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Among various nanoparticle platforms, the 24-mer 
ferritin nanoparticle stands out for its safety, self-assem-
bly, stability, and biocompatibility, making it a promis-
ing platform for vaccine development [3]. Antigens can 
be presented on ferritin by bioconjugation, such as tag/
catcher technology [4], click chemistry [5], and enzy-
matic catalysis [6], allowing proteins to maintain their 
native conformation and function. However, bioconju-
gation adds complexity to the bioprocess, with desirable 
conjugation efficiencies being seldom obtained. Conse-
quently, most ferritin-based vaccines are produced by 
genetically fusing the genes coding for ferritin and the 
antigen [7]. This strategy has led to candidates advancing 

Background
Protein-based vaccines use antigens derived from patho-
gens, representing a safer alternative to live or attenuated 
vaccines. When these antigens are displayed on nanopar-
ticles, they become more effective than soluble subunits 
by mimicking the natural size of pathogens [1], thereby 
triggering a stronger immune response [2].
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Abstract
Background  Rift Valley fever (RVF) is a WHO-prioritized zoonotic, vector-borne disease with no licensed prophylaxis 
available for humans, highlighting the need for effective vaccine strategies. Nanoparticle-based platforms for antigen 
presentation offer a promising approach for vaccine development.

Results  In this work, we engineered ferritin (Ft) nanoparticles to display the immunogenic Gn domain of RVF 
virus (GnFt) and systematically assessed the production, purification, and physico-chemical properties of the 
purified nanoparticles. Baculovirus-based expression systems were evaluated in insect (Sf9, High-Five™, Tnao38, and 
Tnms42) and mammalian cells (HEK293 and CHO), revealing Sf9 cells as the most efficient host for producing GnFt 
nanoparticles. In addition, affinity-based chromatography was explored, yielding GnFt nanoparticles of > 95% purity 
(as assessed by SDS-PAGE) and an overall production yield of 0.2 mg/L culture. Biophysical characterization (e.g., 
high-performance liquid chromatography, dynamic light scattering, electron microscopy, and mass photometry) 
confirmed proper 24-mer nanoparticle assembly (1,344 kDa and 20 nm) and structural integrity. Binding affinity to 
Gn-targeting monoclonal antibodies was demonstrated by biolayer interferometry, with dissociation constants in the 
nM range, indicating retained antigenic functionality.

Conclusions  These findings demonstrate the successful development of a platform for producing structurally stable, 
pure, and functional Gn-presenting ferritin nanoparticles, supporting their potential use for RVF vaccine development.
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to clinical trials against influenza [8–10], Epstein-Barr 
virus [11], SARS-CoV-2 [12], and HIV [13].

Genetic fusion has limited attachment points at the N- 
or C-termini, while folding issues and steric hindrance 
can interfere with proper nanoparticle assembly and 
affect productivity. These challenges can be mitigated 
through in silico conformation prediction and design of 
engineered proteins and linkers. Yet, experimental vali-
dation remains essential to fully realize the potential of 
ferritin nanoparticles as vaccine candidates.

Bacterial systems were initially used to produce pep-
tide-fused ferritin nanoparticles [7]. As interest in pre-
senting more complex antigens grew, mammalian cells 
(e.g., Human embryonic kidney [HEK] and Chinese ham-
ster ovary [CHO]) and, to a lesser extent, insect cells (e.g., 
Sf9), have become the preferred expression systems for 
ferritin-based vaccines (reviewed in [3]). These systems 
avoid the challenges associated with refolding proteins 
from bacterial inclusion bodies [14] and enable post-
translational modifications typical of eukaryotic cells.

The insect cell-baculovirus expression vector system 
(IC-BEVS) has become an established platform for pro-
ducing biologics, with successful products commercially 
available, like Cervarix® [15] and Flublok® [16]. This sys-
tem is based on the natural infectiosity and self-repli-
cating capacity of baculoviruses in insect cells. Upon 
infection, new virus generation coincides with recombi-
nant expression of the protein of interest. Baculoviruses 
can also transduce mammalian cells [17] (termed Bac-
Mam), enabling transgene expression when an appro-
priate promoter, such as the cytomegalovirus (CMV) 
promoter, is present [18]. This system is non-replicative 
in mammalian cells and requires a higher concentration 
of starting baculovirus since mammalian cells are not 
their natural host.

Rift Valley fever (RVF) is a WHO-prioritized vector-
borne zoonotic disease caused by RVF virus (RVFV). 
Recurrent outbreaks occur in ruminants and humans 
in sub-Saharan Africa and the Arabian Peninsula [19], 
with significant societal and economic impacts. RVF is 
mainly controlled in livestock using live-attenuated or 
inactivated viruses [20]; however, no licensed vaccine is 
available for human use, and safe veterinary vaccines are 
still needed. Existing live-attenuated vaccines are associ-
ated with teratogenicity and residual virulence in rumi-
nants, while inactivated vaccines require multiple dosing 
[21, 22]. From a biomanufacturing point of view, as a 
Biosafety Level 3 (BSL-3) pathogen, the development of 
live-attenuated/inactivated virus vaccines requires viral 
expansion and manipulation in BSL-3 facilities, being 
more hazardous than to develop next-generation vac-
cines platforms (e.g., mRNA, viral vectors, VLPs, subunit 
vaccines).

RVFV glycoproteins Gn and Gc, are involved in cell 
attachment and virus-cell membrane fusion and consid-
ered major antigenic components of the viral membrane 
[23]. Neutralizing antibodies predominantly target the 
Gn protein [24], making it an ideal candidate for next-
generation vaccine development. In this work, we estab-
lish a process for producing ferritin nanoparticles that 
display the RVFV Gn head domain as a vaccine candi-
date. We optimized and compared the IC-BEVS and 
BacMam systems in terms of productivity and prod-
uct quality and implemented a purification process that 
achieves greater than 95% purity.

Methods
Construct design and expression vectors  The N-termi-
nal extension of bullfrog (Rana catesbeiana) ferritin lower 
subunit (res. 2–9, PDB ID: 1RCC [25]) with a point muta-
tion N8Q to eliminate a potential N-glycosylation site 
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was fused to Helicobacter pylori ferritin (res. 3-167, PDB 
ID: 3BVE [26]) with point mutations I7E to preserve the 
conserved salt bridge with bullfrog ferritin at residue 6R, 
and N19Q to remove a potential N-glycosylation site; this 
hybrid ferritin was previously designed by Kanekiyo et al. 
[11] to have antigen-presentation sites evenly distributed 
across its surface.

The Gn head domain sequence (res. 154–467, Uni-
Prot ID: P03518 [27]) was selected with point mutations 
E276G, L329H and I444V [28] and fused upstream to the 
hybrid ferritin using a glycine-serine (GS)-rich linker. 
The resulting Gn-ferritin (GnFt) nucleotide sequence 
was codon-optimized for expression in insect and mam-
malian cells, using GenSmart Codon Optimization 
(GenScript). For secretion into the culture medium, 
N-terminal signal peptides from Autographa californica 
nuclear polyhedrosis virus major envelope glycoprotein 
(GP67) and human interleukin-2 (IL2) were used for 
insect and mammalian cells, respectively. An alanine res-
idue was added downstream the signal peptides, followed 
by a hexahistidine tag to facilitate purification, resulting 
in two constructs: GP67-A-GnFt and IL2-A-GnFt. These 
sequences were synthesized and cloned into the pUC-
GW-Kan expression vector (Azenta).

