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ABSTRACT

Background: Spodoptera frugiperda (Sf-9) cells are often used to produce recombinant proteins by tran-
sient expression. The culture medium contributes to the efficiency of protein production, but the effect
of modern insect cell culture media on Sf-9 cells has not been evaluated for different transient expression
systems. Accordingly, we compared the baculovirus expression vector system (BEVS) and lipopolyfection
(LP) for the production of schistosomal ALDH and the antimicrobial peptide BR033, respectively. We used
Sf-9 cells adapted to four commercially available media: TriEx ICM, ExpiSf CDM, Sf-900 Il SFM and IS Sf
Insect ACF.

Results: During cell maintenance, the highest viable cell density was achieved using IS Sf Insect ACF, but
the shortest doubling time was observed in TriEx ICM. All four media supported transient expression
with standard protocols for LP and BEVS. We confirmed the typical switch in metabolic rates (glucose,
lactate and amino acids) after transfection or infection, comparable to previous reports. The maximum
protein production rates were 0.26 + 0.04 amol/(cell h) for LP and 4.63 + 1.85 amol/(cell h) for BEVS, both
achieved using Sf-900 II SFM.

Conclusions: The experiments demonstrate that the most suitable medium for transient production in Sf-
9 cells depends on the experimental objectives or production framework. We therefore recommend
implementing the screening of different media during process development.
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1. Introduction

Insect cell lines are widely used for the production of gene ther-
apy vectors, peptides, enzymes, and other recombinant proteins,
typically by transient expression [1]. The Spodoptera frugiperda cell
line Sf-9 is used routinely for this purpose [2] because it achieves
high protein yields and has a greater passaging stability than other
insect cell lines [3]. The major expression strategies used with Sf-9
cells are the baculovirus expression vector system (BEVS) and tran-
sient expression based on commercial transfection agents,
although the latter is also used to generate stably transformed
cells. Transient expression achieves yields of up to 300 mg/L in
~72 h (BEVS) or 100 mg/L in ~120 h (transfection) for various pro-
teins and peptides [4]. The advantages of insect cells include a
short doubling time, low cultivation temperature (27-28°C), high
glucose and amino acid tolerance, growth in suspension, and the
ability to carry out post-translational modifications [5]. They are
suitable for large-scale manufacturing [6,7] and several approved
biopharmaceuticals are produced commercially in insect cells,
with others manufactured for clinical trials [1]. Two recent exam-
ples of recombinant proteins produced in Sf-9 cells are NanoFlu [8]
and the SARS-CoV-2 vaccine candidate NVX-CoV2373, developed
by Novavax.

The productivity of insect cells depends on an optimal produc-
tion environment. Physical parameters such as temperature (25-
29°C), pH (6.2-6.4) and dissolved oxygen (DO) concentration
(30-100% air saturation) are important for all cells, but other more
specific conditions must be provided by the culture medium [9].
The two major categories of insect cell culture medium are com-
plex medium (CM), which contains various undefined components
such as fetal bovine serum (FBS), and chemically defined medium
(CDM), with only defined, low-molecular-weight components.
Examples of serum-containing media used with Sf-9 cells include
Grace’s insect medium and FBS-supplemented IPL-41, but the bio-
pharmaceutical industry increasingly favors serum-free medium
(SFM) because FBS suffers from lot-to-lot variability [10] and car-
ries a risk of contamination with viruses, mycoplasma and prions
[11]. SFM still contains undefined components such as tissue
extracts and hydrolysates, and is therefore defined as a type of
CM [12]. Sf-900 II and Sf-900 III are the most common SFM types
used for Sf-9 cells. The undefined components in SFM are often
derived from animals, but are replaced with microbial, plant or
synthetic counterparts in animal-component-free (ACF) media.
The composition of CDM reduces the effort required during down-
stream processing. Examples include ExpiSf CDM for BEVS [13] and
the recent TheraPEAK SfAAV medium for adeno-associated virus
production in Sf-9 cells, both of which are ACF and yeast compo-
nent free [14].

The culture medium provides essential nutrients (carbohy-
drates, lipids, amino acids, minerals and vitamins) as well as hor-
mones and growth factors that promote cell growth and protein
biosynthesis [15]. Glucose is the main energy source for uninfected
Sf-9 cells and glucose depletion triggers apoptosis [9]. Glutamine
(GIn) is the most important amino acid, under the formation of
ammonia it is metabolized to glutamate (Glu), and further to
o-ketoglutarate and fed into the tricarboxylic acid (TCA) cycle
[16,17]. Similarly, asparagine (Asn) is converted to aspartate
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(Asp) via asparaginase under the formation of ammonia, and also
fed into the TCA cycle [9]. Methionine (Met) and serine (Ser) are
key components of insect cell energy metabolism [9]. Asn, Asp,
Gln and Glu also influence the growth behavior of insect cells
[16]. Growth limitation is also caused by a lack of isoleucine (Ile),
leucine (Leu), histidine (His) or tyrosine (Tyr) [18].

