as primary amines or thiols [e.g. cysteine (cys)]. To investi-
gate the extent of undesired reactions of maleimide to antigens as well as
the impact of PEGylation on antigen integrity and functionality, condi-
tions mimicking hydrogel formation were simulated. Therefore, partic-
ulate as well as soluble antigen was incubated with either short linear or
multi-armed maleimide-functionalized PEG for 24 h at 37 °C. After-
wards samples were analyzed by HPLC (Figure S3), nano Differential
Scanning Fluorimetry (nanoDSF), and microscale thermophoresis
(MST).

2.8. Thermal stability measurements after antigen PEGylation

To investigate the impact of maleimide caused PEGylation on anti-
gen conformity stability and integrity, thermal unfolding experiments
using nanoDSF of soluble and particulate Envy;, before and after incu-
bation with linear (mPEG5K-maleimide) or branched PEG (8arm-
PEG10K-maleimide), were performed. Therefore, soluble Envy; and
Envy;-SiNPs at a final Envy; concentration of 1.5 uM were incubated in
PBS for 24 h at 37 °C with mPEG5K-maleimide (linear PEG) or 8arm-
PEG10K-maleimide (branched PEG) at a final concentration of 150
and 5,000 pM, respectively. These concentrations correspond to a 100-
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fold and 26,666-fold molar excess of maleimide, respectively. Samples
were used without further dilution. 10 pL of each sample was transferred
into UV capillaries (Nanotemper Technologies, Munich, Germany) and
experiments were performed using the Prometheus NT.48 device
(Nanotemper Technologies, Munich, Germany). As temperature
gradient, 1 °C/min (20 to 90 °C) was used. Protein unfolding was
determined by detecting the temperature-dependent change in trypto-
phan fluorescence at emission wavelengths of 330 and 350 nm. The
maximum of the first derivative of the fluorescence ratios (F330/F350)
were detected which corresponds to the characteristic thermal unfolding
transition midpoints (Ty,). Data are presented as mean, based on the
results of two independent samples.

2.9. Binding studies

To assess the functionality of soluble and particle bound Envyj and
Envpeno, respectively, after they were PEGylated with linear PEG mac-
romonomer or released from hydrogels, antigens were probed with
broadly neutralizing antibody VRCO1 using microscale thermophoresis
(MST) as described previously (Di Lorenzo and Seiffert, 2015). In brief,
for the PEGylation experiments, soluble Env and Env-SiNPs at a final
antigen concentration of 2.33 uM were incubated in PBS for 24 h at 37 °C
with linear PEG (mPEG5K-maleimide) at a 100-fold molar excess of
maleimide. As negative control served mPEG5k-maleimide incubated
without soluble Env or Env-SiNP (data are not shown, since no binding
occurred). For the MST measurements after Env-SiNPs were released
from hydrogel, supernatants were collected without further processing.
Prior to the MST measurements, the antigen concentration in the sam-
ples was adjusted to 400 nM using PBS containing polysorbate 20 (0.05
% (w/V)). Afterwards, multiple dilutions (1:1 V/V) of soluble Env or
Env-SiNPs were prepared and mixed with an equal volume of labelled
antibody. This resulted in Env concentrations ranging from 0.006 to 200
nM. The final antibody concentration for the measurements was 0.5 nM.
Samples were examined using the Monolith NT 115 (Nanotemper
Technologies, Munich, Germany) at room temperature. The excitation
power was adjusted between 5 and 17 %, and MST power was set to 80
%. Three independent measurements were performed. Curve fits and
resulting K4 values were obtained from the MO. Affinity Analysis soft-
ware (NanoTemper; version 2.3).