The synthesized sequences were further cloned into 
two different ligation-independent cloning (LIC)-adapted 
expression vectors [29]. GP67-A-GnFt was inserted 
into pFastBac C-term [30] for expression in insect cells, 
resulting in pFastBac-GP67-A-GnFt. Similarly, IL2-A-
GnFt was inserted into the pBacMam C-term [30, 31] for 
expression in mammalian cells, yielding pBacMam-IL2-
A-GnFt. Site-directed mutagenesis was performed to 
generate constructs lacking the alanine residue, result-
ing in pFastBac-GP67-GnFt and pBacMam-IL2-GnFt. 
All plasmids were transformed into DH10B-T1 compe-
tent cells (Thermo Fisher Scientific) and purified using 
E.Z.N.A.® Plasmid DNA Mini Kit I (Omega Bio-tek).

Additionally, dsDNA coding for human cluster of dif-
ferentiation 5 (hCD5) and bovine prolactin (bPRL) sig-
nal sequences were synthesized by IDT and used to 
replace the IL2-A sequence in pBacMam-IL2-A-GnFt 
using InFusion® cloning (Takara), generating the vectors 
pBacMam-hCD5-GnFt and pBacMam-bPRL-GnFt. Fur-
ther modifications involved extracting the human phos-
phoglycerate kinase (PGK) promoter and the enhanced 
green fluorescent protein (EGFP) sequences from the 
pRRLSIN.cPPT.PGK-GFP.WPRE vector and insert-
ing them downstream of the GnFt coding sequence in 
pBacMam-hCD5-GnFt using InFusion® cloning, result-
ing in pBacMam-hCD5-GnFt-PGK-EGFP. This modifica-
tion was intended to assess mammalian transduction via 
fluorescence-based methods. Final vectors were trans-
formed into Stellar™ competent cells (Takara) according 
to the manufacturer’s instructions and purified using the 

GeneJET Plasmid Miniprep Kit. Primer sequences used 
for LIC, mutagenesis, and InFusion® cloning are detailed 
in Table S1. Signal peptide and protein constructs, 
including their corresponding amino acid sequences, are 
provided in Table S2.

For bacmid generation by transposition [32], donor 
plasmids were transformed into DH10EmBacY (Geneva 
Biotech) or MAX Efficiency™ DH10Bac (Gibco) compe-
tent cells. Bacmids were extracted using reagents from 
the miniprep kits, followed by precipitation with ethanol/
isopropanol, resuspension in water, and storage at -20 °C 
until further use.

DNA concentration was determined spectrophoto-
metrically at 260  nm using a Nanodrop OneC (Thermo 
Fischer Scientific).

Cell lines and culture media  Insect cell lines Sf9 (Invi-
trogen), SuperSf9-2 (SuperSf9, OET), High Five™ (Hi5, 
Gibco), Hi5-derivatives Tnms42 [33, 34] and BTI-Tnao38 
(Tnao38) [35, 36], and mammalian cell lines HEK293-
6E (HEK293, NRC Canada) and FreeStyle™ CHO-S cells 
(CHO, Gibco) were passaged every 2–3 days in 125 
mL–2 L shake flasks (Corning) with a working volume of 
10–20%.

Insect cells were maintained at 27  °C in an Inova 44R 
shaking incubator (Eppendorf ) set to 100  rpm using 
Sf-900™ II SFM (Sf900II) or Express Five™ SFM supple-
mented with 20 mM L-Glutamine (for Hi5 only). Mam-
malian cell lines were maintained at 37 °C in a humidified 
atmosphere with 5% CO2 in a Multitron shaking incu-
bator (Infors HT) set to 100  rpm. HEK293 were grown 
in FreeStyle™ F17 Expression Medium supplemented 
with 4 mM GlutaMAX™, 0.1% Pluronic™ F-68 and 25 µg/
ml Geneticin™, while CHO were cultivated in CD CHO 
Medium supplemented with 8 mM GlutaMAX™ (all from 
Gibco).

Viable cell density (VCD) and cell viability were 
assessed using the trypan-blue exclusion method with a 
Cedex HiRes cell analyser (Roche) following the manu-
facturer’s instructions.

Baculovirus generation, amplification and storage  Sf9 
cells (2 mL) were seeded at 0.5 × 106 cells/mL in 6-well 
culture plates and allowed to adhere. For each transfec-
tion reaction, 8  µl of Cellfectin™ II (Gibco) and 1  µg of 
bacmid DNA were diluted in 200 µl of Sf9 medium and 
incubated at room temperature (RT) for 30 min. Medium 
in the culture plates was aspirated and replaced with 1.8 
mL of fresh medium, along with the transfection mixture. 
After 96 h of incubation at 27 °C, the recombinant bacu-
lovirus (rBAC) P0 was harvested. For rBAC amplification, 
Sf9 cells were infected at 1 × 106 cell/mL using varying 
dilutions of virus. rBAC were harvested by centrifuga-
tion (200×g, 10 min + 2,000×g, 20 min, 4 °C) when viabil-
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ity reached 80–90%, typically after 3–4 days. rBAC stocks 
were amplified up to P2 and stored at 4 °C in the dark until 
further use.

For BacMam applications, certain rBAC stocks were 
concentrated using PEG precipitation method. Briefly, 
rBAC stocks were mixed with 20% (w/v) PEG 8000 solu-
tion to a final concentration of 2% (v/v). The mixture was 
incubated overnight on a roller mixer at 4 °C and centri-
fuged (3,200×g, 30 min, 4 °C). The resulting pellets were 
resuspended in PBS supplemented with 0.5  M sucrose 
using 1/10 to 1/100 of the starting volume.

Baculovirus infectious titers were determined by the 
MTT assay [37, 38].

Small-scale expression assay  Expression assays were 
conducted in triplicate using 125-mL shake flasks with a 
working volume of 10–20%. Tested conditions included 
different cell lines, signal sequences, cell concentration at 
transduction/infection, multiplicities of infection (MOIs, 
defined as the number of plaque forming units (pfu) of 
virus per number of cells), media exchange, sodium 
butyrate (NaBut) concentration and timing of addition, 
and temperature shift. Samples were collected every 24 h 
to monitor VCD, cell viability, and GnFt production via 
western blot.

Comparison of GnFt expression in mammalian cells 
using established conditions of BacMam expres-
sion  Mammalian cell cultures (HEK293 and CHO cells) 
were grown in triplicate in 50-mL (5 mL working volume) 
Corning® mini bioreactors and transduced at 1 × 106 cells/
mL using rBAC containing the construct hCD5-GnFt-
PGK-EGFP at three different MOIs: 2, 20, and 100 pfu/
cell. Samples were collected every 24 h to monitor VCD, 
cell viability, and GnFt expression via western blot.

Purification using His•Bind resin  Sf9, Hi5, and 
HEK293 cultures were grown in 2 L (250 mL working vol-
ume) shake flasks using established optimal conditions. 
Cell cultures were harvested by centrifugation (2,000×g, 
20  min) and filtered (0.22  μm). Clarified supernatants 
were concentrated and dialysed 5× using 20 mM Tris, 500 
mM NaCl, pH 7.5 (base buffer) and a 1000 kDa Pellicon® 
2 Cassette with a Ultracel® membrane (Millipore) oper-
ated in tangential flow filtration (TFF) mode. The result-
ing retentates were filtered (0.22 μm), supplemented with 
10 mM imidazole (final concentration), and incubated 
with 1-mL His•Bind resin® (Millipore) for 1 h at 4 °C in a 
roller mixer. Protein was purified using Econo-Pac® grav-
ity chromatography columns (Bio-Rad). For Sf9 and Hi5 
cells, wash and elution were performed with base buffer 
supplemented with 70 and 250 mM imidazole, respec-
tively. For HEK293, a step gradient ranging 25–250 mM 
was used.

