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Abstract: Nature offers a wide range of evolutionary optimized materials that combine unique
properties with intrinsic biocompatibility and that can be exploited as biomimetic materials. The
R5 and RRIL peptides employed here are derived from silaffin proteins that play a crucial role in
the biomineralization of marine diatom silica shells and are also able to form silica materials in vitro.
Here, we demonstrate the application of biomimetic silica particles as a vaccine delivery and adjuvant
platform by linking the precipitating peptides R5 and the RRIL motif to a variety of peptide antigens.
The resulting antigen-loaded silica particles combine the advantages of biomaterial-based vaccines
with the proven intracellular uptake of silica particles. These particles induce NETosis in human
neutrophils as well as IL-6 and TNF-α secretion in murine bone marrow-derived dendritic cells.
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1. Introduction

Vaccination is among the most important achievements in the history of medicine
and has saved countless lives by eradicating [1] or greatly reducing the incidence as well
as the severity of diseases such as diphtheria, measles, mumps, and polio infections [2].
The potential devastating effects of diseases for which no vaccine exists yet have been
distressingly revealed in the early phase of the recent SARS-CoV-2 crisis. Many of the
most effective vaccines today are based on live or attenuated pathogens and sequence
information (e.g., mRNA). However, in some cases, this approach is neither practical (e.g.,
viruses that do not grow well in culture such as hepatitis C virus) nor entirely safe (e.g.,
viruses that cause chronic infections such as human immunodeficiency viruses) [3,4]. To
avoid such risks, subunit vaccines, consisting of recombinant or synthetic antigens, e.g.,
peptides, pose a promising alternative. These subunit vaccines are more specific, safer and
often less expensive to produce compared to live vaccines [3]. However, subunit vaccines
typically elicit much weaker and shorter-lasting immune responses and therefore require
the addition of an adjuvant and/or delivery vehicle to enhance their immunogenicity and
vaccine potency [1,5,6]. Despite testing hundreds of adjuvants, only very few, including
AS04 (a combination of monophosphoryl lipid A (MPL) and alum) [7,8] or oil-in-water
emulsions containing squalene (MF59 [9–11] and AS03 [12,13]) are approved today, mainly
due to toxicity concerns since they often contain poorly defined fragments of bacteria or

Pharmaceutics 2023, 15, 121. https://doi.org/10.3390/pharmaceutics15010121 https://www.mdpi.com/journal/pharmaceutics

https://doi.org/10.3390/pharmaceutics15010121
https://doi.org/10.3390/pharmaceutics15010121
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com
https://orcid.org/0000-0003-2845-1826
https://orcid.org/0000-0002-0961-5306
https://orcid.org/0000-0001-6769-4180
https://doi.org/10.3390/pharmaceutics15010121
https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com/article/10.3390/pharmaceutics15010121?type=check_update&version=1


Pharmaceutics 2023, 15, 121 2 of 23

toxins with a low batch-to-batch reproducibility [14]. Although a few other adjuvants have
been approved for specific vaccine formulations, alum is the only widely used adjuvant
in commercial vaccines [15]. In 1926, Glenny et al. were the first to report the immune en-
hancement effect of insoluble aluminum potassium sulfate added to diphtheria toxoid [16].
Nowadays, the term “alum” describes adjuvant formulations based on aluminum hydrox-
ide (Al(OH)3 and aluminum phosphate (Al(OH)x(PO4)y) that are commercially available
or prepared by vaccine companies [17,18]. Alum is still the most widely used adjuvant
today and typically generates Th2-polarized T cell responses, with a predominance of
Th2-associated antibody subtypes [19]. A tremendous effort has been put on broadening
the adjuvant repertoire to enable the fine-tuning of immune responses. While a Th2-skewed
response is desired for the production of antibodies and anti-parasitic immune responses,
a Th1 response is needed for the defense against intracellular or viral pathogens. Since
the potent adjuvant action is often correlated with increased toxicity and reactogenicity,
the benefits of adjuvant incorporation into a vaccine need to be balanced with the risk
of adverse side effects. Therefore, minimizing toxicity still remains a major obstacle in
adjuvant research and vaccine development. The development of vaccines that are able to
potently activate innate immune responses without relying on live attenuated viruses is
particularly relevant for immunocompromised individuals such as young children on the
one hand, and the elderly population on the other hand [20–22].

Thus, a non-toxic, biocompatible, generally applicable potent adjuvant, ideally com-
bined with an efficient intracellular delivery platform, is urgently needed to facilitate the
use and future development of peptide-based vaccines.

In general, adjuvants can be divided into immune-potentiators/modulators that
mainly activate the innate immune system or into delivery systems, which are particulate
systems designed to improve antigen uptake and presentation [23]. By combining both
types into a single platform, highly potent and safe adjuvants could be generated. Due to
their potency to modulate the immune system and their additional stabilizing effects on
the antigens, (bio)material-based vaccines are recently gaining increased attention [24–27].
Nanoparticles are of special interest since their size is similar to cellular components, poten-
tially improving their uptake by antigen presenting cells (APCs), which qualifies them as a
promising self-adjuvanting delivery system [28]. Silica particles have been widely used for
drug delivery [29–31] and, recently, also for cancer vaccines [32–34] owing to their large
surface area, large pore sizes, biodegradability and versatile surface chemistry [35,36]. In
addition, silica is chemically and biologically quite inert and considered safe [37]. Never-
theless, it has been reported to be degraded in vitro as well as in vivo into non-toxic silicic
acid that can be excreted through the kidneys [38–41]. In contrast, delivery vehicles based
on polymers, synthetic or natural, often degrade into toxic products or tend to accumulate
in the body [39,40,42,43].

Here, we describe a novel vaccine delivery and adjuvant platform employing biomimetic
silica particles of different shapes (spheres, rods and sheets). These particles are formed by
a biomimetic process taking advantage of three different peptides based on the silaffin R5
amino acid motif RRIL as well as by the parent peptide R5 [44]. All four silica-precipitating
peptide have been linked to three different peptide antigens. The resulting antigen-loaded
silica particles combine the advantages of biomaterial-based vaccines, such as being non-
toxic and easy to generate, with intracellular uptake of silica particles.

2. Experimental Section

Reagents. Fmoc-preloaded resins were obtained from Rapp Polymere (Tübingen, Ger-
many). Fmoc-protected amino acids were obtained from Iris Biotech (Marktredwitz, Ger-
many). Boc-Lys(Fmoc)-OH was obtained from Orpegen Peptide Chemicals GmbH (Heidel-
berg, Germany). (1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo-[4,5-b]-pyridinium 3-
oxide hexafluorophosphate (HATU) was purchased from Novabiochem (Nottingham, UK).