2.10. Release studies

For release experiments, hydrogels were loaded with Env decorated
green-fluorescing SiNPs (Env-SiNP-greenF) or soluble Env{-AF647. The
amount of antigen per hydrogel was 10 pg. The resulting hydrogel cyl-
inders were incubated in 3 mL of 50 mM PBS (pH 7.4) in a shaking water
bath (10 rpm; 37 °C). Samples of 200 pL were withdrawn at regular
timepoints and substituted with fresh buffer. The samples were stored at
4 °C until completion of the release experiment. The amount of released
Env-SiNPs-FITC (Aex = 480 nm and Aep, = 520 nm) was determined on a
FluoStar Omega plate reader (BMG Labtech, Ortenberg, Germany) using
a calibration curve prepared with SiNPs-greenF (ranging from 0 to 200
pg/mL) or Env-SiNP-greenF (ranging from O to 3 ug/mL related to
protein content). The amount of released soluble Envyi-AF647 (hex =
594 nm and Ay, = 633 nm) was determined on a Synergy Neo2 (BioTek
Instruments, Winooski, VT, U.S.) using a calibration curve of Envy;-
AF647 ranging from O to 3 pg/mL. For a better comparability and
illustration, data are presented as normalized cumulative release.

2.11. Statistical analysis

If not otherwise stated, all experiments were performed at least in
triplicate and the results are presented as means =+ standard deviations.
Two-way ANOVA, followed by Tukey’s multiple comparisons test
(Fig. 2b) and Sidak’s multiple comparisons test (Fig. 3b), respectively,
were performed using GraphPad Prism 8.3.0 (GraphPad Software Inc.,
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Fig. 1. Average mesh sizes (£ag) of different hydrogels (of 5, 10, and 15 % (w/
V)) are shown. The average mesh size (nm) of the hydrogels were determined
using the equilibrium swelling theory as described previously (Kirchhof et al.,
2013; Ziegler et al., 2021). Data are expressed as mean =+ standard deviation of
three different hydrogel cylinders. Further hydrogel characteristics are shown
in Figure S2.

La Jolla, CA, USA) to assess statistical significance.
3. Results

3.1. Platform of PEG hydrogels to allow for the release of antigen-
decorated SiNPs

We developed a PEG based hydrogel platform to allow for the sus-
tained release of antigen-decorated nanoparticles. 8arm and 4armPEG
macromonomers were chosen as building blocks to be cross-linked via
the Diels-Alder “click” reaction to fabricate an 8armPEG and a 4armPEG
hydrogel series (Scheme 3). For the 8armPEG series, macromonomers
were used in three different MWs of 10, 20, and 40 kDa, and were
successfully modified with either furyl or maleimide functionalities
resulting in the following hydrogel nomenclature: 8armPEG10K,
8armPEG20K, and 8armPEG40K. For the 4armPEG series, only a MW of
40 kDa was applied. Here, furyl or maleimide functionalities were either
directly attached to the PEG macromonomets distal ends or to the PEG
macromonomer that have been previously modified with a branched
hydrophobic two-arm spacer (Lys-AHX) resulting in the following
hydrogel nomenclature: 4armPEG40K and 4armPEG40K-Lys-AHX,
respectively. For details of conversion and yields, please refer to SI
(Table S1).

HIV-1 envelope (Env) antigens were covalently attached to the sur-
face of SiNPs. The resulting Env-SiNPs were incorporated into the
hydrogel during gel formation (Scheme 3). The Env antigen was applied
either in a trimeric (Envy) or a monomeric (Envpop,) form, respectively
(Table 1). Envy; has a MW of about 215 kDa. Leaving aside the addi-
tional size contribution due to glycosylation in the range of 100 kDa
(Bender et al., 2021), the protein has a predicted hydrodynamic diam-
eter of ~7.9 nm. Envyen, involves the small receptor-binding domain of
one monomer of the Envy; and is also glycosylated. It has a MW of about
42.5 kDa which corresponds to a hydrodynamic diameter of ~4.6 nm.
Both particle types, Envgi-SiNPs and Envp,ono-SiNPs, had a similar hy-
drodynamic diameter of about 150 nm. The polydispersity index (PDI)
of both particle types was below 0.2, indicating a monodisperse size
distribution. About 168 Envyeno and 266 Envy, respectively, were
covalently attached to one SiNP.
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3.2. Hydrogels have several possibilities to tailor physical properties