Purification using ProteIndex™ Ni-Penta™ prepacked 
cartridges  Sf9 cells were grown in 2  L (200 mL work-
ing volume) shake flasks using established optimal con-
ditions. Clarified supernatants were filtered (0.22  μm) 
and either directly loaded (DL) into 1-mL ProteIndex™ 
Ni-Penta™ agarose 6FF prepacked cartridges (Marvel-
gent Biosciences) or concentrated/dialysed by TFF as 
previously described. The resulting retentate was filtered 
(0.22 μm) to obtain the treated clarified (TC). Protein sus-
pensions (DL and TC) were loaded at 1 mL/min onto a 
1-mL ProteIndex™ cartridge, pre-equilibrated with base 
buffer, connected to an Äkta Explorer system (Cytiva). 
The column was washed with 20 mM imidazole, and elu-
tion performed using a 20-min linear gradient up to 250 
mM imidazole.

Production of ferritin nanoparticles devoid of anti-
gen  The bullfrog-H. pylori hybrid ferritin (Ft) devoid 
of the Gn antigen contained a hexahistidine tag at the 
N-terminal and was synthesized and cloned into pOET1.1 
(Oxford Expression Technologies) by GenScript. rBAC 
containing the Ft sequence was generated by homologous 
recombination using flashBAC ULTRA (Oxford Expres-
sion Technologies) as per manufacturer’s instructions, 
and amplified as described above. Sf9 cultures were grown 
in 2 L (200 mL working volume) shake flasks and infected 
at 2 × 106 cell/mL and MOI of 1 pfu/cell. After 72 h, cell 
pellets were harvested by centrifugation and resuspended 
in base buffer supplemented with 0.2% Deviron® C16 
(Merck), 50 U/mL Benzonase® (Millipore), 2 mM MgCl2, 
and cOmplete ™ protease inhibitor cocktail (Roche) using 
1/10 of the starting volume. The suspension was incu-
bated on a roller mixer for 30  min at 4  °C, followed by 
centrifugation (16,000×g, 1 h, 4 °C). The lysate was filtered 
(0.45  μm) and purified using a 1-mL ProteIndex™ car-
tridge as described above.

Protein storage and quantification  After chromatog-
raphy, GnFt- and Ft-containing fractions were pooled, 
concentrated, dialyzed against formulation buffer (20 
mM Tris, 150 mM NaCl, pH 7.5) using 100-kDa cutoff 
Amicon® centrifugal units (Millipore), filtered (0.22 μm), 
and stored at -80 °C. Protein concentration was estimated 
using Pierce™ BCA protein assay kit (Thermo Scientific) 
or absorbance at 280 nm using the extinction coefficient 
4.74 × 104 M− 1cm− 1 (GnFt, 1-mer) and 2.14 × 104 M− 1cm− 1 
(Ft, 1-mer), as estimated by the ProtParam tool (Expasy 
[39]), in a Nanodrop OneC.

SDS-PAGE and western blot analysis  Samples were 
mixed with LDS sample buffer and sample reducing agent, 
heated (3 min, 99 °C), loaded onto 4–12% bis-tris gels, and 
electrophoresis performed (40 min, 200 V, 400 mA) using 
MES SDS running buffer and SeeBlue™ Plus2 pre-stained 
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protein standard. Proteins were transferred onto nitrocel-
lulose membranes using iBlot™ 2 transfer stacks and gel 
transfer device (10 min, 20 V) (all from Invitrogen).

After transfer, membranes were blocked for 1 h at RT 
in tris-buffered saline (Sigma-Aldrich) with 0.1% Tween-
20 (Millipore) (TBST) containing 5% (w/v) skim milk 
(Millipore). Membranes were incubated overnight at RT 
with primary antibodies, followed by a 1 h incubation at 
RT with secondary antibodies; membranes were washed 
three times with TBST for 5 min between each incuba-
tion step. Bands were revealed using NBT/BCIP 1-Step 
(Thermo Fisher Scientific) and documented with an 
iBright FL1500 (Invitrogen).

Antibodies were prepared in blocking solution and 
included mouse monoclonal anti-RVFV Gn glycoprotein 
(NR-43185 [40], BEI Resources) and mouse 6x-HisTag 
monoclonal antibody (MA1-21315, Invitrogen) as pri-
mary antibodies (1:1,000–2,000) and goat anti-mouse 
IgG conjugated with alkaline phosphatase (A3438-25ML, 
Sigma-Aldrich) (1:5000) as secondary antibody.

Densitometry  Densitometry analysis of protein bands 
on the western blot membranes was conducted using 
ImageJ software [41]. Relative volumetric titer for each 
sample was calculated by dividing the band intensity area 
of that sample by the intensity area of a given condition. 
Relative cell-specific productivity was determined simi-
larly, with the intensity area further normalized by divid-
ing it by the area under the VCD curve.

High performance liquid chromatography 
(HPLC)  Samples were analysed on a HPLC system with a 
Vanquish Diode Array Detector (Thermo Scientific) using 
a Bio SEC-5 column (500 Å, 5 μm, 4.6 × 300 mm, Agilent) 
at a flow rate of 0.3 mL/min. Formulation buffer was used 
as mobile phase and BEH450 SEC Protein Standard Mix 
(Waters) as molecular weight standard.

Dynamic light scattering (DLS)  The size distribution of 
particles in protein samples was estimated by DLS using 
a Zetasizer Ultra (Malvern Panalytical). Protein samples 
were diluted in formulation buffer to a final volume of 
800 µL and placed in disposable cuvettes. Each sample 
was measured three times, and data analysed using ZS 
Xplorer software (Malvern Panalytical).

Mass photometry  The molecular mass of proteins 
was determined using the mass photometer SamuxMP 
(Refyne). Formulation buffer (18 µL) was added to the 
slide and autofocus adjusted. Subsequently, 2 µL of sample 
was resuspended in the buffer droplet. Data was acquired 
and analyzed using AcquireMP and Discover MP soft-
ware (Refyne), respectively.

Negative staining transmission electron microscopy 
(nsTEM) and single-particle analysis  Sample prepa-
ration and imaging of nanoparticles by nsTEM were 
performed at the Electron Microscopy Facility at CIC bio-
GUNE. Purified proteins were prepared at 0.1–0.3 mg/mL 
in formulation buffer. Freshly glow-discharged CF400-Cu 
grids (EM Sciences) were incubated with an 8-µL droplet 
of each sample for 60 s and then transferred to an 8-µL 
MilliQ water droplet for 30  s. Grids were subsequently 
placed on a uranyl acetate droplet for two consecutive 30 s 
incubations, and left to dry prior to visualization; excess 
liquid was removed using Whatman paper after each 
incubation.

For imaging, grids were transferred into an EM-11,170 
pentaholder (Gatan) and visualized on a JEM-1230 trans-
mission electron microscope (JEOL) equipped with a 
LaB6 emission gun (FEG), operated at 100 kV, and spher-
ical aberration of 2.0 mm. Digital images were recorded 
on a 4  K×4  K (15  μm pixels) Ultrascan4000™ charge-
coupled device camera (Gatan) using a nominal magni-
fication of 40,000 × (2.9 Å/pixel) with a total dose on the 
order of 40–60 electrons/Å² per exposure, at defocus val-
ues ranging from 3.0 to 5.0 μm.

Single-particle analysis was performed using Cryo-
SPARC v4.3 [42]. From 35 micrographs, 131,071 and 
47,020 particles were extracted for Ft and GnFt, respec-
tively, using a template picker. After four rounds of 2D 
classification, the final 2D classes contained 10,820 Ft and 
2,888 GnFt nanoparticles.

Biolayer interferometry (BLI) of antibodies binding 
to nanoparticles  Nanoparticle binding to Gn-specific 
monoclonal antibodies was measured with an Octet 
RED96 (FortéBio). NTA biosensors (Sartorius) were equil-
ibrated in kinetic buffer (Sartorius) for 180 s, loaded with 
GnFt or Ft nanoparticles (10 µg/mL) for 300 s, and sub-
jected to three-fold serial antibody dilutions (starting at 90 
nM) for 600 s association and 600 s dissociation in kinetic 
buffer. Regeneration between experiments was achieved 
with glycine (100 mM, pH 2.0) followed by nickel recharg-
ing with NiSO4 (100 mM). Kinetic constants were deter-
mined by fitting data to a non-linear regression model in 
GraphPad Prism v10.4.2. Antibodies included monoclo-
nal anti-RVFV Gn NR-43185, NR-43189, NR-43190, and 
NR-43195 (BEI Resources).