Solvents were obtained from VWR International LLC (Vienna, Austria), Sigma-Aldrich
by Merck GmbH (Vienna, Austria) and Carl Roth (Karlsruhe, Germany) in HPLC grade
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or peptide synthesis grade. All other chemicals used were obtained from Sigma-Aldrich
(Taufkirchen, Germany).

Water. A Milli-Q Reference A+ water purification system by Merck GmbH (Vienna,
Austria) was used for the purification of water deionized with a Professional G7895 Aqua
Purificator by Miele GmbH (Salzburg, Austria).

Animals. Female BALB/c mice aged 6–8 weeks were purchased from Charles River
(Sulzfeld, DE) and kept under conventional housing conditions. All experiments were
approved by the Animal Experimentation Committee of the Medical University of Vienna,
the University of Veterinary Medicine and the Austrian Federal Ministry of Science and
Research (BMBWF-66.009/0277-V/3b/2019). All methods were performed according to
their guidelines and regulations.

Blood donors. The peripheral blood cells were isolated from healthy individuals. The
study had been approved by the ethics committee of the Medical University of Vienna (EK
1488/2017) and all subjects gave written informed consent.

Peptide synthesis. Peptides were synthesized manually or on a Liberty Blue mi-
crowave peptide synthesizer (CEM GmbH, Kamp-Lintfort, Germany) or on a Tribute pep-
tide synthesizer (Gyros Protein Technologies, Inc., Manchester, UK) using Fmoc-protected
amino acids. Tentagel PHB R resin preloaded with Fmoc-Leu for the CysR5, RRIL and
RRLL peptides, Fmoc-Tyr for Bet v 1, Fmoc-Lys(Boc) for Phl p 5 and Fmoc-Cys for P467 at
scales between 0.05 and 0.1 mmol was used. Amino acids were activated with HATU for
arginine, leucine and lysine and HBTU for all other amino acids. Double couplings were
performed for arginine and amino acids following arginine.

The resin was swollen in DMF for at least 60 min. Then, the following steps were
performed to extend the peptide by one amino acid. The resin was agitated on a wheel
shaker during each deprotection, coupling and cleaving step. For the deprotection, DMF
was removed and the resin was suspended in 20% piperidine in DMF. The solution was
replaced after 3 min and the resin was incubated for another 7 min. Then, the resin was
washed 5 times with DMF. For the coupling, the Fmoc-protected amino acid was first
activated by dissolving 3.8 equivalents in a 0.5 M solution of HATU (3.5 equivalents) in
DMF and adding 5 equivalents of DIPEA. After 3 min incubation, the solution was added
to the resin and incubated for 30 min. Afterwards, the solution was removed, and the
resin was washed 5 times with DMF. The peptide’s molecular weight was confirmed by
performing a test cleavage and LC–MS analysis before continuing with the cleavage.

After the final deprotection, the peptide-loaded resin was washed 5 times with DMF,
5 times with DCM, and dried in the desiccator overnight. The resin was incubated in
40 mL/mmol cleavage solution (90% TFA, 5% TIS, 5% ddH2O or 90% TFA, 2.5% TIS, 2.5%
ddH2O, 5% DMS for Met-containing peptides) for 3 h at room temperature. Subsequently,
the peptides were precipitated with five times their volume in cold diethyl ether and after
centrifugation (4300 rpm, 5 min, 4 ◦C) the supernatant was removed. The pellets were
washed 3 times with diethyl ether and dried in an argon stream. Before purification, the
pellets were dissolved in solvent A (0.1% TFA in ddH2O), flash frozen in liquid nitrogen
and lyophilized to obtain the crude product.

Preparative RP-HPLC. Purification by reversed-phase high-performance liquid chro-
matography (RP-HPLC) was carried out on either a ProStar system by Varian, Inc., now
Agilent Technologies (Santa Clara, CA, USA) or on a Waters AutoPurification HPLC–MS
system (Saint-Quentin, France).

Peptides and peptide conjugates were purified using reversed-phase HPLC. After
lyophilization, the crude peptide (up to 120 mg per batch) was dissolved in 10 mL guani-
dinium chloride buffer (6 M GuHCl, 50 mM Tris-HCl pH 7.5). The solution was filtered
through a 20 µm syringe filter and loaded onto a Kromasil C4 prep column at 95% solvent
A (0.1% TFA in ddH2O) and 5% solvent B (0.08% TFA in acetonitrile). Products were
eluted using a suitable gradient of solvent B in solvent A with a flow rate of 20 mL/min.
The obtained fractions were analyzed via direct injection into the MS system and those
containing the desired product were pooled and lyophilized.
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For the purification of silica-precipitating and antigen peptides a linear gradient from 5–
55% solvent B in 40 min was used and for the purification of peptide conjugates, a gradient
of 5–25% solvent B in 10 min, 25–45% solvent B in 30 min was employed. The obtained
fractions were analyzed via direct injection into the MS system and those containing the
desired product were pooled and lyophilized.

Synthesis of heterodisulfide-bonded peptide conjugates. Similar amounts of the
silica-precipitating peptide and the peptide antigen were weighed in separately and trans-
ferred into the reaction vessel shortly before the guanidinium chloride buffer (6 M GuHCl,
50 mM Tris-HCl pH 7.5) was added. Prior to this, the guanidinium chloride buffer was
degassed and flushed with argon. Disulfide-formation was initiated by addition of the
buffer to the mixture of peptides and the solution was incubated for 24 h at room tempera-
ture. The formation of the heterodisulfide conjugate of the silica-precipitating peptide and
peptide antigen was verified via LC–MS analysis and purification via preparative RP-HPLC
was performed as described above.

Analytical RP-HPLC. For the final analysis via RP-HPLC, a small amount of the
purified peptide was dissolved in solvent A, injected into a Dionex Ultimate 3000 HPLC
system and eluated on an analytical Kromasil C4 RP-HPLC column using a gradient from
5–65% solvent B in solvent A over 30 min at a flow rate of 1 mL/min.

Mass spectrometry. Peptide identity and purity was investigated by ESI–MS on a
Waters 3100 Mass Detector in positive ion mode.

Synthesis of silica nanoparticles. Silica-precipitating peptides were incubated at a
concentration of 2 mg/mL in 50 mM potassium phosphate buffer at pH 7 for 24 h at room
temperature. The concentration was determined by weighing the lyophilized peptide.
A silicic acid solution was prepared by adding 40 µL TMOS to 960 µL 1 mM HCl, short
vortexing, and incubation of the mixture for 4 min. A 10 µL portion of this silicic acid
solution was added to a 90 µL aliquot of the peptide solution. The mixture was vortexed
and incubated for 30 min at room temperature. Then, it was centrifuged (14,000 rpm, 5 min,
room temperature) and the supernatant was removed. The particles were washed with
ddH2O and dried at reduced pressure.