The metabolism of insect cells can change during transient
expression because resources are diverted toward recombinant
protein synthesis. Lipopolyfection (LP) and similar methods [19]
involve the direct introduction of plasmid DNA encoding the
recombinant protein product [4,20]. In LP, the anionic DNA combi-
nes with the cationic lipid/polymer carrier to form complexes
[19,21], which are taken up by endocytosis [22]. Protein expression
is transient because the plasmid DNA is ultimately degraded [21].
LP is a simple transfection method that does not require viral com-
ponents [23] and does not damage the cell, thus reducing the risk
of product degradation by proteases [24]. The medium composi-
tion is important during LP because the DNA/carrier complexes
are sensitive to pH, salt, and the presence of serum proteins
[25,26,27]. BEVS is used more widely for large-scale expression
(up to 2500 L), including products such as virus-like particles and
subunits for human and veterinary vaccines [28,29,30]. BEVS is
based on the well-characterized Autographa californica multiple
nucleopolyhedrovirus (AcMNPV), which is modified to carry the
sequence of the target protein. Unlike standard plasmids, bac-
ulovirus vectors can tolerate the stable insertion of large transge-
nes encoding proteins of up to 600 kDa [31]. The infection of
insect cells is followed by rapid transient protein expression with
higher product titers than LP, and the excellent safety profile of
the virus allows them to be handled in biosafety level 1 facilities.
The host cells are lysed during infection, so careful process moni-
toring is necessary to optimize the time of harvest (TOH) for the
target product [32], which can be predicted by dielectric spec-
troscopy [33]. The medium composition plays a key role in the pro-
duct yield because the metabolism of insect cells shifts as soon as
they are infected, including a spike in the consumption of glucose
and Gln, and an increase in alanine (Ala) synthesis [34].

The optimal medium for recombinant protein production may
also depend to some degree on the product, and we therefore eval-
uated two different candidates with distinct properties and appli-
cations: the antimicrobial peptide (AMP) BR033 from Lucilia
sericata and an aldehyde dehydrogenase (SmALDH_312) from
Schistosoma mansoni. BR033 is a promising drug candidate in the
fight against multidrug-resistant pathogens. It is a member of the
cecropin family (which shows broad-spectrum activity against
bacteria and fungi) that inhibits the growth of Escherichia coli, with
a minimal inhibitory concentration of 0.8 uM [35]. SmALDH_312 is
a putative drug target, an essential enzyme in S. mansoni, the par-
asite responsible for the neglected tropical disease schistosomiasis
[36]. SmMALDH_312 is used as a screening target to identify inter-
acting compounds as potential drug leads. The expression of these
two recombinant proteins in insect cells provides the basis for
characterization, drug discovery and scaled-up manufacturing,
and it is therefore important to optimize the cell cultivation med-
ium for each product and expression strategy, maximizing yields
and product quality. We therefore compared four different com-
mercially available insect cell culture media (three SFM and one
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CDM) by characterizing the Sf-9 cells in terms of growth kinetics,
nutrient consumption and metabolism. We determined the impact
of the transient expression systems by comparing the infected/-
transfected cells to controls. We tested the most promising media
with BEVS (expressing SmALDH_312 in a bioreactor) and an LP-
derived stable polyclonal Sf-9 cell line producing a BRO33 fusion
protein.

2. Materials and methods
2.1. Cultivation of Sf-9 cells

Sf-9 TriEx cells (Merck, Darmstadt, Germany) were thawed as
recommended and cultivated in baffled 100-mL Erlenmeyer flasks
in TriEx ICM (Merck). The cells were counted using the trypan blue
exclusion method and passaged to 0.5*10° cells/mL twice weekly.

2.2. Determination of cell concentration by trypan blue staining and
flow cytometry

For trypan blue staining, a sample of Sf-9 cells was diluted and
125 pL of the diluted cells was mixed with 75 uL trypan blue. The
solution was then pipetted into the Neubauer-improved counting
chamber (Marienfeld, Konigshofen, Germany) the cells were
counted, and the viable cell concentration was calculated accord-
ing to the manufacturer’s instructions. Cell concentration and via-
bility were also assessed by flow cytometry and propidium iodide
(PI) staining using the Guava easyCyte 6HT-2L flow cell cytometer
(Luminex, Austin, TX, USA). We mixed 20 pL of the diluted cells
with 180 pL 0.005 g/L PI solution immediately before analysis.

2.3. Media adaption

Sf-9 TriEx cells were adapted from TriEx Insect Cell Medium
(ICM) to ExpiSf CDM, Sf-900 II SFM (both from Thermo Fisher Sci-
entific, Waltham, MA, USA) and IS Sf Insect ACF (FUJIFILM Irvine
Scientific, Santa Ana, CA, USA) by passaging them through a mix-
ture of 75% TriEx ICM and 25% of the new medium. The proportion
of TriEx ICM was reduced by 25% every time the culture reached
>90% viability in the new mixture. After complete adaption, the
cells were passaged four times before transfer to freezing medium:
46.25% conditioned medium, 46.25% fresh medium, 7.5% DMSO
(Sigma-Aldrich, St. Louis, MO, USA). Cells were stored in the gas
phase of a liquid nitrogen freezer.