Statistical analysis  Statistical analysis and graphical 
representation were performed using GraphPad Prism 
v10.4.1. To determine statistical significance, unpaired 
t-test was used for comparisons between two groups. For 
multiple groups, one- or two-way analysis of variance 
(ANOVA) followed by Tukey’s or Šídák’s multiple com-
parisons test was employed. A p-value greater than 0.05 
was considered non-significant (ns). Significance levels 
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are indicated as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, 
**** p < 0.0001. Results are displayed as mean ± standard 
deviation (SD).

Results
BacMam system for producing GnFt nanoparticles
To explore the BacMam system for GnFt nanoparticle 
production, two mammalian cell lines were initially 
compared: HEK293 and CHO cells; cells were infected 
at a viable cell density (VCD) of 2 × 106 cells/mL with 
10% (v/v) rBACIL2−A formulated in Sf9 insect cell culture 
medium (Sf900II). After 96  h, expression of GnFt was 
only detectable by western blot in culture supernatant of 
HEK293 cells (data not shown).

To determine whether residual components from 
Sf900II, used during rBAC amplification, had any influ-
ence on GnFt expression, particularly given the high mul-
tiplicity of infection (MOI) required for mammalian cell 
transduction, strategies such as exchanging the cell cul-
ture medium upon transduction or using concentrated 
rBAC stocks resuspended in PBS buffer were evaluated. 
For these experiments, HEK293 cells were transduced at 
2 × 106 cells/mL with rBACIL2−A and MOI of 25 pfu/cell. 
Initial results show that complete media exchange (to 
HEK293 cell growth medium) at 6 hours post-infection 
(hpi) has no detrimental effects on GnFt expression, with 
cell growth and viability profile comparable to that of 
non-infected cells (Fig. S1A, B). Media exchange at 1, 3, 
and 6 hpi was further investigated. Although the uptake 
of infectious virus increased over time, no significant dif-
ference in cell growth kinetics nor GnFt expression was 
observed (Fig. S1C, D, E). Therefore, to streamline the 
procedure, media exchange at 3 hpi was selected as best 
strategy. To eliminate the need for media exchange, rBAC 
stocks were concentrated and stored in PBS supple-
mented with 0.5 M sucrose (PBS/Suc), and subsequently 
evaluated for HEK293 transduction and GnFt expression. 
This approach yielded growth kinetics comparable to 
non-infected cells and resulted in productivity levels sim-
ilar to those achieved with rBAC formulated in Sf900II 
medium followed by media exchange at 3 hpi (Fig. S1F, 
G). Overall, these findings suggest that both strategies 
(i.e., media exchange at 3 hpi or concentrated rBAC) are 
suitable to limit any potential impact that residual com-
ponents from Sf900II medium may have on HEK293 
transduction and subsequently on GnFt expression.

The next set of experiments focused on improving 
GnFt expression in HEK293 cells, exploring different sig-
nal peptides, MOI, VCD, additives, and culture tempera-
ture. Various signal sequences were tested: IL2, hCD5 
and bPRL, which have been used for extracellular pro-
duction of antigen-fused ferritin nanoparticles in mam-
malian cells (reviewed in [3]). The IL2 sequence with 
an adjacent alanine residue (IL2-A) was also compared 

(Fig. 1A), which was previously shown to improve protein 
secretion [43]. Although secretion was similar among the 
constructs, rBAChCD5 resulted in the highest extracellu-
lar-to-intracellular GnFt protein ratio (Fig.  1B) and was 
selected for subsequent studies.

Transduction optimization followed by evaluating dif-
ferent cell concentrations at transduction (1 and 2 × 106 
cells/mL), MOIs (10, 25, and 50 pfu/cell) and times of 
harvest (TOH: 72 and 96 hpi). Expression was similar 
across all conditions using an initial concentration of 
1 × 106 cells/mL (Fig.  1C). However, using 2 × 106 cells/
mL as a starting point, significantly higher expression 
was observed for MOIs of 25 or 50 pfu/cell and TOH of 
96 hpi (Fig.  1D). Since MOI of 25 pfu/cell requires less 
viral content, subsequent experiments were conducted 
using a concentration at transduction of 2 × 106 cells/mL, 
MOI of 25 pfu/cell, and TOH of 96 hpi.

Given that histone deacetylase inhibitors, such as 
sodium butyrate (NaBut), are known to increase protein 
expression in mammalian cells, different concentrations 
of NaBut (0, 1, and 5 mM) and timings of addition (8 and 
24 hpi) were tested. NaBut supplementation increased 
GnFt expression, with no statistically significant differ-
ence between 1 and 5 mM. Notably, adding NaBut at 
8 hpi resulted in higher expression compared to 24 hpi 
(Fig. 1E). Since NaBut’s cytotoxicity led to decreased cell 
viability when added at 8 hpi (Fig. S2D, E), 1 mM NaBut 
supplementation was selected to minimize its negative 
impact.

Mild hypothermia is known to reduce cell growth rates 
while increasing productivity in mammalian cells [44, 
45]. To test this, HEK293 cells were cultured at 30  °C 
following NaBut supplementation. As expected, growth 
arrest was observed compared to cells grown at 37  °C 
(Fig. S2F). Although no difference in volumetric GnFt 
titer was observed between the two temperatures, the 
lower VCD achieved at 30 °C led to a higher cell-specific 
productivity, particularly after 96 hpi (Fig. 1F). Nonethe-
less, to streamline the procedure, standard HEK293 cell 
culture temperature (37 °C) was maintained.

Finally, the optimal expression condition herein identi-
fied (i.e., concentrated rBAChCD5, 1 mM NaBut supple-
mentation at 8 hpi) was compared to the initial condition 
(i.e., rBAChCD5 formulated in Sf900II, medium exchange 
at 3 hpi); in both, HEK293 were transduced at an initial 
concentration of transduction of 2 × 106 cells/mL, MOI of 
25 pfu/cell, and cultured at 37 °C. The optimized condi-
tion resulted in a 5.4-fold volumetric titer and a 7.5-fold 
cell-specific productivity increase (Fig. 1G).

The best condition identified above was used to re-
assess the potential of HEK293 and CHO cells for GnFt 
expression. In this experiment, cells were transduced 
with rBAChCD5_GFP at 1 × 106 cells/mL, using MOIs 
of 2, 20, and 100 pfu/cell, and 1 mM NaBut added at 8 
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Fig. 1  Optimization of the BacMam system for producing GnFt. (A) Overview of BacMam rBAC constructs. (B-H) Analysis of various conditions on the 
volumetric titer (left) and cell-specific productivity (right) of GnFt following rBAC transduction of HEK293 cells. (B) Effect of different signal sequences 
(IL2-A, IL2, bPRL, hCD5) on GnFt secretion; rBAChCD5 construct was selected for subsequent experiments; EX and IN stand for extracellular and intracellular 
environments, respectively. (C-D) Impact of different MOIs (10, 25, 50 pfu/cell) on GnFt expression at 72 and 96 hpi in HEK293 cells transduced at (C) 1 
or (D) 2 × 106 cells/mL. (E) Effect of NaBut concentration (0, 1, 5 mM) and timing of addition (8 and 24 hpi). (F) Effect of temperature after 1 mM NaBut 
addition at 8 hpi; cells were maintained at 37 °C or 30 °C. (G) Comparison of GnFt expression under optimized conditions (concentrated rBAChCD5 and 1 
mM NaBut added at 8 hpi [PBS/Suc + NaBut]) versus initial infection conditions (rBAChCD5 formulated in Sf900II with media exchange at 3 hpi [Sf900II + ME 
at 3 hpi]). In panels (B), and (E-G) HEK293 cells were transduced at 2 × 106 cells/mL and MOI of 25 pfu/cell. (H) GnFt expression in HEK293 and CHO cells 
transduced with rBAChCD5_GFP at 1 × 106 cells/mL, using MOIs of 2, 20, and 100 pfu/cell, and 1 mM NaBut added at 8 hpi. In (B-H) GnFt expression was 
quantified by western blot densitometry using antibody against Gn, and are represented in relation to the condition marked by triangles (Δ). Data are 
presented as mean ± SD from n = 3 experimental replicates
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hpi. Transduction was confirmed by detection of green 
coloured cells using fluorescence microscopy (data not 
shown), and GnFt expression was assessed at 96 hpi. No 
significant differences in GnFt expression were observed 
across different MOIs in each cell line, with expression 
in HEK293 being significantly higher than in CHO cells 
(Fig. 1H).