Electron microscopy. Suspensions of silica particles in ddH2O were prepared and
4 µL of the suspension was spotted onto 13 mm Nunc Thermanox cell culture coverslips
from Thermo Fisher Scientific GmbH (Vienna, Austria) and dried on air. After sputter
coating the samples with 10 nm of gold using an EM QSG 100 instrument by Leica Camera
AG (Wetzlar, Germany), scanning electron microscopy was performed at a 5 kV acceleration
voltage on a Supra 55 VP instrument by Carl Zeiss AG (Oberkochen, Germany) equipped
with an EDX detector.

Neutrophil isolation. Neutrophils were isolated from heparinized peripheral blood
by Ficoll–Paque gradients (Thermo Fisher Scientific GmbH, Vienna, Austria), dextran
sedimentation (4% Dextran T-500, Carl Roth, Karlsruhe, Germany), and osmotic lysis of
remaining erythrocytes as described previously [45].

Quantification of extracellular DNA: A total of 2 × 105 neutrophils in 200 µL were
seeded into black flat bottom 96-well plates (Thermo Fisher) in HBSS medium containing
25 ng/mL GM-CSF and 5 µM of the cell-impermeable DNA-dye SYTOX orange (Thermo
Fisher). After 30 min of priming, cells were stimulated in triplicates with ionomycin, alum
(Alu-Gel-S) or test samples, at the indicated concentrations. Fluorescence was measured at
575 nm with a TECAN Infinite M1000 fluorescence reader (Tecan, Zürich, CH, Switzerland)
every 2 min for up to 3 h.

For the inhibition experiment, the neutrophils were pre-incubated in the presence of
25 ng/mL GM-CSF for 30 min with the phagocytosis inhibitor cytochalasin D (10 µg/mL).

Stimulation of bone marrow-derived dendritic cells. Bone marrow precursor cells
were isolated from murine femurs and tibias of naïve female BALB/c mice and cultured
in complete medium (RPMI-1640 supplemented with 10% heat-inactivated FCS, 2 mM L-
glutamine, 2 mM mercaptoethanol, 100 µg/mL gentamicin; Sigma-Aldrich) supplemented
with GM-CSF (20 ng/mL; Peprotech, London, UK) as described previously [46]. On day 8,
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bone marrow-derived dendritic cells (BMDC) (1 × 106/mL) were incubated with medium
only, with 50 µg/mL or 100 µg/mL of the examined peptides, peptide conjugates and silica
particles, LPS (1 µg/mL) or Pam3 (1 µg/mL) for 24 h. The BMDC cultures were kept in the
incubator at 37 ◦C and 5% CO2. Supernatants were collected and stored at −20 ◦C until
use. Detection of cytokines IL-6, and TNF-α in supernatants was carried out by ELISA
(Ready-Set-Go Kit, eBioscience, USA) according to the manufacturer’s instructions using
SparkControl 10M plate reader (Tecan GmbH, Salzburg, Austria).

Thermogravimetric analysis. The measurements were performed using a Netzsch
STA 449-F3 Jupiter analyzer, from room temperature to 800 ◦C with a heating rate of
10 ◦C/min. An air flow of 20 mL/min was used as carrier gas with an additional protective
N2 flow of 20 mL/min.

Nitrogen physisorption analysis. Nitrogen physisorption analyses at −196 ◦C were
performed with a Quantachrome iQ3 instrument (Anton Parr, Boynton Beach, FL, USA).
Prior to the measurements, the samples were outgassed under vacuum for 24 h at 35 ◦C.
The specific surface area (SBET) was obtained using the BET equation in the range of
0.1–0.2 P/P0. The total pore volume was determined at P/P0 = 0.95 according to the
Gurvitch rule, and the pore size analysis was calculated using the metastable adsorp-
tion NLDFT model (adsorption branch), assuming a cylindrical pore geometry and a
silica surface. Calculations were performed with the ASiQwin software v.5.0 provided
by Quantachrome.

Wide-angle powder XRD analysis. The wide-angle diffractograms of silica particles
were recorded on a PANalytical Empyrean diffractometer (Malvern PANalytical, United
Kingdom) in reflection geometry (Bragg−Brentano HD) using Cu Kα1 + 2 radiation op-
erated at a voltage of 45 kV, a tube current of 40 mA, and with a fixed divergence slit of
0.05 mm. Measurements were performed in continuous mode with a step size 2 theta of
0.013◦ and a time per step of 200 s.

Statistical analysis. Data were statistically analyzed by GraphPad Prism software
(Graph Pad Software, USA) utilizing unpaired Student’s t-test and two-way ANOVA. All
data are shown as the mean ± standard error of the mean (StEM) and differences were
considered significant at p < 0.05.

3. Results
3.1. Synthesis of Silica-Precipitating Peptides and Morphological Evaluation of Silica Particles
Resulting from Biomimetic Precipitation

We began our studies by first synthesizing the silica-precipitating peptides CysR5,
RRIL-1, RRIL-2 and RRLL (Table 1), which have been previously described by us and
others as effective silica particle forming entities [47–52]. All of them were obtained with
isolated yields of 61–72% (based on amount of crude peptide) and in high purity of >95%
(Figures S1–S4). To characterize the biomimetic silica particles resulting from these peptides,
they were incubated in 50 mM potassium phosphate buffer at pH 7 at a concentration
of 2 mg/mL. The silica precipitation was initiated upon addition of freshly generated
silicic acid (from hydrolysis of tetramethylorthosilicate-TMOS). After incubation at room
temperature and centrifugation, silica particles were collected by centrifugation and dried
under reduced pressure. To analyze the amount of peptide that is entrapped within the
silica particles, aliquots were taken before and after the silica precipitation and run on
RP-HPLC. Peptide incorporation was determined by integration of RP-HPLC peak areas.
Scanning electron microscopy (SEM) was employed to evaluate size and morphology of
the resulting particles. In addition, elemental composition of the particles was analyzed
by energy dispersive X-ray (EDX) spectroscopy (Figure S5). All particles contained Si,
O, C, and N as well as Au as expected for peptide containing silica particles that were
sputter-coated with a thin layer of gold during SEM sample preparation.
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Table 1. Sequences of silica-precipitating peptides and peptide incorporation efficiency. * Indicates
branching via the lysine (K) sidechain.