2.4. Transfection of Sf-9 cells and harvesting

The plasmid DNA used for LP encoded a 60-kDa fusion
protein consisting of the fluorescent reporter protein tdTomato
with a Hisg tag and the AMP BR033 (peptide sequence:
GWLKKIGKKIERVGQHTRDATIQTIGVAQQAANVAATLKG). We seeded
2 mL of exponentially growing Sf-9 cells (1*10° cells/mL) in a
flat-bottom 12-well plate approximately 24 h before transfection.
The plate was incubated at 28°C and 80 rpm on an Infors Celltron
shaker (25-mm throw). Transfection was carried out using Mirus
TransIT Insect Transfection Reagent (MITR; Mirus Bio, Madison,
WI, USA) according to the manufacturer’s instructions. We trans-
ferred 2.4 mL sterile Grace’s insect SFM to a 5-mL tube and sequen-
tially added 24 pg plasmid DNA (1 ug/uL) and 48 uL MITR with gentle
mixing. After incubation for 30 min, we added 206 pL of the mixture
dropwise to each well and rocked the plate gently to distribute the
lipopolyplexes. The cells were incubated in a Cytation 3 plate reader
(BioTek, Winooski, VT, USA) at 28°C with linear continuous shaking.
The fusion protein was secreted into the culture medium and pro-
tein expression was monitored by fluorimetry every 30 min against
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adilution series of tdTomato standards (0-22 mg/L). The fusion pro-
tein was harvested by transferring the suspensionin each well toa 2-
mL Eppendorf tube and centrifuging at 500 x g for 5 min at room
temperature. The supernatant was transferred to a fresh tube, mixed
with 1.5 pM aprotinin and 10 pg/mL trypsin inhibitor, and stored at
—80°C.

2.5. Infection of Sf-9 cells and enzyme harvesting

For BEVS production, TCIDsy was determined by titration using
the Sf-9 Easy Titer cell line (Kerafast, Boston, Massachusetts, USA)
according to the manufacturer’s protocol. We subsequently seeded
2 mL of exponentially growing Sf-9 cells (1*10° cells/mL) in a flat-
bottom suspension six-well plate and infected them at a multiplic-
ity of infection (MOI) of 0.01 with recombinant baculoviruses
encoding the 56 kDa protein SmALDH_312 (GenelD:
Smp_050390 and Smp_312440). After taking a zero sample to mea-
sure cell viability and density, the plate was wrapped in aluminum
foil and incubated at 28°C, shaking at 80 rpm. To control the infec-
tion, cell viability was monitored by regular sampling and analysis
by flow cytometry following 1:10 sample dilution in 0.005 g/L PI.
SmALDH312 was secreted into the supernatant and recovered at
a cell viability of ~80%. The suspensions were removed from the
wells, transferred to sterile 2-mL centrifuge tubes, and centrifuged
at 250 x g for 10 min at room temperature. The supernatants were
transferred to fresh tubes and centrifuged at 3000 x g for 10 min at
room temperature. The final supernatants were transferred to
light-proof 2-mL tubes, mixed with 1.5 pM aprotinin and 10 pg/
mL trypsin inhibitor, and stored at —80°C.

2.6. Amino acid analysis

We analyzed 100-pL samples 24 h post-transfection/infection
and at the end of the experiments, with samples of the four differ-
ent media as controls. Samples were prepared using the EZ:faast
gas chromatography kit (Phenomenex, Torrance, CA, USA) and ana-
lyzed on a 7890B gas chromatograph system (Agilent Technologies,
Santa Clara, CA, USA) using OpenLab ChemsStation C.01.08 [244]
software. L-alanyl-L-glutamine was analyzed in a Cedex Bio Ana-
lyzer with the Ala-Gin Assay in accordance with the manufacturer’s
protocol (Roche Diagnostics, Mannheim, Germany).

2.7. Protein analytics

2.7.1. Fluorimetry

BR033 was tagged with tdTomato, and was detected by placing
the 12-well plate in a Cytation 3 plate reader at 28°C and reading
the relative fluorescence (excitation 554 nm, emission 581 nm)
every 30 min. Expression levels were plotted against standard
curves of tdTomato in all four media to calculate the fusion protein
content from the fluorescence signal.

2.7.2. His-ELISA

BR033 and SmALDH_312 carry an N-terminal Hisg tag, which
was detected by ELISA to determine the protein concentration.
We used 0.4% (w/v) BSA in PBS as a blank and for the preparation
of 10-fold serial dilutions of BR029 (0.01-1.0 mg/L). The detection
antibody was Penta-His HRP Conjugate (Qiagen, Venlo, Netherlands)
used at a dilution of 1:10,000. His-Tag antibody plates (GenScript,
Piscataway, NJ, USA) were brought to room temperature before
adding 100 pL of each sample, standard and blank. After incubation
for 2 h at room temperature, shaking at 300 rpm, the plate was
washed four times with 0.05% Tween-20 in PBS (PBST). We then
added 100 pL of the prepared antibody solution, followed by incu-
bation and washing as above. Finally, we added Ultra TMB sub-
strate (Thermo Fisher Scientific), incubated the plates for 20 min
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as above, and stopped the reaction by adding 50 uL 0.5 M sulfuric
acid per well. The absorbance at 450 nm was determined in the
Cytation 3 plate reader.