IC-BEVS to produce GnFt nanoparticles
As a starting point for optimizing GnFt production 
using IC-BEVS, the GP67 signal sequence was selected 
for secretion and compared with a construct contain-
ing an adjacent alanine residue (GP67-A) to assess any 
improvement in secretion efficiency (Fig.  2A). Sf9 cells 
were infected at 1 × 106 cells/mL and MOI of 0.1 pfu/cell. 
No significant differences were observed in volumetric or 
cell-specific secretion (Fig. 2B), nor in cell growth kinet-
ics (Fig. S3); rBACGP67−A was selected for subsequent 
studies.

To identify the best expression host, five insect cell 
lines were evaluated: Sf9, SuperSf9, Hi5, Tnms42, and 
Tnao38, using different cell concentrations at infection 

(CCIs: 1 and 2 × 106 cells/mL) and MOIs (0.1 and 1 pfu/
cell). For both Sf9 and SuperSf9, no significant differ-
ence in volumetric titer was observed across all tested 
conditions; on the other hand, cells infected at a CCI of 
1 × 106 cells/mL exhibited higher cell-specific productiv-
ity compared to those infected at a CCI of 2 × 106 cells/
mL (Fig. S4A, B). These results, combined with the fact 
that lower CCIs minimize media component deple-
tion and by-products accumulation, led to the selection 
of CCI of 1 × 106 cells/mL as best condition. As to MOI, 
0.1 pfu/cell was selected for Sf9 cells to minimize rBAC 
stock usage, while 1 pfu/cell was considered optimal for 
SuperSf9 cells. Products derived from IC-BEVS should be 
harvested at high cell viabilities (ideally > 70%) to mini-
mize the downsides of this lytic system, which occurred 
at 72 hpi, thus defined as the TOH.

For Hi5, Tnao38, and Tnms42, CCI of 1 × 106 cells/
mL was globally considered advantageous over CCI of 
2 × 106 cells/mL in terms of volumetric titer and cell-spe-
cific productivity. Regarding MOI, while 1 pfu/cell led to 
highest expression in Hi5 cells, no significant difference 
in productivity was observed between the different MOIs 

Fig. 2  Optimization of the IC-BEVS system for producing GnFt. (A) Overview of IC-BEVS rBAC constructs used in expression assays. (B-D) Analysis of 
various conditions on cell growth kinetics and GnFt nanoparticle productivity following infection of insect cells. (B) Effect of different signal sequences 
(GP67-A, GP67) on GnFt secretion in Sf9 cells infected at 1 × 106 cells/mL and MOI of 0.1 pfu/cell. Volumetric titer (left) and cell-specific productivity (right) 
were assessed by western blot using antibodies against Gn (top) and histidine tag (bottom); rBACGP67-A construct was selected for subsequent experi-
ments; EX and IN denote extracellular and intracellular environments, respectively. (C-D) Comparison of optimal conditions for each cell line: Sf9, Tnao38, 
and Tnms42 were infected at 1 × 106 cells/mL and MOI of 0.1 pfu/cell, and SuperSf9 and Hi5 at 1 × 106 cells/mL and MOI of 1 pfu/cell. (C) Viable cell density 
(VCD, ●) and cell viability (○) kinetics. (D) Volumetric titer (left) and cell-specific productivity (right) of GnFt, quantified by western blot densitometry 
using antibody against histidine tag of samples from 72 hpi (Sf9, SuperSf9, Hi5) and 96 hpi (Tnao38, Tnms42). Data on bar charts are represented in relation 
to the condition marked by triangles (Δ). Data are presented as mean ± SD from n = 3 experimental replicates
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for Tnao38 and Tnms42, thus MOI of 0.1 pfu/cell was 
chosen for these cell lines to reduce rBAC stock usage. 
Notably, productivity was negligible across all cell lines 
using CCI of 2 × 106 cells/mL and MOI of 0.1 pfu/cell 
(Fig. S4C, D, E). Regarding TOH, 72 hpi was selected for 
Hi5, while 96 hpi was selected for Tnao38 and Tnms42. A 
summary of the optimal infection conditions for each cell 
line using IC-BEVS is provided in Table 1.

The optimal infection conditions for each cell line were 
compared in terms of infection kinetics and productivity 
(Fig. 2C, D). Sf9 and Hi5 exhibited the highest volumetric 
titer and cell-specific productivity, suggesting these are 
the most promising cell lines for producing GnFt using 
IC-BEVS.

Purification of GnFt nanoparticles using immobilized metal 
affinity chromatography (IMAC)
Until this point, GnFt expression was assessed in cell 
culture bulk samples. To evaluate the quality attributes 
of GnFt nanoparticles, purification is necessary. For this 
purpose, a histidine tag was introduced at the N-terminal 
of GnFt to enable purification via IMAC.

Using the optimal expression conditions for Sf9, Hi5, 
and HEK293 cells identified in previous sections, clarified 
culture supernatants were buffer-exchanged by tangen-
tial flow filtration (TFF) followed by gravity chromatog-
raphy purification using His•Bind resin. SDS-PAGE and 
western blot analysis revealed that GnFt protein from Sf9 
cells was mostly secreted, contrarily to Hi5 and HEK293 
cells in which GnFt protein remained mostly intracel-
lular (Fig. S5). Additionally, Sf9-derived GnFt protein 
exhibited strong affinity for nickel-bound resin, with neg-
ligible presence in the flowthrough and wash fractions, 
and demonstrated high purity in the eluted fraction (Fig. 
S5). In contrast, GnFt derived from Hi5 and HEK293 
cells could not be obtained in measurable amounts in the 
elution fractions (Fig. S5). Based on these results, only 
Sf9 cells were selected for further exploration of GnFt 
nanoparticle purification processes.

Aiming to establish a robust, scalable GnFt nanopar-
ticle purification process, ProteIndex Ni-Penta prepacked 
cartridges were evaluated due to their compatibility with 
flow chromatography and their chemical stability, which 
theoretically allows for direct loading of clarified culture 

supernatants without prior buffer exchange. This con-
trasts with conventional nickel-based IMAC resins where 
nickel leaching mediated by cell culture media compo-
nents can hinder purification. To test this hypothesis, 
two strategies were compared: loading of treated clari-
fied (TC) supernatants (i.e., with prior buffer-exchange 
by TFF) and direct loading (DL) of clarified supernatants 
onto the ProteIndex cartridges.

Sf9 cells were infected at CCI of 2 × 106 cells/mL and 
MOI of 1 pfu/mL. Cell cultures were harvested at 72 hpi 
and subsequently processed for GnFt nanoparticle puri-
fication by flow IMAC (Fig. S6A). During elution, GnFt 
protein was detected at the same imidazole concentra-
tion in both TC and DL conditions, with comparable 
absorbance values, indicating similar protein capture effi-
ciency. Importantly, a single elution peak was observed, 
enriched in GnFt (Fig. S6B). SDS-PAGE and western blot 
analysis showed the presence of GnFt in the DL wash 
fractions, which was not observed in the TC condition 
(Fig. S6C), suggesting that dialysis prior to column load-
ing enhances the binding performance of ProteIndex 
cartridges.