Peptide Compound Sequence Incorporation Efficiency/%

CysR5 1 H-CSSKKSGSYSGSKGSKRRIL-OH 84.4 ± 4.3

RRIL-1 2
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3.2. Silaffin-Derived Silica Particles Induce NET Release

Not only particle size but also shape, surface charge and the protein corona greatly
influence the immunological response to such particles. To elucidate the immunogenicity
of the obtained silica particles based on NET formation, freshly isolated human neutrophils
were seeded in a 96-well plate, primed with GM-GSF, incubated with medium or stimulated
with alum (as established adjuvant), ionomycin (as control immune-stimulator) and the
four different silica particles. NETs are web-like structures composed of nuclear and
granular proteins that are embedded in a scaffold of decondensed chromatin [54]. It has
been demonstrated, that NETs are involved in the adjuvant effect of alum in mice [55,56].
Although the mechanisms underlying alum’s adjuvant effect in humans remain largely
unclear, it has been shown that injection of alum induces neutrophil infiltration and NET
formation in human tissue [57]. Therefore, NETs may contribute to the alum-induced
immune response to vaccines. To analyze the kinetics and extent of NET release, an
established assay based on the addition of SYTOX™ orange, a cell membrane-impermeable
DNA-dye, to neutrophils was used [57]. SYTOX™ orange binds selectively to extracellular
DNA and the resulting fluorescence signal can be measured.

Alum and ionomycin both trigger a concentration-dependent NET release after 30 min
of stimulation as described previously [57,58]. In contrast, spherical CysR5-based particles
1′ reach the highest NET release right at the beginning of the measurement period, which
then rapidly decreases to baseline levels within 40 min (Figure 2A–D). Such an immediate
NET release indicates a necrotic event, which could suggest a cytotoxic effect. In contrast,
rod-like RRIL-1 particles 2′ induce concentration-dependent NET release after 50 min,
which is slightly slower compared to alum or ionomycin. However, at the end of the
measurement period, the highest concentration of RRIL-1 particles 2′ (100 µg/mL) tested
here leads to a similar level of NET release as alum at the same concentration. Although
RRIL-2 particles 3′ resemble RRIL-1 particles 2′ in terms of release kinetics, they lead to
an even higher NET release at the end of the measurement period after 180 min. RRLL
particles 4′ trigger NET release with a delay only after 60 min and reach approximately half
the extent of NET release compared to alum. However, due to the different release kinetics
of alum, ionomycin and the silica particles, the DNA release calculated as area under
the curve (AUC) over time might be slightly misleading, because RRIL-1 2′ and RRIL-2
particles 3′ induce NET release 20 min later than alum and have not yet reached a plateau
at the end of the measurement as opposed to alum. Nevertheless, these results show that
RRIL-1 2′ and RRIL-2 particles 3′ can stimulate NET release in human neutrophils to a
similar extent as the well-established adjuvant alum.

To elucidate the silica particle-induced cellular mechanisms causing NET formation,
cells were also preincubated in the presence of GM-CSF for 30 min and the Ca2+-dependent
phagocytosis inhibitor cytochalasin D (Figure 2E). Addition of cytochalasin D clearly
reduced NET release in alum and silica particle-stimulated neutrophils, which indicates
that silica particle-induced NET formation might follow similar cellular mechanisms as
proposed for alum [57].

The observed release of extracellular DNA in human neutrophils elicited by silica
particles prompted us to investigate NET formation in vitro by fluorescence microscopy as
an alternative route to quantitate this effect [57]. To that end, we also generated calcinated
silica particles from the regular silica particles to gain insights about the role of the precipi-
tating peptides on particle as well as on adjuvant properties. Precipitating peptides within
the silica particles were removed by calcination at 100 ◦C for 12 h followed by 5 h at 540 ◦C.
This way, we were able to individually test the peptides alone, peptides in silica particles
and calcinated silica particles. Freshly isolated neutrophils were seeded on glass coverslips,
primed with GM-CSF, incubated with medium or stimulated with ionomycin, CysR5 1 as
well as RRIL-2 peptides 3, silica particles and calcinated silica particles and evaluated for
NET formation by fluorescence microscopy. The medium control (Figure S6A) displayed
lobular nuclei. NET release was induced in ionomycin-stimulated neutrophils (Figure S6B)
that showed disintegrated nuclei and filamentous, web-like extracellular DNA. The co-
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localization with citrullinated histone H3 (staining with red, Alexa Fluor 594 used as marker
for NET release), corroborate that those DNA-webs are indeed NETs. In (Figure S6C) and
(Figure S6D) cells treated with RRIL-2 3 and CysR5 peptide 1 are depicted, showing almost
no signs of NET release when compared to the positive control. Stimulation with silica
particles as seen in (Figure S6E) and (Figure S6F) resulted in typical agglomerates of cells.
However, only a small portion of cells showed NET release. In addition, the cells were
unevenly distributed, as they tend to cluster in areas where the particles are present. The
stimulation with calcinated silica particles (Figure S6G) and (Figure S6H) resulted in a
similar image compared to the silica particles. Nevertheless, in comparison, the proportion
of citrullinated histone H3 positive cells was lower.
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(A), RRIL-1 2′ (B), RRIL-2 3′ (C), and RRLL 4′ (D) silica particle-induced release of DNA were
measured by fluorescence of SYTOX orange bound to extracellular DNA in plate reader assays. One
representative experiment using neutrophils from different donors (AUC, area under the curve; RFU,
relative fluorescence units; horizontal bar, median). Alum, ionomycin and silica particle-induced NET
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In general, peptide samples (2, 3 and 4) induced the highest level of NET release,
followed by silica particles (2′, 3′ and 4′) and calcinated silica samples (1′′, 2′′, 3′′ and 4′′)
that did not elicit any observable release of extracellular DNA as can be seen in Figure 3.
Stimulation of neutrophils with RRIL-2-based compounds resulted in the most potent NET
formation although RRLL and RRIL-1 induced similar levels. In contrast, no release of
extracellular DNA was observed for CysR5-based compounds (1, 1′ and 1′′). However, no
significant effect was observed for any of the tested compounds. This might be due to the
small number of donors (n = 4) in this study and high variance of the data resulting from
highly individual immune responses. Therefore, additional studies with a bigger sample
size need to be performed to test this trend.
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Figure 3. Peptides and silica particles trigger NET formation. The release of DNA was measured by
fluorescence of SYTOX™ orange bound to extracellular DNA in plate reader assays in response to
treatment with peptides (1, 2, 3 and 4) silica particles (1′, 2′, 3′ and 4′) and calcinated silica particles
(1′′, 2′′, 3′′ and 4′′). L-leucyl-L-leucine methyl ester hydrochloride (LLoMe), alum and ionomycin
(iono) were used as positive controls. One representative experiment using neutrophils from different
donors (horizontal bar, median). Differences were considered statistically significant for values of
p ≤ 0.05. Note: p ≤ 0.05 (*), p ≤ 0.0001 (****).