The gelation time (tge)) of the hydrogel, which indicates the transi-
tion from a liquid- to a solid-like behavior, was determined. In the
8armPEG hydrogel series, the tge decreased with decreasing MW of the
polymer from about 83 to 34 min. Comparing the PEG hydrogels that
were fabricated with the 40 kDa macromonomers, the 8armPEG40K
gelled with about 83 min much faster than 4armPEG40K with about 302
min. Interestingly, by introducing the branched two-arm spacer to the
4armPEG40K, the gelation time accelerated from about 302 min to
about 60 min (Table 2).

To get an idea of the maximal possible release timeframes of incor-
porated SiNPs, minimal dissolution time (disspyin) of all hydrogel types
was determined. In the series of the 8armPEG hydrogels, the minimal
dissolution time decreased with increasing MW from about 15 to 36
days. For the 4armPEG hydrogel series, the minimal dissolution time
increased with the introduction of the hydrophobic spacer from 2 to 46
days (Table 2).

Since the hydrogel mesh size could also have an impact on release
kinetics and duration of nanoparticle release, Fig. 1 shows the average
mesh size (Eavg) of each hydrogel type at three different polymer con-
centrations. Generally, with increasing polymer concentration from 5 to
15 % (w/V), the average mesh size of the hydrogels decreased.
Comparing the five different hydrogel types at the same polymer con-
centration of 10 % (w/V), the average mesh size was as follows: in the
8armPEG hydrogel series the mesh size increased with increasing MW
from about 6 to 20 nm. For the 4armPEG hydrogel series the average
mesh size decreased with the introduction of the hydrophobic two-arm
spacer from about 82 to 35 nm. Importantly, incorporation of antigen-
SiNPs in hydrogels had no great impact on gelation time and hydrogel
strength (Figure S2).

3.3. Hydrogel components have no impact on antigen integrity and
functionality

Because the hydrogel formation involves a covalent cross-linking
step, it could have a potential impact on antigen integrity and func-
tionality. Since analysis of these parameters is highly challenging in a
complex matrix like a hydrogel, soluble Env as well as Env-SiNPs were
incubated with maleimide-functionalized PEG macromonomers to
emulate the scenario during hydrogel formation. The conformational
stability of Envy; in its soluble form and attached to SiNPs was then
determined by the characteristic thermal unfolding transition midpoint
(Tp,) in the presence and absence of PEG (Fig. 2a). Hardly any effect on
Tm of both soluble Envy; as well as Envy,;-SiNPs was detected after the
treatment with both PEG types. Only the Ty, of Envy,; was slightly higher
after the incubation with branched PEG.