2.7.3. Bioreactor preparation

The bioreactor setup for Sf-9 cells was similar to the setup we
used for the cultivation of Schneider 2 (S2) cells [33]. However,
the Sf-9 cells were cultivated at 28°C and at pH 6.3. For BEVS the
bioreactor was inoculated with 1*10° cells/mL, whereas BR033
production was initiated with 0.5*10° cells/mL. Infection was
started immediately after inoculation with a MOI of 1. We used a
constitutive promoter so the stable cell line did not require induc-
tion for the production phase.

3. Results
3.1. Biochemical profiling of the four insect cell media

We compared the concentrations of amino acids, glucose and
lactate in the four insect cell media as the basis for subsequent
comparisons during transient expression experiments (Table 1).
The glucose content ranged from ~8 g/L (IS Sf Insect ACF) to
~15 g/L (ExpiSf CDM) whereas the GIn content was more diverse,
ranging from undetectable (TriEx ICM) to 12.17 + 1.62 pumol/mL
(Sf-900 11 SFM). We considered it unlikely that TriEx ICM would
contain no Gln at all, so we also tested for L-alanyl-L-glutamine
and detected a concentration of 10 + 0.02 umol/mL. Notably, IS Sf
Insect ACF did not contain any Asn, and the Asn content of TriEx
ICM was 1.4-fold lower than Sf-900 II SFM and 2.2-fold lower than
ExpiSf CDM. We detected no striking differences in the content of
other key amino acids, such as Asp, lle, Leu, His and Tyr (Table 1).

3.2. Growth of Sf-9 cells in the four different insect cell media

Following the adaptation of Sf-9 TriEx cells from TriEx ICM to Sf-
900 II SFM, ExpiSf CDM and IS Sf Insect ACF, we analyzed the cell
concentration, cell viability, and the glucose and lactate concentra-
tion in the medium of Sf-9 TriEx cells cultivated in shake flasks. The
growth phases were identified for all four media, starting with a
lag phase of 24-48 h after inoculation (Fig. 1).

This was followed by medium-dependent exponential growth,
with high cell viabilities (>80%). The cells cultivated in ExpiSf
CDM showed a prolonged viability of >80% even during the sta-
tionary phase, whereas viability dropped significantly in the other
three media. In IS Sf Insect ACF but not the other media, the end of
the exponential growth phase coincided with the depletion of glu-
cose. For comparison, initial glucose concentrations are shown in
Table 1 and no lactate was present in the fresh media. IS Sf Insect
ACF featured the lowest glucose content, minimal Gln and no Asn,
suggesting that no carbon source other than glucose was available.
In the other three media, the end of exponential growth occurred
before glucose was depleted, suggesting glucose was not the
growth-limiting substrate. Lactate accumulation was not observed
during these experiments.

We calculated the growth rate p [1/h], doubling time tp [h], and
yield coefficient Yxs [cells/gciucose], @s well as the glucose and lac-
tate metabolic rates qgucose aNd Qractose [fmol/cell h] (Table 2).
Based on the yield coefficient, cells grew most efficiently in TriEx
ICM (2.7*10° cells/gcrucose) With lower yield coefficients of 1.2-
1.7*10° cells/gciucose in the other three media.

The growth rates of Sf-9 cells in all four media fell within the
range 0.024-0.038 1/h. TriEx ICM promoted the highest growth
rate, also associated with the highest yield coefficient and the fast-
est consumption of glucose (79.9 fmol/(cell h)). ExpiSf CDM sup-
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ported the lowest growth rate, but this was not far below the
growth rates in Sf-900 II SFM and IS Sf Insect ACF.

3.3. Metabolic profiling of transfected/infected Sf-9 cells

Next we compared the transient expression systems for their
impact on Sf-9 cell metabolism in the four different media. We
measured glucose consumption, lactate production, and amino
acid metabolism.

We found that glucose consumption increased significantly in
three of the media following transfection, only falling in the IS Sf
Insect ACF cultures (Fig. 2). Glucose consumption increased by
1.4-fold in Sf-900 II SFM, 1.6-fold in ExpiSf CDM, and 1.3-fold in
TriEx ICM, but decreased by 20% in IS Sf Insect ACF. Infection with
BEVS caused glucose consumption to increase in all four media:
2.5-fold in Sf-900 II SFM, 3.0-fold in ExpiSf CDM, 2.4-fold in IS Sf
Insect ACF, and 2.2-fold in TriEx ICM. Lactate production declined
in most of the transfected/infected cells, but not in the BEVS-
infected cultures in ExpiSf CDM (2.3-fold increase) or in IS Sf Insect
ACF (1.6-fold increase).