3.3. Silica Particles Loaded with Peptide–Antigen Conjugates

To investigate the adjuvant effect of the different silica particles in combination with
established peptide antigens, the major white birch pollen allergen Bet v 1 [59–61], the
major timothy grass pollen allergen Phl p 5 [61,62] and the hybrid peptide P467 [63–65],
derived from the extracellular domain of the tumor-associated antigen Her-2/neu, were
conjugated to each silica-precipitating peptide through the formation of a disulfide-linkage
between the sulfhydryl moieties on the side chain of the cysteine residues as illustrated in
Figure 4. The formation of the desired disulfide bridges to provide peptide conjugates was
achieved by incubating the reduced silica-precipitating peptides 1–4 as well as the reduced
peptide antigens in guanidinium buffer (6 M guanidinium hydrochloride, 50 mM Tris,
pH 7.5) overnight. During air oxidation, not only the desired disulfide bond between silica-
precipitating peptide and antigen was formed, but also the respective peptide–peptide
and antigen–antigen disulfide bridges occurred, which reduces the yield. Nevertheless, to
reduce synthetic complications and provide a simple preparation route for silaffin peptide–
antigen conjugates, no protecting groups were employed. All conjugates were obtained in
isolated yields of 24–82% and in high purity (Figures S7–S21) and used for silica particle
generation. All conjugates were tested towards their ability to induce silica precipitation
form silicic acid under biomimetic conditions. SEM was employed to evaluate the changes
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in silica particle size and morphology upon conjugation of antigens. As expected, no silica
formation was observed for the peptide antigens alone.
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Figure 4. Conjugation of four silica-precipitating peptides (CysR5 1, RRIL-1 2, RRIL-2 3 and RRLL 4)
to three peptide antigens (P467 a, Bet v 1 b, and Phl p 5 c) via disulfide bond formation. Addition
of silicic acid leads to the formation of 12 different peptide–antigen silica particles with different
morphologies including spheres, rods, and interwoven networks. CysR5-related structures are
displayed in blue, RRIL-1-related structures in orange, RRIL-2-related structures in green and RRLL-
related structures in yellow.

Conjugation of three established antigens to CysR5 resulted in particles that retained
their spherical morphology and size in comparison to particles made from CysR5 alone.
The obtained average diameters are 796 ± 91 nm (n = 10) for CysR5-P467 particles 1a′,
789 ± 52 nm for CysR5-Bet v 1 particles 1b′ (n = 10) and 840 ± 70 nm (n = 10) for CysR5-
Phl p 5 particles 1c′. This was expected as we have previously demonstrated that even
much larger cargo molecules such as the proteins GFP and thioredoxin do not impact
R5-controlled silica precipitation. [52] The morphology of rod-like RRIL-1 particles changed
significantly upon conjugation of the model antigens. Conjugation of Bet v 1 to RRIL-1
resulted in a network of rod-like particles 2b′ that were similar to the morphology of RRIL-1
particles, but shorter and with a smaller diameter of 87 ± 15 nm (n = 10). The RRIL-1-Phl p
5 conjugate led to irregular, spherical particles 2c′ with an average diameter of 370 ± 68 nm
(n = 10) and the RRIL-1-P467 conjugate also formed a dense network of thin, rod-like
particles 2a′ with a diameter of 40 ± 6 nm (n = 10). A dramatic change in morphology
could also be observed for RRIL-2 particles that normally present themselves as stick-like
structures. The particles 3b′ made from the RRIL-2-Bet v 1 conjugate with a diameter of
72 ± 14 nm (n = 10) resemble the particles made from the respective RRIL-1 conjugate
since they both generated a network of short and small rod-like particles. This also applies
to the morphology of the particles 3a′ generated from RRIL-2-P467 that produced an
interwoven network of thin rods with a diameter of 24 ± 4 nm (n = 10). This observation
holds also true for RRIL-2-Phl p 5 particles 3c′ that were obtained as spherical particles
with a diameter of 485 ± 44 nm (n = 10). As already observed for RRIL-1 and RRIL-2,
the sheet-like morphology of RRLL particles changes to a network of rod-like particles
with a diameter of 127 ± 19 nm (n = 10) for Bet v 1 4b′ and 43 ± 4 nm (n = 10) for P467
4a′ and spherical particles with a diameter of 720 ± 59 nm (n = 10) that resemble CysR5
particles for RRLL-Phl p 5 4c′. These differences in morphologies clearly indicate that the
shorter RRIL-based silaffin peptides are severely influenced by the covalent attachment
of cargo (peptides). This might be a simple effect of the size of the silica-precipitating
peptides covalently linked to the model antigens or can also be affected by changes in
charge patterns, which together interfere with pre-assembly of peptide templates. CysR5
comprises 20 amino acids and seems to be the driving force behind the assembly of CysR5-
antigen conjugates although Phl p 5, consisting of 22 amino acids, and the 49 mer P467 are
slightly longer. However, the RRIL/RRLL peptides comprise only 11 amino acids and seem
to adapt their assembly behavior depending on the antigen since similar morphologies
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were observed for the antigen conjugates, e.g., a network of rod-like particles for Bet v 1
and P467 and spherical particles for Phl p 5.

In addition, we determined how much of the peptide conjugate was incorporated into
the silica particles by analyzing aliquots on HPLC before and after silica precipitation. The
results are displayed in Table 2.

Table 2. Peptide incorporation efficiency of peptide–antigen conjugates.

Peptide Conjugate Compound Incorporation Efficiency/%

CysR5-Bet v 1 1b 42.7 ± 7.9
CysR5-Phl p 5 1c 32.4 ± 10.7
RRIL-2-Bet v 1 3b 89.9 ± 1.6
RRIL-2-Phl p 5 3c 85.3 ± 1.6

While CysR5-based conjugates achieve incorporation efficiencies between 30–40%,
RRIL-2 conjugates are incorporated with 85–90% efficiency. Although CysR5 conjugates are
not encapsulated as efficiently as RRIL-2 conjugates, the spherical shape of their respective
silica particles is reproducible independent of the cargo [51,53]. In contrast, the morphology
of silica particles made from RRIL-2 conjugates is dependent of the cargo as can be seen in
Figure 5.
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Furthermore, we analyzed how much of the CysR5-Phl p 5 peptide–antigen conjugate
was released from the respective silica particles during incubation at pH 4 and pH 7 to assess
stability under different relevant conditions (e.g., in media, cytosol and lysosomes). The
silica particles produced from CysR5-Phl p 5 peptide–antigen conjugates were incubated in
50 mM potassium phosphate buffer at pH 4 and pH 7 for 11 h to monitor the release of the
conjugate from the particles. By comparing the area under the curve (AUC) of the peptide
conjugate at different time points with the AUC of a standard of known concentration, the
release was determined as displayed in Figure S22.