Antigen integrity and functionality after incubation with linear PEG
were additionally investigated by binding studies of the VRCO01 antibody
to the antigens. VRCO1 is one of the most potent broadly neutralizing
antibodies and binds specifically to the CD4 binding site of Env. A suc-
cessful binding of VRCO1 to Env is thus a good indication for antigen
integrity and functionality. Fig. 2b shows the binding affinity (K4 values)
of antigens before and after PEGylation. For Envy,gno, the K4 values of
VRCO1 to Envyono and Envy,gno-SiNPs were similar with about 2.5 and
2.2 nM, respectively. Both Envyone and Envygno-SiNPs were not signif-
icantly affected by PEGylation because the Kq values only slightly
increased. For Envy;, the Kq values of VRCO1 to Envy; and Envy,;-SiNPs
were about 38.3 and 7.8 nM, respectively. This significant difference (P
= <0.0001) between soluble and particulate Envy; was expected
because the particulate Envy; allow for a multivalent binding of the
VRCO1 resulting in an avidity gain (Thalhauser et al., 2020a). Again,
both soluble Envy; and Envy,;-SiNPs were not significantly affected by
PEGylation.
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Fig. 2. Integrity and functionality of Env after incubation with hydrogel precursors. (a) Thermostability of soluble Envy,; as well as particulate Envi,;-SiNP before and
after incubation with linear (mPEG5K-maleimide) or branched (8armPEG10K-maleimide) PEG macromonomers. Presented is the characteristic temperature-
dependent change in tryptophan fluorescence ratio of emission wavelengths (F330/F350). Unfolding transition midpoints (T,,) were determined by detecting the
maximum of the first derivative of the fluorescence ratios (curves below). (b) Presented are K4 values (nM) determined by measuring the binding affinity of broadly
neutralizing antibody VRCO1 to soluble Envy; and Envp,eno as well as Envy,-SiNPs and Envpyono-SiNPs before and after incubation with maleimide-functionalized
linear PEG. As negative control served mPEG5k-maleimde incubated without soluble Env or Env-SiNP (data are not shown, since no binding occurred). Data are
expressed as mean =+ standard deviation. (¢) Exemplary antibody binding curves of the VRCO1 to non-PEGylated and PEGylated Envi,ono-SiNP as well as Envy,;-SiNP
are shown. Data curves served as a calculation basis of the corresponding K4 values. Further binding curves are shown in Figure S4a-b.

3.4. Release of antigen decorated SiNPs from PEG hydrogels can be
tailored while maintaining their functionality

The release of Env-SiNPs from hydrogels was influenced by the MW
and the branching of the PEG macromonomers (Fig. 3a). In the 8armPEG
hydrogel series, the release duration decreased from about 40 to about
30 days with increasing MW. Irrespective of the MW, all 8armPEG

hydrogels showed a similar biphasic release profile with a faster initial
release followed by a sustained release. The release of the SiNPs was not
affected by the antigen type on SiNPs because the release curves of
Envieno-SiNPs and Envy;-SiNPs were nearly on top of the other. The
4armPEG40K hydrogel released Env-SiNPs within the very short time-
frame of two days. The introduction of the two-arm spacer prolonged the
release up to 50 days. Again, no differences between Envy;-SiNPs and



R. Mietzner et al. International Journal of Pharmaceutics 657 (2024) 124131

(a) 8armPEG series 4armPEG series
2 8armPEG40K @ 4armPEG40K
b 120+ S
e E
S 100 = =
Z23 = 23
T3 801 g=
23 23
S 60 [
3 E 3%
T2 40 ze
N N
S o ——————r g 0 ——————————
0 10 20 30 40 50 0 10 20 30 40 50
days days
e 8armPEG20K @ 4armPEG40K-Lys-AHX
s 1201 g 120-
S 100 gue £ 1001
2= Y z23
5% 80 P 8% 80
ES 601 £s 601
3% 3k
T 40 T2 40
N N
E 20+ y E 204
o 0 . r r r r o 0 . . r T
. 0 10 20 30 40 50 £ 0 10 20 30 40 50
days days
8armPEG10K

= Env,_,.-SINP

9
3
3
2
E °\: mono
59
ES
55
-
8~ .
5 - Env,-SiNP
5 :
50
(b) Env-SiNPs Env-SiNPs
(before hydrogel loading) (after release)
antigen type K, (nM) K, (nM)
d 2 <
. B = D
ENV,,.. g 22501 = 21409
-

Env,,

Fig. 3. Release of Env-SiNPs from PEG hydrogels and their functionality after release. (a) Cumulative release of Envyeno- and Envyi-SiNPs from 8arm and 4arm
hydrogel series. Release experiments were performed in PBS at 37 °C. For all hydrogels, the polymer concentration was 10 % (w/V). Data are expressed as mean +
standard deviation of three independent hydrogel cylinders. (b) Presented are Ky values (nM) determined by measuring the binding affinity of broadly neutralizing
antibody VRCO1 to Envy;-SiNPs as well as Envy,no-SiNPs before hydrogel loading and after release via MST. As exemplary hydrogel 4armPEG40K (10 % (w/V)) was
used. Data are expressed as mean + standard deviation. The corresponding binding curves are shown in Figure S4c.