Gln consumption decreased 60% after transfection in Sf-900 II
SFM whereas BEVS infection triggered Gln production (Fig. 3).
GIn consumption in ExpiSf CDM increased 24-fold after transfec-
tion and 38.4-fold after infection. Cells growing in IS Sf Insect
ACF produced GIn before treatment and the production rate
increased by 5.3-fold following BEVS infection, but transfection
had the opposite effect, triggering the consumption of GIn. The -
alanyl-L-glutamine content of TriEx ICM could not be quantified,
but it was converted to Gln after BEVS infection.

Glu consumption also decreased 60% after transfection in Sf-900
II SFM but it increased by 2.3-fold after BEVS infection. In ExpiSf
CDM, there was no significant change in Glu consumption during
either transient expression process. In IS Sf Insect ACF, Glu produc-
tion declined by 80% after transfection but increased 15.2-fold after
BEVS infection. The rate of Glu consumption did not significantly
differ in TriEx ICM after transfection but increased 1.3-fold after
BEVS infection.

The rate of Asp consumption in Sf-900 Il SFM was reduced 80%
by transfection but was only minimally affected (10% increase) by
BEVS infection. In ExpiSf CDM, a small amount of Asp was pro-
duced before treatment, and this increased 3.2-fold after transfec-
tion and 22-fold after infection. In IS Sf Insect ACF, Asp
consumption fell by 80% following transfection but increased 2.3-
fold after infection. There was no significant difference between
untreated and transfected cells in TriEx ICM, but the rate of Asp
consumption fell by 50% after BEVS infection.

Among the other amino acids Ala production increased signifi-
cantly in all four media after transfection and BEVS infection (data
not shown), whereas the consumption of Leu, threonine (Thr), Ser,
Tyr and cystine (C-C) increased significantly after both treatments
(Table 3). The highest increase was observed for Thr in ExpiSf CDM,
with a 10.5-fold increase following transfection and a 38.6-fold
increase following BEVS infection. Ser was the only amino acid that
switched from production to consumption following transfection
or infection. The consumption of these amino acids was generally
higher in the BEVS-infected cells than transfected cells. We did
not detect significant changes for Gly, Val, Ile, Pro, Asn, Met, Phe,
Lys, His or Trp, and we were unable to detect Arg using our analytic
method.

3.4. Production kinetics and recombinant protein yields

BR033 was expressed as a secreted fusion protein with the flu-
orescent reporter tdTomato, so we characterized the production
kinetics by fluorimetry (Fig. 4). In contrast, no fluorescent marker
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Table 1
Concentrations of glucose, lactate and amino acids in Sf-900 I SFM, ExpiSf CDM, IS Sf Insect ACF and TriEx ICM (n = 3).

Component Unit Sf-900 I SFM ExpiSf CDM IS Sf Insect ACF TriEx ICM

Glucose g/L 10.43 + 0.04 14.93 + 0.10 8.08 £ 0.06 9.77 £ 0.07
Lactate g/L 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00 0.00 £ 0.00
Ala pmol/mL 1.97 £ 0.25 0.046 + 0.00 1.62 £ 0.03 3.20 £ 0.04
Gly pmol/mL 235+033 1.95+0.12 2.04 £ 0.01 1.63 + 0.02
Val pmol/mL 3.65 £ 0.40 447 +0.24 3.41 £ 0.05 4.44 + 0.08
Leu pmol/mL 1.53+0.17 2.60 +0.12 1.86 £ 0.02 3.36 + 0.02
Ile pmol/mL 4.05 + 0.01 5.45 £ 0.36 3.06 £ 0.05 4.62 + 0.03
Thr pmol/mL 1.81 £ 0.01 231 +0.21 1.59 £ 0.04 2.20 £ 0.08
Ser pmol/mL 3.02 + 0.02 419+ 0.29 4.78 +0.23 5.96 + 0.89
Pro pmol/mL 3.29 + 0.02 5.15+0.72 2.87 £0.13 2.57 +0.14
Asn pmol/mL 6.32 £ 0.01 9.60 = 0.53 0.00 £ 0.00 444 + 0.15
Asp pmol/mL 7.20 £ 0.47 7.11 £0.17 5.47 + 0.56 4.00 £ 0.18
Met pmol/mL 3.72 + 047 5.12 £0.32 2.47 +0.04 3.96 = 0.02
Glu pmol/mL 8.15 £ 0.26 8.47 + 043 0.00 £ 0.00 9.66 =+ 0.33
Phe pmol/mL 3.55 + 0.044 433 +0.26 2.66 + 0.06 3.09 £ 0.03
GIn pmol/mL 12.17 £ 1.62 10.49 + 0.68 3.91 £ 0.01 0.00 = 0.00
Lys pmol/mL 2.67 £ 0.08 331024 1.94 £ 0.01 3.16 £ 0.20
His pmol/mL 0.93 £ 0.10 0.91 £ 0.11 0.72 £ 0.13 0.82 £ 0.06
Tyr pmol/mL 0.82 +0.10 1.07 £ 0.63 0.82 +0.0 1.09 £ 0.01

was attached to SmALDH_312, so we characterized the production
kinetics only for the transfection experiments.