At pH 4 approximately 20% of the conjugate were released, whereas only about 8%
were released from particles at pH 7. Electrospray ionization-mass spectrometry (ESI–MS)
analysis confirmed that the conjugate was intact after 11 h incubation at pH 4. Additionally,
no morphological changes to the particles due to the incubation could be observed via
SEM as shown in Figure S23. This indicates that release of the conjugate is not induced
through the degradation of the silica matrix. Therefore, ionic interactions of the conjugate
with the silica seem to be responsible for the partial release that is induced via change in
pH. The negatively charged silica surface [66] becomes neutral at low pH which results in
weakened interactions with the cationic conjugate peptide, ultimately leading to its release.
This is in accordance with literature as described by Bialas et al. [67].

3.4. Biophysical Characterization of Silica-Precipitating Peptides

The ζ potential of CysR5 1′, RRIL-1 2′, RRIL-2 3′ and RRLL 4′ silica particles before
and after calcination was determined over a range of pH 4–8 (Figure S24) Before calcination,
the peptide-containing silica particles displayed a positive zeta potential of 5 to 15 mV at
pH 7. During calcination, the positively charged silica-precipitating peptides are removed
via thermal decomposition. Therefore, the zeta potential of all the resulting pure silica
particles decreased to approximately −42 to −30 mV at pH 7, which is in accordance with
literature values for silica particles [68].

To determine the organic content and chemical stability of as-made CysR5 1′, RRIL-1
2′, RRIL-2 3′ and RRLL 4′ silica particles, thermogravimetric analysis (TGA) was carried
out monitoring the weight loss as a function of increasing temperature up to 800 ◦C under
air flow. As shown in Figure 6, the TGA curves of the samples all show a first weight loss
up to 120 ◦C ranging from 6 to 8%, due to the evaporation of physiosorbed water molecules.
The percentage of weight loss at temperatures between 150–700 ◦C was 23% for CysR5 1′,
37% for RRIL-1 2′, 32% for RRIL-2 3′ and 29% for RRLL 4′ particles and corresponds mainly
to the loss of peptide material contained within the silica particles (with a contribution of
water from the silanol condensation process). The thermal decomposition of the organic
parts follows a stepwise process, associated with successive exothermic differential thermal
analysis (DTA) effects, as can be seen in Figure 6. Typically, the thermal unfolding of
peptides starts at 40 ◦C; however, the silica matrix seems to act as a stabilizer and increases
the thermal resistance of the peptide, as described in the literature [69].

To gain insights about the porosity of the of CysR5, RRIL-1 and RRIL-2 silica-based
particles before and after calcination, nitrogen physisorption analysis at -196 ◦C was
performed. The physisorption isotherms of CysR5 1′ (blue), RRIL-1 2′ (orange) and RRIL-2
3′ (green) silica particles are shown in Figure 7 before (A) and after (B) calcination. The
physicochemical parameters derived from gas adsorption are compiled in Table 3. Before
calcination, the samples show low porosity as reflected by isotherm curves indicating
mostly non-porous materials. One can notice an increase in the adsorption volume at high
relative pressure, which could be attributed to external surface area originating from some
interparticle pores/voids, which is typical for colloidal silica materials [70,71]. Only sample
RRIL-1 2′ shows a non-negligible (internal) porosity before calcination, with a slightly
increased adsorbed volume at low pressure (leading to a modest surface area of 48 m2/g),
the origin of which remains unclear at the moment.
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patterns (C) of CysR5 1′ (blue), RRIL-1 2′ (orange), and RRIL-2 3′ (green) silica particles.
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Table 3. Physicochemical properties of the silica-based particles obtained from nitrogen adsorption
(−196 ◦C) before and after calcination.

Sample Compound SBET
a/m2 g−1 TPV b/cm3 g−1 Wads

c/nm

Before calcination

CysR5 1′ 13 0.01 n.d.
RRIL-1 2′ 48 0.03 n.d.
RRIL-2 3′ 22 0.01 n.d.

After calcination

CysR5 1′′ 727 0.3 1.1
RRIL-1 2′′ 180 0.1 6.5
RRIL-2 3′′ 650 0.3 1.3

a Specific surface area determined using the BET the Micropore BET Assistant was used. The points were chosen
individually to ensure a negative c constant value and a linear BET regression. b Total pore volume calculated
using the Gurvitch rule at P/P0 = 0.95. c Mode pore size calculated using the kernel of NLDFT metastable
isotherms (adsorption branch).

As expected, a pronounced increase in specific surface area and pore volume is ob-
served after calcination for all silica materials. The increase in porosity is caused by removal
of the silica-precipitating peptides upon calcination. This corroborates the encapsulation of
the peptides within the silica particles and their role as a biological porogen. This effect
was most pronounced for CysR5 1′ and RRIL-2 3′ silica particles with a substantial increase
in surface area from 13 to 727 m2 g−1 for CysR5 and 22 to 650 m2 g−1 for RRIL-2 silica
particles. On the other hand, for RRIL-1 silica particles 2′ only a moderate increase in
surface area from 48 to 180 m2 g−1 was observed. As can be seen from the wide-angle
powder X-ray diffraction (XRD) spectrum in Figure 7C, solely the RRIL-1 peptide 2 shows
two distinct peaks that are indicative of crystals that grow not only within the particles
but are also located on the outside. This finding indicates that the RRIL-1 peptide 2 has a
different mode of self-assembly compared to CysR5 1 and RRIL-2 3 that results in a smaller
internal surface area upon silica precipitation.

After calcination, Figure 8B shows that the nitrogen adsorption-desorption isotherm
of CysR5 1′′ is a typical Type I isotherm according to the IPUAC classification [72], in-
dicating that the product has a microporous structure. On the other hand, the isotherm
corresponding to calcined RRIL-2 silica particles 3′′ displays hybrid behavior with both
Type I and Type IV characteristics and featuring a wide H2b/H4 type hysteresis loop with
two desorption steps that could suggest a complex hierarchical pore structure with both
internal micropores and different sets of larger (meso)pores [73,74].

