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Abstract 
This work aimed to describe the dynamics of the Sf9 insect cells death and primary metabolism when this host is infected 
simultaneously by two recombinant baculoviruses (BV) expressing rabies glycoprotein (BVG) and matrix protein (BVM) 
genes to produce rabies virus-like particles (VLP) at different multiplicities of infection (MOI). Schott flasks essays covering 
a wide range of MOI for both BV were performed. Viable cell density, cell viability, glucose, glutamine, glutamate, lactate, 
ammonium, and rabies proteins concentrations were monitored over the infection phase. The expression of both recombi-
nant proteins was not limited by glucose, glutamine, and glutamate in a broad MOI (pfu/cell) range of BVG (0.15–12.5) 
and BVM (0.1–5.0) using SF900 III serum free culture medium. Death phase initiation and the specific death rate depend 
on BV MOI. The wave pattern of nutrient/metabolite profiles throughout the viral infection phase is related to the baculo-
virus lytic cycle. The optimal MOIs ratio between BVG (2.5–4.5) and BVM (1.0–3.0) for maximum protein expression was 
defined. The produced rabies VLP sizes are close to 78 nm. In general, these work outputs bring a better understanding of 
the metabolic performance of Sf9 cells when infected by BV for producing VLP, and specifically, for progressing in a rabies 
VLP vaccine development.
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Introduction

Rabies virus is a negative-sense RNA virus in the Rhab-
doviridae family and is also included in the Lyssavirus 
genus. The virus genome length is around 12 kb, encoding 
five structural proteins: the nucleoprotein (N), the phos-
phoprotein (P), the large RNA polymerase protein (L), the 
matrix protein (M), and the glycoprotein (G). N, P, and L 
proteins form the nucleocapsid, and the envelope is com-
posed of the M and G proteins [1]. As with other lyssavi-
ruses, the rabies virus causes a fatal disease, affecting the 
central nervous system, causing severe encephalitis, which 
shows nervous signs of aggression, paresis, and paralysis, 
which if not treated with prophylaxis in time, results in 
death [2]. It is an anthropozoonosis transmitted through the 
saliva of infected animals by biting, licking open wounds, 

mucous membranes, and/or scratches. This virus is consid-
ered a threat to human health worldwide. Rabies kills close 
to 59,000 people annually, most of whom are children [3].

If there is no pre- or post-exposure prophylactic treat-
ment with anti-rabies serum, the chance of death is close to 
100% [4]. The biotechnological product available to prevent 
this disease is the vaccine. The licensed human rabies vac-
cines are primarily based on inactivated purified rabies virus 
grown in tissue culture or embryonated duck or chicken 
eggs. This vaccine technology is expensive for poor and 
developing countries, where the incidence of human rabies 
is high [5]. Some countries still use nerve tissue-based vac-
cines, which are less effective and pose a public health risk 
[6].

The new human rabies vaccines in the pipeline cover the 
following platforms: protein vaccines; genetically modified 
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rabies virus; genetic, DNA, RNA, and viral vector vaccines; 
as well as the enhancing of adjuvants [7]. Specifically, the 
protein vaccine platform has been mainly based on G pro-
tein, that assembles as homotrimeric protein on the surface 
of the virion and most of the antigenic sites are conforma-
tional epitopes which rely on the proper quaternary protein 
structure. Different expressions systems have been utilized 
for this protein expression, such as mammalian cells, yeast, 
plants, and insect cells. The latter system shows a promising 
product (advanced clinical assays), a G protein nanoparti-
cle vaccine generated by CPL Biologicals (India) using the 
platform Sf9 insect cells/recombinant baculovirus [7]. As a 
rule, the rabies protein or subunit vaccines have two main 
limitations, high cost because extensive downstream steps, 
and low immunogenicity to allow a 1-dose regime.