Envmono-SiNPs were detected. after release from about 7.8 to 1.5 nM. The corresponding binding
Functionality of released Env-SiNPs was confirmed by comparing Kgq curves are shown in Figure S4c.

values of VCRO1 to Env-SiNP before hydrogel loading and after release

(Fig. 3b). The Ky values of VRCO1 to Envpyeno-SiNP before and after

release were similar with about 2.2 and 2.1 nM, respectively. The Kq

value of VRCO1 to Envy,;-SiNP was significantly (P = 0.0466) improved
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Scheme 3. Hydrogel preparation and overview of hydrogel types. (a) Maleimide- and furan-functionalized branched PEG macromonomers were mixed with antigen-
SiNPs, and hydrogels cylinders (200 uL; 7 mm of diameter and 5.2 mm in height) were formed. Antigen-SiNPs are envisioned to be released by hydrogel swelling and
degradation. (b) An 8arm and a 4armPEG hydrogel series was realized. Depending on the MW of PEG macromonomers and the branching degree (8arm or 4arm),

hydrogels of different mesh sizes were obtained.

Table 1
Properties of soluble Env and Env-SiNPs.

©

Env type Enviono Envy; Number of Env/SiNP 168 266
MW (kDa) 42.5 215 Size” (nm) 138.1 + 2.5 157.6 + 2.8
Size" (nm) 4.6 7.9 PDI* 0.11 £ 0.01 0.15 £ 0.01

# Hydrodynamic diameter; values were predicted according to previous publication (Erickson, 2009).

Y Hydrodynamic diameter; determined by dynamic light scattering.
¢ PDI = polydispersity index.

Table 2

Polymer and hydrogel characteristics. Overview of polymer and hydrogel
properties such as molecular weight (MW) of macromonomers, gelation time
(tge)) and minimal dissolution time (dissmin) of hydrogels at a polymer concen-
tration of 10 % (w/V). Data are expressed as mean =+ standard deviation of three
different hydrogel cylinders.

Polymer type MW (kDa) tget (min) disspin (days)
8armPEG40K 40 83.4+19 15
8armPEG20K 20 46.0 + 1.9 23
8armPEG10K 10 34.3+0.8 36
4armPEG40K 40 301.6 + 35.0 2
4armPEG40K-Lys-AHX 40 60.3 £ 3.7 46

3.5. PEG hydrogels allow for the co-delivery of soluble and particulate
antigen

To realize a potential vaccine formulation allowing for different
immunization principles within one application, it might be of interest
to release soluble Env and Env-SiNP antigen from one hydrogel. Because
a long release timeframe is envisioned, we focused on the release of
soluble Envy,j from 8armPEG10K and 8armPEG20K hydrogels (Fig. 4a).
As expected, release duration of Envy,; increased with decreasing MW of
the PEG macromonomers and increasing polymer concentration. In this
way, the release duration could be modulated between 30 and 50 days.
To compare the release duration and profile between soluble Envy; and
Envy-SiNPs, an overlay of both release curves from separate experi-
ments is shown in Fig. 4b. Surprisingly, larger Env,;-SiNPs were released
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Fig. 4. Release of soluble Envy; and co-delivery of soluble Envy; and Env,;-SiNPs. (a) Cumulative release of fluorescently labeled Env,,; from 8armPEG10K and 20 K
hydrogels of three different polymer concentrations (5, 10, 15 % (w/V)). (b) Presented is the overlay of cumulative release of soluble Envy; (black squares) and Envy-
SiNPs (red triangles) from 8armPEG10K and 8armPEG20K hydrogel. (c) Shown is the overlay of separate (pale symbols) and co-delivery (saturated symbols) of Envi-
SiNPs (red triangles) and soluble Envy,; (black squares) from an 8armPEG10K hydrogel (10 % (w/V)).

faster than the smaller soluble Envy;.