Calcined RRIL-1 silica particles 2′′ display a mixed Type II/IV isotherm with a very
wide capillary condensation step and H3-type hysteresis loop characteristic of a wide
distribution of mesopores and possibly macropores. The hysteresis loop closes through
a cavitation effect suggesting that access to the large (interstitial) mesoporous or macro-
porous voids is controlled by smaller internal pores/entrances (<4–5 nm) [75,76]. Pore
size distributions were calculated from the isotherms of the calcined materials using the
NLDFT method (similarly, NLPSDs obtained for as-made samples are shown for compar-
ison) [77,78]. As can be seen from Figure S25, the wide PSD of calcined RRIL-1 silica 2′′

is centered around 6–7 nm, but it spreads towards large pore sizes as well. In contrast,
calcined RRIL-2 3′′ and CysR5 1′′ samples demonstrate a narrow pore size distribution in
the micropore range centered at 1.3 and 1.1 nm, respectively. This marked difference in
pore size can also explain the observed difference in specific surface area between RRIL-1
silica 2′′ and the other samples.

Figure 7C shows wide-angle powder X-ray diffraction (XRD) patterns for CysR5 1′,
RRIL-1 2′ and RRIL-2 3′ silica samples. While CysR5 1′ and RRIL-2 3′ silica particles
essentially displayed the characteristic halo of amorphous materials, RRIL-1 silica particles
2′ showed two distinct reflections at 8◦ and 19◦ (2 theta) that indicate a polycrystalline
structure. This could be explained by the presence of the silica-precipitating RRIL-1 peptide
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2 that would not only be confined inside the silica particles as a kind of pore template, but
also located on the outside where larger crystals can grow [79].
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used as positive controls and medium (light blue) as negative control.
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3.5. Activation of Murine Bone Marrow-Derived Dendritic Cells by Silica Particles Generated from
Peptide–Antigen Conjugates

Having all the different sample types in hand, the immunostimulatory effects of
silica-precipitating peptides, peptide–antigen conjugates and silica particles made from
silica-precipitating peptides and respective conjugates on murine bone marrow-derived
dendritic cells (BMDCs) were elucidated by analyzing cytokine secretion in response to
exposure to peptides and silica particles. To this end, bone marrow-derived dendritic cells
were cultured in the presence of peptides and silica particles (see SI) [46]. LPS and PAM3
were used as positive controls and medium as negative control. The concentrations of a
set of cytokines indicating immune stimulation (IL-6, IL-12p70, IFN-γ and TNF-α) in the
culture supernatant were measured by ELISA.

All silica particles activated the BMDCs to produce the pro-inflammatory cytokines
IL-6 and TNF-α in a concentration-dependent manner as can be seen in Figure 6. However,
no induction of IL-12p70 and IFN-γ was observed which points towards a Th2 skewed
immune response [80,81]. Furthermore, silica particles made from CysR5 1, RRIL-1 2,
RRIL-2 3 and RRLL 4 were also able to induce IL-6 secretion. Here, CysR5 silica particles 1′

turned out to be remarkably potent and they also elicited a high level of TNF-α secretion.
Not only the silica particles but also the peptide conjugates by themselves were able to
induce IL-6, and to a lesser extent TNF-α secretion. Especially RRIL-1 and RRIL-2 peptide
conjugates produced a robust IL-6 secretion, whereas CysR5 peptide conjugates stimulated
a high TNF-α production. CysR5 1 was the only silica-precipitating peptide that was able
to stimulate IL-6 secretion although only at a very low level. In addition, it was the only
silica-precipitating peptide to elicit a moderate level of TNF-α secretion.

4. Discussion

The aim of this study was to investigate immunomodulatory properties of silaffin
and RRIL peptide-derived silica particles with varying morphologies and to evaluate their
potential as immune cell stimulators. In addition, a first analysis of their biophysical
characteristics was performed. To the best of our knowledge, this is the first study to
elucidate the immunostimulatory effects of silaffin-derived silica particles, which combine
the advantages of common silica particles with biomimetic production and control over
morphology in the context of immune stimulation and potential use of such particles as
carrier for subunit vaccines.

Silica particles with different morphologies and their respective peptide precursors
were able to induce NET release in primary human blood-derived neutrophils. Based on
the observation that the positively charged silica-precipitating RRIL peptides enhanced
NET formation in contrast to the negatively charged calcinated silica particles, which
abolished NET release independent of their shape (see Figure 3), we suggest a charge-
dependent model of NET induction similar to the mechanism of cathelicidin LL-37 and
alum as previously reported by Reithofer et al. [57]. In contrast to literature, we did not find
significant changes in the ability to induce NETs based on different particle morphologies.

However, not only charge, but also hydrophobicity seems to play a central role in
the induction of NET release. In contrast to the RRIL peptides that have a substantial
proportion of hydrophobic residues (>45%), in addition to their net charge of +5 under
physiological conditions at pH 7.0, the CysR5 1 peptide with a net charge of +6 lacks
those hydrophobic parts (Table 1 and Table S1). The human antimicrobial peptide LL-
37, a member of the α-cathelicidins, shares the cationic character and high content of
hydrophobic residues (35%) with the RRIL peptides. Multiple studies [54,82–84] have
demonstrated that LL-37 facilitates NET release in human neutrophils and also induces
NET release from neutrophils in vivo in a CLP septic model of mice. Neumann et al.
reported that LL-37-induced NETosis is related to the hydrophobic character of the peptide
which is in accordance with other studies that show that the hydrophobicity of LL-37 is
involved in the binding and disruption of bacterial membranes [85].
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Therefore, we suggest that the positive charge and hydrophobic character of the RRIL-
1 2, RRIL-2 3 and RRLL 4 peptide promote NET formation through destabilization of the
phagolysosomal membrane as described by Reithofer et al. and Neumann et al. [57,82].
Upon encapsulation of these peptides within silica, their positive charge is reduced and
their hydrophobic residues are masked, thus decreasing their ability to trigger NET release.
Due to their negative charge, calcinated silica particles fail to activate neutrophils to release
NETs. The cationic CysR5 peptide 1 is unable to initiate NET release because it lacks the
hydrophobic character that is needed to disrupt the lysosomal membrane. Furthermore,
the neutral silica particles did not promote NET formation and we were able to confirm that
particle size and shape do not influence the induction of NET as reported by Desai et al. [86].
Owing to the small sample size (n = 4) and high variance of our results due to highly
individual immune responses, additional studies have to be performed to confirm this
trend. However, we believe that our study can pave the way for the development of
biomimetic, positively charged, biocompatible particles that offer a good safety profile as
Bialas et al. have already demonstrated that R5-based silica nanoparticles were taken up
in human colon adenocarcinoma HT-29 cells without any detectable cytotoxic effects at
concentrations up to 100 µg/mL [67].