During the first 12 h post-transfection, no increase in RFU was
observed indicating no protein production (negative control
groups showed no increase in RFU over the whole experiment).
After 12 h, the RFU increased in all media. Protein production
was least efficient in ExpiSf CDM and most efficient in TriEx ICM
based on the final RFU. The production kinetics and protein yield
in Sf-900 II SFM and IS Sf Insect ACF were comparable. No further
increase in RFU was observed ~88 h post-transfection. The mea-
sured total protein yields confirmed the RFU data (Table 4). We
also compared the endpoint values for total protein yields in the
transfection experiment to the yields achieved by BEVS (Table 4).
Overall, the yields in TriEx ICM and IS Sf Insect ACF were compara-
ble, whereas BEVS achieved much higher yields than LP in Sf-900 II
SFM and ExpiSf CDM.

TriEx ICM outperformed all other media in terms of protein
yields, but the transfection efficiencies were not comparable
(~21% in Sf-900 II SFM, ~24% in ExpiSf CDM, ~49% in IS Sf Insect
ACF and ~38% in TriEx ICM). For better comparability, the final
fusion protein content was normalized to the amount of protein
(amol) per transfected cell and hour (Fig. 5). This revealed that
Sf-900 I SFM achieved the highest overall productivity of
0.26 + 0.04 amol/(cell h), followed by TriEx ICM (5% lower, differ-
ence not significant), then ExpiSf CDM (47% lower) and IS Sf Insect
ACF (62% lower). Sf-900 II SFM achieved by far the highest protein
yield in BEVS infection experiments (Table 4). The yield was ~10-
fold lower in ExpiSf CDM and IS Sf Insect ACF, and ~4-fold lower in
TriEx ICM. In terms of production rates, BEVS performed better
than LP by a factor of 3.8-17.8 in all media. The highest protein
production rate of 4.63 + 1.85 amol/(cell h) was achieved in Sf-
900 II SFM, whereas the production rates in Expi Sf CDM
(1.25 £ 0.27 amol/(cell h)), IS Sf Insect ACF (0.54 + 0.01 amol/(cell
h)) and TriEx ICM (0.51 = 0.17 amol/(cell h)) were significantly
lower.

3.5. Laboratory-scale production

Before transfer to the 1-L bioreactor, optimized infection
parameters were established for BEVS and a stable cell line was
generated for the production of BR033. We selected the most
promising media based on the earlier experiments, and therefore
used Sf-900 II SFM for BEVS and both Sf-900 II SFM and ExpiSf

58

CDM for the stable cell line (Fig. 6). For the BEVS process, no
remarkable increase in product formation was observed before
~30 h post-infection. Given that the cells stop growing after infec-
tion, it was not surprising to see the cell concentration drop over
the process time. Cell viability declined immediately after infec-
tion, and with the optimized MOI a high product concentration
of 54.22 + 27.21 mg/L was achieved, which is comparable to the
product concentration achieved in the six-well format. The high
variability on the product yield is most likely due to high absolute
error limits based on the inherent variance of the TCIDs titration
method [37], leading to a variance in MOI.

Growth of the stable cell line was comparable to the kinetics
described in Section 3.1 and the maximum cell concentration
achieved in Sf-900 II SFM was twice that achieved in ExpiSf CDM.
Cell viability in both media remained >90% throughout the process.
The product concentration increased from the beginning of cultiva-
tion, and the final product concentrations were 1.25 mg/L in Sf-900
Il SFM and 0.98 mg/L in ExpiSf CDM. Surprisingly, the product con-
centration continued to increase in a linear manner in ExpiSf CDM
during the stationary phase (after 144 h) whereas the rate of pro-
duct accumulation declined in Sf-900 II SFM. This may reflect the
availability of amino acids, given that 14 of the 19 amino acids
we quantified were more concentrated in ExpiSf CDM than Sf-
900 II SFM. The product concentration was lower than that
achieved by transient transfection, but cell-specific productivity
can be increased by developing a monoclonal high-producer cell
line [38,39]. Our overall findings in terms of protein expression
levels in different media are consistent with those in the LP
experiments.

4. Discussion

Glucose is the main carbon and energy source for both mam-
malian and insect cells, but the glucose concentrations in the four
insect media were higher than those typically found in mam-
malian cell media because insect cells tolerate higher glucose
levels [40]. GIn is the second most important metabolite for the
cells, but the four media contained widely different levels. TriEx
ICM contained no Gln at all, but r-alanyl-L-glutamine was present
instead. The growth rate of Sf-9 cells in Sf-900 Il SFM was compa-
rable to earlier reports [16,41]. Furthermore, the observed dou-
bling times in Sf-900 II SFM and TriEx ICM were comparable to
those claimed by the manufacturers [42,43]. Interestingly, the
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Fig. 1. Growth kinetics of adapted Sf-9 cells and the offline parameters of cell density, cell viability, glucose concentration and lactate concentration (n = 3).