Therefore, it is essential to have new vaccine proposals 
aimed at decreasing costs, combined with immunogenic-
ity and good protection. An alternative to improve the low 
immunogenicity of subunit vaccines is virus-like parti-
cles (VLP) platform. VLP are self-assembling complexes 
of capsid proteins that mimic the overall structure of their 
parental virus. The absence of genetic material makes these 
particles non-infectious, enhancing their safety profile when 
compared to live-attenuated vaccines [8]. Among the advan-
tage of VLP over other particulate subunit vaccines are mor-
phological similarity to their parent virus, a very repetitive 
immunogenic surface structure, and the retention of cell 
uptake and immune processing pathways associated with 
their parent virus. VLP can be produced using a variety of 
expression systems, such as bacteria, yeast, insect, and mam-
malian cells, in cell-free expression systems, in live organ-
isms and plants [9]. One of the most employed hosts for 
enveloped VLP (much more complex in composition than 
non-enveloped VLP) production are the insect cells based on 
recombinant baculovirus. The scale up of this protein pro-
duction system is feasible [10]. A virus-like particle has the 
appeal of being cheaper and having good biosecurity, both 
for those who manufacture it and for those who receive it. 
It is a vaccine preparation that does not use the native virus, 
not requiring a level 3 containment laboratory, reducing 
costs and risks. Currently, one of the main hurdles obstruct-
ing the vaccine industry's progression is the development 
of downstream processing technologies for VLP vaccine 
production. Therefore, several solutions have been explored 
to overcome this issue like aqueous two-phase systems and 
chromatographic techniques [11].

There are two expression strategies to produce protein 
complex in baculovirus/insect cell (B/IC) expression system: 
co-expression using single polycistronic baculovirus, and 
co-infection, using multiple monocistronic baculoviruses. 
Some of the important parameters for this VLP platform 
are the time of infection (implying a certain viable cell con-
centration), the multiplicity of infection (MOI, virus/cell), 

and harvest time [12]. Besides, the knowledge of insect cell 
metabolism is necessary for the rational design of cell cul-
ture medium, operation mode choice, and feed plan to pro-
duce VLP in B/IC expression system [13].

Thus, this work aimed to describe the Sf9 insect cell 
death and primary metabolism when infected by two mono-
cistronic baculoviruses to produce rabies virus-like parti-
cles at different MOI of baculoviruses holding rabies G and 
M protein. In general, this study focused on understanding 
these upstream stage aspects, little explored in the literature, 
which are essential to suggest culture medium or cells feed 
strategies to produce recombinant proteins and VLP using 
the B/IC expression system; and specifically, to move for-
ward in the development of rabies vaccine candidate based 
on virus-like particles.

Materials and Methods

Cell lines and Culture Media

The Sf9 cells used for virus inoculum, cell growth without 
infection and co-infection assays were kindly provided by 
Professor Dr. Paolo Marinho de Andrade Zanotto (Labora-
tory of Molecular Evolution and Bioinformatics, Depart-
ment of Microbiology, Biomedical Sciences Institute, Uni-
versity of São Paulo) [14]. Besides, Sf9 Easy Titer (ET) cells 
were utilized for viral titration assays, donated by Profes-
sors Dr. Ralph Hopkins and Dr. Dominic Esposito, from 
the Protein Expression Laboratory of the National Cancer 
Institute of Frederick, Maryland, USA. Both cell lines were 
cultivated in SF900 III serum free medium (Thermo Fisher 
Scientific, Massachusetts, USA), though this medium for Sf9 
ET cells was supplemented with 2.5% fetal bovine serum 
(FBS, HyClone®, Cytiva, USA). For all assays, including 
virus inoculum preparation, as well as host growth and co-
infection runs for metabolism studies, frozen cells stored 
in liquid nitrogen were thawed and subcultured for three 
passages.