To evaluate if soluble Envyi and Envyi-SiNPs mutually influence each
other, we incorporated both species in one hydrogel for a co-delivery.
The initially observed trend that larger particles are faster released
than the soluble antigen was maintained. In comparison to the separate
release, the total release timeframe of approximately 43 days did not
changed. The particles were even released slightly faster at the initial
phase, whereas the soluble Env showed a continuous release over the
whole timeframe (Fig. 4c).

4. Discussion

A prolonged availability of antigens, which mimics the kinetics of a
natural infection has gained great attention in vaccine design to improve
long lasting immunity (Boopathy et al., 2019; Cirelli et al., 2019; Cirelli
and Crotty, 2017a; Gale et al., 2021; Roth et al., 2020; Tam et al., 2016).
Hydrogels are cross-linked networks with high water content (>90 %)

and provide for a protein friendly environment for in vivo delivery of
therapeutics (Wang et al., 2018). Therefore, we developed a PEG based
hydrogel platform to allow for the sustained release of antigen decorated
SiNPs. PEG is known for its excellent biocompatibility, chemical versa-
tility, and its simplicity to functionalize, and was therefore chosen as
building block for hydrogel formation via Diels-Alder click reaction
(Dingels et al., 2011; Sun et al., 2023). A great advantage of the cross-
linking reaction is the degradability of covalent bonds under physio-
logical conditions via retro-Diels—Alder reaction (Kirchhof et al., 2015c).
To get PEG hydrogels of different release characteristics and kinetics, an
8armPEG hydrogel series of different MWs (10, 20, and 40 kDa) and a
4armPEG hydrogel series of a MW of 40 kDa were end-group function-
alized with furan and maleimide to allow for covalent cross-linking and
hydrogel formation. To increase the stability of less branched hydrogels
(i.e. 4armPEG40K), a two-arm hydrophobic spacer was introduced,
thereby doubling the number of reactive end-groups to get dendritic
macromonomers with improved hydrolytic stability (Kirchhof et al.,
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2013). For the particulate antigen formulation, we chose aminated non-
porous SiNPs with a size of 100 nm. SiNPs have already successfully
been applied by us in several studies related to the development of an
HIV-1 vaccine (Peterhoff et al., 2022; Peterhoff et al., 2021a; Thalhauser
and Breunig, 2020; Thalhauser et al., 2020b, c). In addition, silicon-
dioxide is generally recognized as safe by the FDA (Watermann and
Brieger, 2017). Moreover, NP sizes below 200 nm are favorable in
entering the lymphatics directly which is beneficial in terms of vacci-
nation (Thalhauser et al., 2020a). Two different Env variants were
attached to the surface of SiNPs: recombinant Envy; (215 kDa) and a
receptor-binding domain of Envyj (Envpene; 42.5 kDa). Despite the
difference in MW, the hydrodynamic diameter of Envyene and Envyg
decorated SiNPs were similar to each other and comparable to previ-
ously published data (Peterhoff et al., 2021a).