Reducing SDS-PAGE analysis confirmed > 95% purity 
of monomeric GnFt at the expected molecular weight 
of 56 kDa (Fig. 3A), with productivities of 0.2 mg/L cul-
ture for both purification strategies (Fig.  3B). The puri-
fied GnFt nanoparticles were further characterized using 
native-based analytics. DLS analysis showed that most 
nanoparticles purified by the TC strategy had an average 
size of 20  nm (Fig.  3C), representing the size of ferritin 
nanoparticles displaying Gn antigens. In contrast, the DL 
sample contained molecules with diameters ranging from 
100 to 200 nm, indicative of the presence of large impu-
rities such as vesicles, residual baculoviruses, or protein 
aggregates.

HPLC analysis of TC and DL samples showed over-
lapping elution curves at approximately 8.5  min, corre-
sponding to 24-mer GnFt nanoparticles (Fig. 3D). The TC 
sample exhibited a single peak, suggesting this purifica-
tion strategy effectively yields a homogeneous final prod-
uct in the desired 24-mer conformation. In contrast, the 
DL sample contained a second, more pronounced peak 
located in the column void volume (i.e., beyond the maxi-
mum range of the Bio SEC-5 column) corresponding to 
large entities (> 5 MDa), and consistent with the DLS 
results.

Noteworthy, three peaks eluted at 10, 13, and 16  min 
were visible in the DL strategy chromatogram, with the 
13  min peak also visible for the TC approach. These 
peaks were not visible in the standard protein mix chro-
matogram, so they are not derived from column artefacts 
or the running buffer. Most likely, the peaks represent 
impurities from the Sf9 cell culture, as these are com-
mon to both treated clarified (TC) and direct loading 

Table 1  Summary of the optimal conditions for each cell line 
using IC-BEVS

Sf9 SuperSf9 Hi5 Tnao38 Tnms42
CCI (x106cells/mL) 1 1 1 1 1
MOI (pfu/cell) 0.1 1 1 0.1 0.1
TOH (hpi) 72 72 72 96 96
Cell viability at TOH (%) 81 ± 2 66 ± 3 77 ± 1 69 ± 1 79 ± 1
CCI: cell concentration at infection, MOI: multiplicity of infection, TOH: time of 
harvest
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(DL) purification strategies. These impurities may be 
lower molecular weight proteins or other molecules with 
affinity to some components of the packed columns (e.g., 
nickel or agarose) that were eluted during the imidazole 
gradient at the same imidazole concentration as the GnFt 
nanoparticles.

Mass photometry confirmed that GnFt nanoparticles 
from both purification strategies contained the expected 
24-mer oligomeric form with an approximate molecular 
weight of 1,344 kDa (Fig. 3E).

Together, these results indicate that pure GnFt 
nanoparticles can be obtained by dialysis of culture 
supernatants followed by ProteIndex cartridge purifica-
tion (i.e., TC strategy). If using direct loading onto the 
cartridges (i.e., DL strategy), an additional subsequent 
size-exclusion chromatography step must be performed 
to remove the higher molecular weight impurities.

The purified GnFt nanoparticles obtained with the TC 
approach were compared to ferritin (Ft) nanoparticles 
lacking the Gn antigen. Reducing SDS-PAGE showed 
the expected Ft monomers with a molecular weight of 
20  kDa (Fig.  4A), while assembled 24-mer Ft nanopar-
ticles displayed a mass of ~ 500  kDa, as confirmed by 
mass photometry (Fig. 4B). DLS analysis revealed a clear 
hydrodynamic diameter shift between Gn-presenting 
(~ 20 nm) and non-presenting (~ 12 nm) Ft nanoparticles 
(Fig.  4C). Furthermore, nsTEM analysis showed globu-
lar, round-shaped Ft nanoparticles with a smooth surface 
with a diameter of less than 14 nm, while GnFt displayed 
well-assembled nanoparticles with distinct surrounding 
densities characteristic of Gn antigens and a diameter of 
~ 18 nm (Fig. 4D). Because DLS estimates the hydrody-
namic diameter, the irregular shape caused by the fused 
antigens may have contributed to a larger hydrodynamic 

Fig. 3  Characterization of GnFt nanoparticles produced in Sf9 and purified using ProteIndex Ni-Penta prepacked cartridges. (A-E) Characterization of 
purified GnFt nanoparticles obtained from different sample preparation: treated clarified (TC, blue) and direct load of clarified (DL, red). (A) SDS-PAGE (left) 
and western blot analysis using an antibody against Gn (right); wells contain 1 µg of protein. (B) Production yield estimated by BCA protein assay. Data 
are presented as mean ± SD from n = 4 technical replicates. (C) Particle size distribution by DLS. Data represents mean ± SD from n = 3 technical replicates. 
Corresponding correlograms are presented in Fig. S7A. (D) HPLC analysis of 100-µL samples at 1 µM. BEH450 protein standard mix is represented in grey: 
(1) thyroglobulin dimer (1.4 MDa), (2) thyroglobulin (669 kDa), (3) IgG (150 kDa), (4) BSA (66.4 kDa), (5) myoglobin (17 kDa), (6) uracil (112 Da). (E) Molecular 
weight estimation by mass photometry
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radius than that estimated by nsTEM. In summary, GnFt 
nanoparticles were successfully produced in Sf9 cells and 
purified to yield structurally stable and pure nanoparti-
cles suitable for further applications.

To assess the antigenic integrity of Gn presented on 
the nanoparticle surface, biolayer interferometry (BLI) 
was performed using four RVFV Gn-specific monoclo-
nal antibodies (NR-43185, NR-43189, NR-43190, and 
NR-43195), the latter two being neutralizing (Fig.  5A). 

Fig. 5  Comparison of purified GnFt and Ft nanoparticles. (A) BLI sensorgrams showing real-time binding kinetics of four RVFV Gn-specific monoclonal 
antibodies (NR-43185, NR-43189, NR-43190, NR-43195) used at threefold serial dilutions, starting at 90 nM, to GnFt nanoparticles. (B) BLI sensorgram of Ft 
nanoparticles using 90 nM of each antibody as single concentration

 

Fig. 4  Comparison of purified GnFt and Ft nanoparticles. (A-D) Characterization of purified Ft (grey) and GnFt (green) nanoparticles. (A) SDS-PAGE 
analysis of Ft (20 kDa) and GnFt (56 kDa); wells contain 1 µg of protein. (B) Molecular weight estimation by mass photometry. (C) Particle size distribu-
tion by DLS. Data represents mean ± SD from n = 3 technical replicates. Corresponding correlograms are presented in Fig. S7B. (D) Representative nsTEM 
micrographs of Ft (left) and GnFt (right) nanoparticles with 2D classes depicted on the right. Scale bars of the 2D classes represent 140 Å and 180 Å for Ft 
and GnFt nanoparticles, respectively
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Association and dissociation kinetics were recorded in 
real time and fit to a nonlinear regression. All antibodies 
bound GnFt with equilibrium dissociation constants (KD) 
in the nanomolar range (Table 2), indicating high-affinity 
interactions and preservation of conformational epit-
opes. No significant binding was detected to Gn-devoid 
Ft nanoparticles, confirming the specificity of antibody 
recognition (Fig. 5B).

Discussion
Selecting suitable expression systems and designing scal-
able bioprocesses are critical for biopharmaceutical pro-
duction. Baculoviruses are well-suited for these tasks 
as they can be easily constructed and amplified to high 
titers using insect cells with minimal safety concerns 
[17]. Additionally, IC-BEVS is an established method, 
with several commercially available products, sup-
porting regulatory acceptance of baculovirus-derived 
biotherapeutics.