Table 2
Parameters and growth kinetics of TriEx Sf-9 cells in the four different media (n = 3).
Unit Sf-900 11 SFM ExpiSf CDM IS Sf Insect ACF TriEx ICM

n 1/h 0.027 0.024 0.030 0.038
tp h 25.36 28.51 23.30 18.34
Yys cells/galucose 1.5*10° 1.2*10° 1.7*10° 2.7*10°
Glucose fmol/(cell h) 40.5 54.3 38.6 79.9
(Lactate fmol/(cell h) 0.2 - 1.9 - -
Cmax Cells/mL 7.74*10° 5.96*10° 1.17*107 7.01*10°

doubling time in ExpiSf CDM exceeded the manufacturer’s speci-
fications [44], probably reflecting the specific, adapted Sf-9 cell
line recommended by the manufacturer, differing from the most
commonly used Sf-9 cells. We found no comparative reports for
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the IS Sf Insect ACF, which is surprising because we achieved
the highest viable cell concentration in this medium. Notably,
the depletion of glucose in this medium coincided with the end
of the exponential growth phase, indicating that the nutrients
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Table 3

Relative increase (fold change) in amino acid consumption for leucine, threonine, serine, tyrosine and cystine after transfection or BEVS infection in four different media.

LP = lipopolyfection; Bl = BEVS-infection; C-C = cystine.

AA/Medium Sf-900 11 SFM ExpiSf CDM IS Sf Insect ACF TriEx ICM

LP BI LP BI LP BI LP BI
LEU 1.5 34 23 5.1 1.5 1.6 2 3.6
THR 3 6.4 10.5 38.6 3 6.0 2.1 4.7
SER 1.2 6.4 —4.2 —24.6 3 11.0 1.6 3.2
TYR 1.6 2.4 2.6 4.6 1.5 0.8 1.8 33
Cc-C 1.1 4.4 1.1 43 0.7 5.9 0.9 2.5

were well balanced. Although the glucose concentration was not
the highest in TriEx ICM, it nevertheless was the most promising
medium for protein production based on the calculated growth
rate and yield (cells/ggjucose)- This may be linked to the replace-
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ment of Gln with r-alanyl-i-glutamine, thus increasing the avail-
ability of the stabilized amino acid. Furthermore we assume
TriEX ICM to comprise an additional carbohydrate source as such
as maltose or fructose, which can also be utilized by Sf-9 cells
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Table 4
Protein yields achieved by transfection and BEVS infection in the four different media
(n=3)

Lipopolyfection BEVS
Protein Yield [mg/L] Protein Yield [mg/L]
Sf-900 11 SFM 495 + 0.46 47.78 £ 10.71
ExpiSf CDM 2.09 + 0.66 5.95 +0.88
IS Sf Insect ACF 4.72 £ 041 4.57 £ 0.62
TriEx ICM 8.53 + 1.02 1137 £3.25
79 - .
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Fig. 5. Cell specific protein production rates after lipopolyfection/BEVS infection
(n = 3). The fusion protein was harvested from the four media 114 h post-
transfection. BEVS-related post-infection harvest times were specific for each
medium: 70 h for Sf-900 II SFM, 77 h for ExpiSf CDM, 87 h for IS Sf Insect ACF and
80 h for TriEx ICM. The y-axis scale changes from 0.1 to 1 per major tick after the
break at y = 0.3.

[45]. We also observed only low levels of lactate production by Sf-
9 cells in all media. In contrast to mammalian cells, Sf-9 cells can
metabolize lactate [46] despite their high glucose consumption
[9,47].
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About 80% of the carbon consumed by the Sf-9 cells enters the
TCA cycle and is used to provide energy and metabolic intermedi-
ates [48,49]. The transfected and infected Sf-9 cells consumed
more glucose than untreated controls, which is unsurprising due
to the additional metabolic burden of recombinant protein synthe-
sis. Compared to untreated cells, lactate production declined after
transfection in all media, and no lactate at all was detected in IS Sf
Insect ACF, which may reflect the increased flux through the TCA
cycle fueled by pyruvate [49]. In contrast, BEVS-infected cells pro-
duced small amounts of lactate in ExpiSf CDM and TriEx ICM,
which may be associated with oxygen limitation. However, a
decline in lactate production after BEVS-infection has already been
reported in Sf-900 II SFM, reflecting the metabolic flux from glu-
cose redirected into the TCA cycle [9,48]. The enhanced conversion
of glucose to pyruvate inhibits lactate dehydrogenase, thus reduc-
ing lactate production [48]. The amino acids Leu, Thr and C-C were
consumed more quickly after infection, as previously suggested
[50]. However, Glu production in IS Sf Insect ACF was conspicuous
after infection, possibly reflecting glucose limitation. Under these
conditions, Sf-9 cells can use glutaminase to convert Gln into glu-
tamate, with ammonia as a by-product. Sf-9 cells can then use glu-
tamine synthetase to recycle ammonia to Gln [17]. Glucose
limitation in IS Sf Insect ACF after infection was ruled out because
considerable amounts of glucose and only a slight accumulation of
ammonia were detected.