Prior to hydrogel formation, antigens are dissolved or dispersed in
the hydrogel precursor solution and could thus potentially form PEG-
antigen conjugates altering their structure or stability. The recombi-
nantly expressed Env antigens carry cysteine (cys) tags for covalent
attachment to the SiNP surface, which are easily accessible and prone to
Michael-type reaction with maleimide-functionalized PEG. Besides
these available cys tags, other cys of recombinant Env form disulfide
bonds (Yuan et al., 2005) which are located mainly in inaccessible hy-
drophobic domains and present, thus, only low reactivity (Santos et al.,
2018). Therefore, soluble Envpyono or Envy; which have the cys tag still
available, bear a higher risk to be PEGylated compared to Envpop, OF
Envyi immobilized on SiNPs. At the same time, hydrogel formation is
performed in ultrapure water, an environment known for a lower degree
of PEGylation of proteins due to the slightly acid pH (Hammer et al.,
2015). In our study, the stability of the soluble as well as the particulate
Env was not affected by PEGylation, which is in good agreement with
previous publications (Liu et al., 2022; Plesner et al., 2011). Xiao Liu
et al., for example, observed that PEGylation did not alter the structure
and thermodynamic stability of a protein (Liu et al., 2022). Protein
PEGylation may be at the expense of their affinity for their specific
binding site (Chan et al., 2016; Dhalluin et al., 2005; Kozma et al.,
2020). Fortunately, the affinity of the VRCO1 antibody that binds spe-
cifically to the CD4 binding site of soluble or particulate Env, was not
negatively affected by PEGylation, indicating an intact and functional
antigen. Most important, even after release of Envy;-SiNPs and Enviono-
SiNPs from a PEG hydrogel the antibody affinity was not negatively
affected, indicating that hydrogel formation and release have no nega-
tive impact on antigen functionality. Although the effect of antibody
PEGylation on its interaction with its specific target antigen has already
been extensively studied in the literature (Selis et al., 2016), to the best
of our knowledge, the vice versa scenario, i.e., the affinity of an antibody
to its PEGylated specific target antigen, has been poorly investigated yet.
Although antigen functionality after release has been demonstrated in
vitro, it still needs to be confirmed how well the epitopes are recognized
by the immune system in vivo. Interestingly, PEGylation of a toll-like
receptor-2-agonist-based vaccine delivery system improved antigen
trafficking and the magnitude of ensuing antibody and CD8 + T cell
responses (Sekiya et al., 2017).

The maximal release timeframe of Env-SiNPs is limited by the min-
imal dissolution time and, thus, by the stability of the hydrogels which
depends on the MW and the branching degree of the polymer. This is
related to the fact that the stability of hydrogels decreases with
increasing polymer MW and decreasing branching degree (Kirchhof
et al., 2013). On the other hand, the release kinetics depends on the
average mesh size of the hydrogel and the hydrodynamic diameter of the
embedded molecules (Ziegler et al., 2021). Since the size of Env-SiNPs is
much larger than the initial average mesh size of the hydrogels, a strong
retention of the SiNPs in the hydrogel matrix was expected. On the
contrary, Env-SiNPs were released without major retention with an
initial fast exponential like release followed by a slower release up to the
end. An explanation may be that polymer based hydrogels have shown
to contain areas of high cross-linking density and besides areas of low
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cross-linking density (Di Lorenzo and Seiffert, 2015). Therefore, the
mesh size distribution of a hydrogel can thus be very wide. Since Env-
SiNPs are very large in size relative to the hydrogel mesh size, we hy-
pothesize, that Env-SiNPs are displaced from areas of high cross-linking
density to areas of low cross-linking density due to their higher space
requirement. Additionally, Env-SiNPs may sterically disrupt the hydro-
gel structure and presumably lead to further hydrogel defects, which
finally leads to an increased nanoparticle mobility within the hydrogels
after swelling and, thus, to a faster release. Support for this assumption
comes from confocal microscopic images of hydrogel cross-sections
loaded with Env-SiNPs showing that the particles are distributed inho-
mogeneous throughout the hydrogel (Figure S5). Additionally, hydrogel
stiffness was slightly affected by the incorporation of antigen-SiNPs,
indicating that NPs most likely disrupt the hydrogel scaffold
(Figure S2¢). But anyway, the initial exponential-like release mimicking
natural infection could be beneficial in terms of immune response
effectiveness since it was demonstrated that an exponentially increasing
dosing of an antigen is superior compared to a constant exposure (Tam
et al., 2016). Which release timeframe is ultimately most effective in
triggering a strong immune response and most tolerable by the patient
needs to be investigated in vivo. In addition, there is evidence that PEG
based implants, despite their excellent biocompatibility, are associated
with adverse effects like chronic inflammation which may lead to an
inflammatory response triggering a foreign body reaction (Kastantin
etal., 2011; Swartzlander et al., 2015). This could ultimately lead to the
formation of a fibrous capsule surrounding the hydrogel. Because the
formation of a fibrous barrier may take place not until about 30 days it
may mainly hamper the release of Env-SiNPs from hydrogels with longer
stability (Carnicer-Lombarte et al., 2021). This issue will be investigated
in further in vivo experiments.