In our study, silica nanoparticles induced the specific production of the pro-inflammatory
cytokines IL-6 and TNF-α in murine bone s, similar to previous studies [87–93]. In gen-
eral, the secretion of pro-inflammatory cytokines is induced upon activation of pattern
recognition receptors (PRRs) [94,95]. Silica crystals, calcium phosphate, alum and other
particulates are internalized via phagocytosis and stimulate the NOD-like receptor and
intracellular PRR, NLRP3 (previously termed NALP3) as shown in Figure 9 [95–97].
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masome activation [96]. Furthermore, the presence of cytoplasmic ROS may play an im-
portant role in the activation of the NLRP3 inflammasome as reported by several authors. 
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suggest that the internalization of silica nanoparticles leads to the generation of ROS, thus 
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Figure 9. Silica particles activate the inflammasome and induce IL-1 production. Phagocytosis of silica
particles leads to phagosomal damage and activation of NALP3. Then, NALP3 associates with the
intracellular apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC)
that activates pro-caspase-1. The resulting inflammasome then cleaves pro-IL-1β to proinflammatory
IL-1β. Binding of silica to the cell membrane can also induce secretion of IL-1β without lysosomal
damage. Silica activates the NALP3 inflammasome that results in the efflux of potassium ions,
suggesting an interaction of silica with a membrane-associated protein. Secretion of IL-1β and TNF-α
leads to a positive feedback loop via IL-1 receptor signaling and additionally induces the production
of IL-6. NALP3, NACHT, LRR, and PYD domains-containing protein 3; ASC, apoptosis-associated
speck-like protein containing a caspase recruitment domain; NF-κB, nuclear factor-κB; IL, interleukin.
This figure was created using Servier Medical Art templates, which are licensed under a Creative
Commons Attribution 3.0 Unported License; https://smart.servier.com, accessed on 7 June 2022.
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However, not only the direct sensing of the crystal structure, but also lysosomal per-
turbation seem to lead to NLRP3 activation [96]. In addition, the inflammatory responses
do not appear to be limited to crystalline particles. Amorphous (non-crystalline) nano-,
submicro- and micro-sized silica particles have also induced the secretion of IL-1β via
activation of the inflammasome [98–100]. After internalization, silica particles have been
reported to destabilize and disrupt the lysosomal membrane, thereby triggering the re-
lease of lysosomal content including, cathepsin B, into the cytosol and causing NLRP3
inflammasome activation [96]. Furthermore, the presence of cytoplasmic ROS may play an
important role in the activation of the NLRP3 inflammasome as reported by several authors.
Nevertheless, it is still unclear whether these phenomena occur independently or in a
coordinated manner and how the endosomal rupture is facilitated [96,101]. Some studies
suggest that the internalization of silica nanoparticles leads to the generation of ROS, thus
activating the NLRP3 inflammasome and inducing IL-1β and TNF-α release [94,102–104].
Stimulation of BMDCs with cytokines such as IL-1β and TNF-α subsequently leads to the
production of IL-6 and a positive feedback loop via IL-1 receptor signalling [105–107].

5. Conclusions

Here, we have shown that silaffin-derived R5 and RRIL peptides as well as biomimetic
silica particles lead to the formation of NETs in human neutrophils and induce IL-6 and
TNF-α secretion in murine bone marrow-derived dendritic cells. The R5 peptide and
the corresponding RRIL motif are derived from the diatom Cylindrotheca fusiformis (C.
fusiformis) silaffin protein [47–49] and can biomimetically precipitate silica particles of
different morphologies from silicic acid at neutral pH and room temperature in aqueous
solution without the need for surfactants or organic templates that have to be removed
by calcination at high temperatures as it is necessary for the synthesis mesoporous silica
nanoparticles (MSNs) [47–50,50–52]. Therefore, sensitive cargo such as peptide antigens,
folded proteins or oligonucleotides can be directly conjugated to R5 and RRIL peptides
and encapsulated into silica particles. These results show the potential of silaffin-derived
peptides and silica particles as a self-adjuvanting platform for future (subunit) vaccines.
However, an in-depth analysis of the underlying pathway of activation is needed to eluci-
date the mechanisms behind the immunomodulatory effects of silaffin-derived biomimetic
silica particles. Furthermore, we provided the first biophysical characterization of the
silaffin-derived biomimetic silica particles as well as insights into the release kinetics of
silica encapsulated peptide–antigen conjugates. These results might pave the way for novel
routes of administration by overcoming obstacles associated with oral delivery, such as
antigen degradation in the harsh gastrointestinal environment with a wide range of pH,
poor membrane permeability, and inefficient uptake by APCs. Thus, the drawbacks of
subcutaneous or intramuscular injection including invasive procedures, poor patient com-
pliance and the requirement of professional personnel could be circumvented, leading to an
ease of administration, less stress and pain for the patients, minimal risk of contamination
and cost benefits.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/pharmaceutics15010121/s1, Figure S1: Final analysis of
the CysR5 peptide; Figure S2. Final analysis of the RRIL-1 peptide; Figure S3. Final analysis of
the RRIL-2 peptide; Figure S4. Final analysis of the RRLL peptide; Figure S5. EDX spectra of silica
particles; Figure S6. Fluorescence images of human neutrophils; Figure S7. Final analysis of the P467
peptide; Figure S8. Final analysis of the Bet v 1 peptide; Figure S9. Final analysis of the Phl p 5
peptide; Figure S10. Final analysis of the CysR5-P467 peptide-antigen conjugate; Figure S11. Final
analysis of the CysR5-Bet v 1 peptide-antigen conjugate; Figure S12. Final analysis of the CysR5-Phl p
5 peptide-antigen conjugate; Figure S13. Final analysis of the RRIL-1-P467 peptide-antigen conjugate;
Figure S14. Final analysis of the RRIL-1-Bet v 1peptide-antigen conjugate; Figure S15. Final analysis
of the RRIL-1-Phl p 5 peptide-antigen conjugate; Figure S16. Final analysis of the RRIL-2-P467
peptide-antigen conjugate; Figure S17. Final analysis of the RRIL-2-Bet v 1peptide-antigen conju-
gate; Figure S18. Final analysis of the RRIL-2-Phl p 5 peptide-antigen conjugate; Figure S19. Final
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analysis of the RRLL-P467 peptide-antigen conjugate; Figure S20. Final analysis of the RRLL-Bet v
1peptide-antigen conjugate; Figure S21. Final analysis of the RRLL-Phl p 5 peptide-antigen conjugate;
Figure S22. Release of CysR5-Phl p 5 peptide-antigen conjugate 1c; Figure S23. Scanning electron
micrographs (SEM) of silica particles; Figure S24. Zeta potential of CysR5 (1′), RRIL-1 (2′), RRIL-2 (3′)
and RRLL (4′) silica particles; Figure S25. Pore size distribution; Table S1. Calculated via ProtParam
by Expas.
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