The consumption rates we observed are close to the values
available in the literature [49,51] as summarized in Table 5. How-
ever, these articles differentiate between growth phases and low
or high MOI, whereas we calculated the overall rates following
transfection/infection until the end of cultivation. The transfec-
tion experiments reported herein agreed with the published val-
ues for BEVS infection [49,51], but our BEVS-infected cells
produced more Asp, Gln and Glu than claimed in the previous
studies.

As well as investigating the metabolic shift in Sf-9 cells after
transfection/infection, we screened the media to determine which
was most suitable for recombinant protein production. We com-
pared BRO33 expression by transfection and SmALDH_312 expres-
sion following BEVS infection. Using the standard LP protocol, the
highest final protein concentration was achieved using TriEx ICM
and was 1.7-fold higher than Sf-900 II SFM, 1.8-fold higher than
IS Sf Insect ACF and 4-fold higher than ExpiSf CDM. The normalized
protein production rate in TriEx ICM was similar to Sf-900 I SFM,
but about 50% lower in ExpiSf CDM and IS Sf Insect ACF. This is
comparable to the lower range of values achieved for the PEI-
mediated transfection of Sf-9 cells with a TNFR-Fc construct [4]
although we used a non-optimized transfection protocol. Our total
protein yields (2.1-8.3 mg/L) were also in agreement with the
lower range of values reported in the literature (1-100 mg/L)
[4,20]. In contrast, we achieved 3.8-17.8 times higher protein pro-
duction rates in all four media when using BEVS, which is com-
mensurate with literature values ranging from 1-600 mg/L [52],
and much higher than virus-free transient expression methods
[53]. The maximum yield we achieved using BEVS was 47.78 mg/
L in Sf-900 II SFM, which is comparable to other BEVS-based pro-
duction processes [54,55]. Sf-900 Il SFM is the most frequently
mentioned insect cell culture medium in the literature in reports
spanning 2017-2021, suggesting it is the most popular commercial
product for Sf-9 cells. Comparing the four modern insect cell cul-
ture media for transient expression systems, we achieved the high-
est overall protein yields in Sf-900 II SFM, but TriEx ICM is a
suitable alternative for LP-based transfection. Laboratory-scale
production of recombinant proteins in Sf-900 Il SFM confirmed
its suitability for BEVS and transfection. If a CDM is required, ExpiSf
CDM is also suitable for the stably transformed cell line.
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Fig. 6. Laboratory-scale production of ALDH with BEVS (a, biological triplicate) and the BR033 fusion protein in the stable Sf-9 cell line (b, technical triplicates).

Table 5

Comparison of published consumption/production rates for glucose, lactate and amino acids [49,51] and data obtained in this study (n = 3). Consumption rates in fmol/(cell h),
negative values indicate production rates. CG = control group; Bl = BEVS-infection; LP = lipopolyfection.

Bernal et al. [49] and Monteiro et al. [51] This work

CG BI CG LP BI
Glucose 43.51-82.74 20.6-68.89 24.74-33.69 27.77-39.92 61.38-82.28
Lactate (-3.36) - (—17.05) 1.41 - (-21.4) (=2.91) - (-10.29) 0-(-1.15) (-1.67) - (-9.88)
LEU 1.06-8.5 0.02-8.3 0.57-0.89 1.19-1.74 1.41-3.22
THR 0.93-6.4 0.2-8 0.09-0.51 0.71-1.08 1.5-4.56
SER 3.32-124 0.82-9.9 3.17 - (-0.51) 1.99-5.06 1.53-10.15
ASP 0.93-13.6 241 - (-2.96) 5.46 - (-0.56) 2.78 - (-1.83) 8.68 - (—12.45)
GLU 4.25-19.64 41.1 - (-0.33) 8.46 - (—6.05) 7.68 - (-1.11) 15.94 - (-97.56)
GLN 5.7-36.1 1.64-25.6 12.68 - (—5.17) 0-7.41 11.89 - (-35.62)
TYR 0.32-5.5 0.1-4.2 0.2-0.34 0.44-0.6 0.26-1.13
c-C N.A. N.A. 0.2-0.5 0.13-0.57 0.81-2.15

5. Conclusions

BEVS is a reliable platform for the large-scale production of
recombinant proteins, and is currently used for the production of
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multiple pharmaceutical products, including the NVX-CoV2373
COVID-19 vaccine candidate [47]. Although BEVS achieved the
highest overall yields, LP was a simpler approach with fewer pro-
cess steps, which is suitable for the production of recombinant
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peptides [56,57]. Among the four media we tested, Sf-900 Il SFM
was most suitable for the production of SmALDH_312 (BEVS) and
BR0O33 (LP). However, IS Sf Insect ACF supported the highest final
cell concentration and TriEx ICM achieved the shortest doubling
time. If a CDM such as ExpiSf CDM is required, the LP protocol
can be optimized, which was previously shown to increase protein
yields by ~2.8-fold [4,24]. Furthermore, the pre-adapted ExpiSf9
cell line can increase the maximum cell concentration and yield
with ExpiSf CDM for LP, but especially BEVS, according to the man-
ufacturer [58]. Our data show that the medium has a profound
impact on protein production and final yield, and we therefore rec-
ommend the inclusion of media screening as a process develop-
ment option whenever possible.
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