Given the potential for ferritin-based vaccines and the 
urgent need for RVFV prophylaxis, we designed a ferri-
tin nanoparticle fused to the immunogenic ectodomain 
of RVFV Gn. Through a series of optimization experi-
ments, we sought to establish a bioprocess to produce 
GnFt nanoparticles using a baculovirus-based expression 
system.

Baculoviruses can be used in both insect and mam-
malian cell lines, being valuable for high-throughput 
screening assays where mammalian systems fall short 
[31]. Insect cells lack the ability to perform complex post-
translational modifications such as sialylation, essential 
for the functionality of many pharmaceutical proteins. 
The lytic nature of IC-BEVS presents further challenges, 
including protease release and incomplete protein pro-
cessing [46], as well as premature cell death that hinders 
continuous production, although multistage bioreactor 
strategies may offer solutions [47]. These challenges con-
tributed to the development of BacMam.

In mammalian cells, baculoviruses offer advantages 
over plasmid DNA-based transient expression, which is 
inefficient and costly. Studies have shown that transduc-
tion with rBAC is superior to transfection agents [48], 
and BacMam expression levels surpass those achieved 

with calcium phosphate co-precipitation or lipofection 
[18, 49], especially when using transcription enhancers 
[48]. In contrast to viral vectors like adenoviruses and 
adeno-associated viruses, which have limited scalabil-
ity and capacity (< 8 kb), BacMam provides greater scal-
ability and can accommodate larger constructs (~ 80 kb), 
ideal for producing complex, multicomponent proteins 
[50]. While adenoviral transfection showed higher effi-
ciency, BacMam achieved comparable expression lev-
els [18]. Additionally, BacMam’s non-replicative nature 
allows for continuous production. For example, Jardin et 
al. sustained HEK cell expression for up to 30 days using 
a semi-continuous perfusion process with a hollow fiber 
bioreactor system [51].

In this work, initial tests with BacMam showed no 
apparent expression in CHO cells, consistent with pre-
vious reports that CHO cells require higher baculoviral 
dosages compared to HEK [48], with rBAC transduction 
efficiency in CHO being poor [46] and less effective than 
in HEK cells, where expression was at least 10-fold higher 
[51]. BacMam rBAC stocks formulated in insect cell 
medium led to HEK293 cell death, consistent with find-
ings that Sf900III medium induces high cell aggregation 
and severely compromises viability [52]. To address this, 
previous studies either changed the cell culture medium 
after viral addition or prepared viral stocks in differ-
ent formulations, as insect cell media can interfere with 
mammalian baculoviral transduction [51]. Puente-Mas-
saguer et al. used rBAC stocks in FreeStyle 293 medium, 
which still led to cell clumping and viability decrease, 
albeit to a lesser extent [52]. Transduction in PBS proved 
more efficient [53, 54] and yielded higher expression 
levels compared to using insect or mammalian media 
[54]. In this work, medium exchange after viral addi-
tion showed no detrimental effect to productivity or cell 
growth, while the use of concentrated virus formulated 
in PBS minimized the volume of rBAC stock needed to 
obtain the high MOIs required for BacMam [51].

Various MOIs and cell concentrations at transduc-
tion were tested for optimal productivity, as these criti-
cal process parameters are cell- and product-dependent. 
Using a Design of Experiments (DOE) approach, Jardin 
et al. found that MOI and the synergy between MOI and 
cell concentration at transduction most impacted trans-
duction and secreted alkaline phosphatase levels, with a 
MOI of 500 pfu/cell being optimal [51]. Miyaushi et al. 
reported peak expression of drug-metabolizing enzymes 
at MOIs of 75–100 pfu/cell [49], while for virus-like par-
ticle (VLP) production, Tang et al. observed increased 
expression with higher MOIs, saturating at MOI > 60 pfu/
cell [53]. Using DOE, Puente-Massaguer et al. selected 
an optimal MOI of 50 pfu/cell and cell concentration at 
transduction of 2 × 106 cells/mL for VLP production [52]. 
Combining high MOIs with high cell concentrations 

Table 2  Binding kinetics of RVFV Gn-specific monoclonal 
antibodies to GnFt nanoparticles. Equilibrium dissociation 
constants (KD), association rate constants (kon), and dissociation 
rate constants (koff) were determined by nonlinear regression 
analysis of BLI sensorgrams
Antibody ID kon (×106 M-1.min-1) koff (×10− 2 M-1.min-1) KD (nM)
NR-43185 0.74 6.66 1.11
NR-43189 0.15 2.77 0.55
NR-43190 0.59 7.06 0.83
NR-43195 1.11 9.12 1.21
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led to widespread cell aggregation [52], while MOIs of 
400–800 pfu/cell hampered cell growth, postulated to be 
due to viral genome overloading and subsequent over-
expression-related toxicity and metabolic burden. Hu et 
al. selected MOI of 200 pfu/cell as optimal for GFP pro-
duction [46]. In this work, GnFt production in HEK293 
cells using MOI of 25 pfu/cell and cell concentration at 
transduction of 2 × 106 cells/mL were considered optimal. 
Although the selected cell concentration is consistent 
with the literature, higher MOIs could improve produc-
tivity, and the use of a DOE approach could help stream-
line various variables that synergistically influence final 
yields.

Histone deacetylase inhibitors are commonly used 
to upregulate gene expression. GnFt expression was 
improved 3- to 4-fold using 1 mM NaBut, which was 
chosen over 5 mM due to cytotoxicity. Prior studies 
found optimal NaBut concentrations in the 3-4.5 mM 
range, with associated cytotoxicity [49], while others 
reported 5–7 mM for VLP production [52, 53]. Valpro-
ate is a less cytotoxic alternative, though less effective 
[46], and trichostatin A (TSA) also enhances expression 
[51]. Notably, Toth et al. found that NaBut or TSA can be 
used at lower molarities (µM and nM) maintaining high 
expression, minimizing cytotoxicity, and offering a more 
cost-effective scale-up [48].

BacMam could be further improved using a low-pH 
trigger [55] (e.g., Ouabain), which decreases the pH of 
early endosomes and enhances virus transduction in 
several mammalian cells [54]. Additionally, since rBAC 
primarily enters through clathrin-mediated endocyto-
sis (a low pH-dependent endocytic pathway), inhibiting 
other pathways, such as using the caveolar endocytosis 
inhibitor genistein, can significantly enhance cell trans-
duction [56]. Further strategies could include lowering 
the temperature to 27 °C upon viral addition to preserve 
the physical integrity of rBAC [54], or using vesicular 
stomatitis virus glycoprotein (VSVG)-containing rBAC 
to increase baculoviral escape from intracellular vesicles 
[57].

Although IC-BEVS is a well-established expression 
platform that leverages the native machinery of baculo-
virus infection and amplification to achieve high expres-
sion levels, infection conditions must still be optimized 
based on the cell line and product being expressed.

The Sf9-derived SuperSf9 cell line, engineered for 
enhanced expression, has shown higher expression levels 
of the Spike protein from SARS-CoV2 compared to Sf9 
[58], but lower expression for an antigen derived from 
the malaria-causing agent Plasmodium falciparum [59]. 
In this work, SuperSf9 was the least efficient cell line for 
GnFt expression.