There is evidence that sequential heterologous immunization
(vaccination schemes with vaccines based on different principles, e.g.,
the combination of RNA/DNA based with vector- or protein-based
vaccines (Palgen et al., 2021)) over a longer period of time may shape
B-cell maturation towards mature broadly neutralizing antibodies which
are required for long lasting immunity (Peterhoff and Wagner, 2017).
Therefore, it was reasonable to co-deliver soluble and particulate Envy;
from one hydrogel. Prior to co-delivery, the single release of soluble
Envy; was characterized. The sigmoidal release profile is probably
related to the high MW of glycosylated Envy,; of around 315 kDa (Bender
et al., 2021). A comparable sigmoidal but more pronounced release
profile was observed by Kirchhof et al. releasing dextran with a MW of
500 kDa from a similar hydrogel (Kirchhof et al., 2015a). Interestingly,
an expected burst release did not occur during the first 24 h and was
limited to a maximum of about 5 %. This indicates a good entrapment of
Envy; by the hydrogel scaffold especially in areas of high cross-linking
density which could be an explanation for the slower release
compared to Envy;-SiNPs. During co-delivery of soluble Envy,; and Envy-
SiNPs from one hydrogel, both components were even slightly faster
released compared to their release after entrapment in separate hydro-
gels. A possible reason could be that twice the amount of antigen is
included per hydrogel, thereby increasing the number of molecular
structures possibly interfering and loosening up the hydrogel scaffold.
Interestingly, the overall release timeframe was independent if soluble
Envyi and Envyi-SiNPs were released from one or two separate hydro-
gels. It must be kept in mind that a possible interaction between the two
components — soluble Envyj and Envy-SiNP- affecting their function-
ality still needs to be investigated in further studies. In terms of vacci-
nation practice, it has been shown that prime/boost vaccine increases
the magnitude and durability of HIV-specific CD4 T-cell responses (De
Rose et al., 2015). This comprises an initial vaccination (prime) followed
by an additional vaccination some weeks later (boost) (De Rose et al.,
2015). Therefore, the co-delivery of soluble and particulate Envy; seems
to be reasonable: about 80 % of Env,;-SiNPs are released during the first
12 days, while soluble antigen is constant released over 43 days. This
may be beneficial because it has been demonstrated that sequential
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heterologous immunization over a long period of time shape the B-cell
maturation towards mature broadly neutralizing antibodies and long
lasting immunity (Peterhoff and Wagner, 2017). Alternatively, or in
addition to the soluble Envyi, an adjuvant could also be co-delivered,
which may enhance the antigen-specific immune response or influence
the direction of the immune response (Wagner and Hildt, 2019).

5. Conclusion and outlook

We successfully developed a PEG based hydrogel platform allowing
for controlled and sustained release of antigen decorated SiNPs
mimicking natural infection kinetics over various timeframes. The
integrity and functionality of antigens after release was successfully
maintained. Additionally, the feasibility of co-delivering soluble and
particulate antigen was demonstrated. Thus, in addition to the pro-
longed antigen presentation, our hydrogel formulation represents a kind
of single-dose sequential vaccine with the potential to combine a prime-
boost vaccine in one application. Such a vaccine administration could
reduce costs, potentially increase vaccine coverage, and simplify the
logistics compared to multidose vaccine administration especially in
low- and middle-income countries (Barnabas et al., 2022).
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