Tnms42 [33, 34] and Tnao38 [35, 36], described as 
being adventitious virus-free cell lines, are more suitable 

for biologics manufacturing than benchmark cell lines, 
such as Sf9 and Hi5, which harbour rhabdovirus and 
nodavirus, respectively (reviewed in [60]). Although 
these viruses are non-infectious in mammalian cells [60], 
their presence can pose safety concerns and regulatory 
barriers. Several reports have used Tnms42 for VLP pro-
duction [61–63]. In this work, GnFt expression was less 
efficient in Tnms42 compared to Sf9, Hi5, and Tnao38. 
Notably, Tnao38 demonstrated expression levels com-
parable to Sf9 and Hi5, making it a promising candidate 
for biologics manufacturing, as also reported by Wilde 
et al. [64]. Both Tnms42 and Tnao38 displayed a slower 
infection profile and higher VCDs, consequently leading 
to lower cell-specific productivities. This may be due to 
suboptimal medium adaptation at the time of the experi-
ments; using optimized media for these cell lines could 
enhance productivities. Based on these findings, Sf9 and 
Hi5 were identified as the most suitable GnFt producers 
using IC-BEVS.

The GnFt nanoparticles were designed with a histidine 
tag to enable purification via IMAC using nickel-charged 
resins. The evaluation of GnFt purification in HEK293, 
Hi5, and Sf9 cells using His•Bind resin highlighted differ-
ences in host-dependent production. Despite production 
optimization efforts, GnFt from HEK293 and Hi5 cells 
remained mostly intracellular, making purification chal-
lenging. This suggests potential limitations in secretion 
efficiency or GnFt stability in these systems. In contrast, 
Sf9 cells enabled efficient secretion and high-affinity 
purification, leading to pure nanoparticles. These results 
indicate that Sf9 cells offer a more suitable platform for 
GnFt production, ensuring sufficient yield and purity for 
further development. This comparative analysis further 
reinforces the importance of selecting an appropriate 
host for antigen-fused ferritin nanoparticle production.

With Sf9 cells identified as the most suitable produc-
tion platform, the following step was to optimize puri-
fication conditions to ensure efficient recovery of GnFt 
nanoparticles. Since eukaryotic culture media can inter-
fere with protein binding or cause nickel leakage, it is 
recommended to dialyze culture supernatants against 
compatible buffers before loading onto conventional 
columns. Malvergent’s ProteIndex Ni-Penta prepacked 
cartridges offer a chemically stable structure that mini-
mizes nickel leakage, even under harsh conditions such 
as detergent-containing lysates or cell culture superna-
tants. This technology reduces the need for frequent 
regeneration, simplifying bioprocesses, and improving 
scalability while minimizing the wastage of toxic heavy 
metals. Both treated or direct load of clarified superna-
tants onto ProteIndex Ni-Penta yielded GnFt nanoparti-
cles of the expected size and molecular weight. However, 
the treated clarified approach yielded the most favour-
able outcome, producing GnFt nanoparticles with > 95% 
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purity; these particles can be polished by means of size 
exclusion chromatography (e.g., Superose 6) in order to 
obtain a product of sufficient purity to advance to clinical 
trials. Direct loading of clarified supernatants resulted in 
purified material containing large particles and/or impu-
rities, highlighting the importance of buffer-exchange 
for removing media components that reduce the perfor-
mance of ProteIndex cartridges.

Given the design of GnFt as a chimeric protein, the 
histidine tag was utilized to facilitate protein identifica-
tion in cell culture bulk samples during expression assays 
and enable purification by means of nickel-charged affin-
ity chromatography. For vaccine development purposes, 
future work should integrate a cleavage site downstream 
of the histidine tag (e.g., TEV cleavage site), or prefer-
ably, establish ion exchange chromatography followed 
by polishing by size exclusion chromatography, which is 
the most commonly used purification workflow to purify 
such products [65–70].

Genetic fusion constructs of ferritin with complex 
antigens are often produced in high order eukaryotes 
to enable post-translational modifications and prevent 
the refolding challenges associated with bacterial inclu-
sion bodies. In this work, the yield of GnFt nanoparticle 
expression was 0.2  mg/mL using the Sf9-baculovirus 
expression system. This expression can be improved by 
adding supplements (e.g., reduced glutathione, antioxi-
dants) and implementing high-cell density culture strate-
gies (e.g., perfusion bioreactor) which have been shown 
to improve VLP and recombinant protein production 
[71–73]. Given that a portion of protein still remained 
intracellular, purification of the total cell culture could 
yield more protein. Selecting a different expression sys-
tem and host could also improve GnFt expression. For 
example, plasmid-based transfection of HEK293 yielded 
ferritin-based nanoparticle vaccines in the range of 0.5–
10 mg/mL [8, 12, 74–76]. CHO cells have emerged as a 
superior expression system for producing antigen-fused 
ferritin nanoparticles with complex structures, yielding 
up to 20–40 times more product compared to HEK cells 
[75, 77]. Products derived from CHO cells also exhibited 
superior nanoparticle assembly and homogeneity [78]. 
Notably, Weidenbacher et al. [69] reported stable CHO 
K1 cell lines achieving yields > 2 g/L, representing a sig-
nificant advancement over transient mammalian expres-
sion methods. Also worth mentioning is the silkworm 
system, with demonstrated yields of 0.2–1 g/L [79, 80].

To consider Sf9 cells and the GnFt nanoparticle plat-
form as a viable RVF vaccine candidate, several key 
parameters must be met. Expression titers in the range 
of ≥ 1–10 mg/L are required to support preclinical stud-
ies, with titers exceeding 100  mg/L being preferable for 
large-scale manufacturing. The production timeline 
should allow for batch readiness within 10–14 days to 

ensure responsiveness in outbreak scenarios. Immunoge-
nicity studies must demonstrate the induction of robust 
and durable immune responses, including virus-neu-
tralizing antibody production in relevant animal mod-
els (e.g., mice, non-human primates), while achieving 
neutralizing antibody titers in the range demonstrated 
by ferritin-based vaccines for other viral pathogens, 
typically > 10³-10⁴ GMT [8, 12, 77]. The platform should 
also be compatible with established bioprocessing work-
flows, including scalable and regulatory-compliant puri-
fication strategies, as demonstrated in this work. Finally, 
cost must be kept low to support broad accessibility 
and rapid deployment, particularly in low-resource set-
tings. In this context, insect cell-baculovirus systems may 
offer a more cost-effective alternative to plasmid-based 
transient expression and lentivirus-based stable expres-
sion in mammalian cells, as they eliminate the need for 
transfection reagents, high-cost DNA preparations, and 
lengthy cell line development, while supporting suspen-
sion growth in serum-free media and enabling rapid 
scalability.

The comparison between GnFt and Ft nanoparticles 
highlights the structural impact of Gn antigen display on 
ferritin assembly. The observed hydrodynamic diameter 
and molecular weight shifts in DLS and mass photometry 
analysis, alongside the distinct surrounding densities in 
nsTEM, confirms the successful presentation of Gn on 
the nanoparticle surface without compromising proper 
nanoparticle assembly. The consistency between mass 
photometry and SDS-PAGE further validates the struc-
tural integrity of both monomeric and assembled forms. 
Additionally, BLI experiments confirmed the retained 
functionality of the displayed Gn domain, as evidenced 
by specific binding to Gn-targeting monoclonal anti-
bodies with high affinities, supporting the conforma-
tional integrity of the antigen and its accessibility on the 
nanoparticle surface. All things considered, these results 
support the suitability of using Sf9 cells and affinity chro-
matography as a platform for GnFt nanoparticles produc-
tion and purification, providing a solid basis for future 
immunostimulatory studies.

Conclusions
This study establishes a platform for the production and 
purification of GnFt nanoparticles, demonstrating the 
suitability of Sf9 cells and the baculovirus expression vec-
tor system for generating stable and well-assembled anti-
gen-presenting nanoparticles. The systematic evaluation 
of expression hosts, purification strategies, and nanopar-
ticle physico-chemical characterization provides a strong 
basis for optimizing recombinant ferritin-based vaccines. 
Future work will focus on increasing yields and assess-
ing the immunogenic properties of GnFt nanoparticles 
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to further explore their potential in vaccine development 
for RVF.
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