Viral Stock and Conservation

The recombinant baculoviruses bearing M and G proteins, 
named BVM and BVG, respectively, were generated by 
transfecting cloned bacmids with the genes encoding both 
rabies virus proteins into Sf9 cells, as previously described 
[15]. The production of viral stocks containing BVM and 
BVG were done through three infection passages, with 
a multiplicity of infection (MOI) of 0.1 at a viable cell 
concentration of about 1 ×  106 cells  mL−1. The supernatant 
was collected 96 h after infection and centrifuged at 500×g 
for 5 min. The clarified supernatant was then stored at 4 °C 
in a dark room.
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Schott Flasks Assays

Five experimental blocks using three MOIs ratio (1.5; 2.0 
and 2.5) between BVG and BVM were executed compris-
ing BVM MOI from 0.1 to 5.0 (Table 1). A control assay 
was also done (cell growth without viral infection). All 
assays were carried out in triplicate.

Schott flask assays were performed in flasks with a total 
volume of 100 mL with 20 mL working volume. Cell cul-
tures were maintained at 28 °C and 100 rpm in a rotating 
shaker incubator (Innova 4000, New Brunswick Scientific, 
Edson, NJ, USA). The initial concentration of the cells of 
the growth without infection and co-infection assays was 
around 1 ×  106 cells  mL−1. Daily samples were taken to 
determine cell concentration (Xv) and viability (CV), for 
quantifying nutrient and metabolite concentrations, virus 
titer and protein expression. Virus titers for experiments 
using 0.1 and 0.2 BVM MOIs was 1.6 ×  107 and 1.5 ×  106 
pfu/mL, for BVG and BVM, respectively, while for experi-
ments with 1.0 BVM MOI, the BVG and BVM titers were 
6.7 ×  107 pfu/mL and 6.9 ×  107 pfu/mL, respectively; and 
assays with 3.0 and 5.0 BVM, the BVG and BVM titers 
were for both 9.0 ×  108 pfu/mL.

Cell Density and Viability

The cell density and viability were determined by the trypan 
blue exclusion method (0.04% v/v) in a Neubauer-bright-line 
hemocytometer considering 8 quadrants. As a rule, cell sam-
ples were diluted tenfold in phosphate-buffered saline (PBS 
1 ×).

Viral Titration

The titration assays of viral batches were performed according 
to the method described by Hopkins and Esposito [16]. This 
method is based on the activation of the eGFP gene, previ-
ously transfected into Sf9 ET cells, which fluoresces when 
infected. Briefly, cells were seeded in a 96-well plate at a con-
centration of 7.5 ×  104 cells per well and kept for 1 h at 28 °C 
for sedimentation and adhesion. After that, the viral lot to be 
titrated was serially diluted to a  10–8 dilution. Diluted viruses 
were applied in octuplicate to columns 2 to 11. Column 12 
was used as a negative control. The plate was incubated for 
96 h at 28 °C. After this period, the cells were analyzed under 
an inverted fluorescence microscope to find fluorescence foci.

Dot Blotting

One hundred microliters samples were added to a nitrocel-
lulose membrane (GE HealthCare Life Science) and incu-
bated in blocking solution (non-fat milk powder 3% w/v) 
for 1 h. Subsequently, the membranes were incubated with 
the matching primary antibody; mouse anti-rabies glyco-
protein antibody (LifeSpan BioSciences, LSBio – C75309, 
Seattle, USA) at 1:4000 dilution and antibody made in 
rabbit anti-rabies matrix protein (Cusabio Biotech, CSB-
PA322192LA01RAI, Texas, USA) at 1:2000 dilution for G 
and M protein, respectively. Afterward, the membrane was 
incubated in secondary antibody conjugated with horserad-
ish peroxidase (HRP) for 1 h; HRP-conjugated anti-mouse 
antibody (Thermo Fisher Scientific, G21040) and HRP-
conjugated anti-rabbit antibody (Thermo Fisher Scien-
tific, 656120), both at 1:5000 dilution for G and M protein, 
respectively. In the period separating both incubations, the 
membrane was washed 3-fold with PBS 1 × solution + 0.05% 
(v/v) Tween, incubating for 10 min between each wash. 
Finally, the membrane was revealed in an Alliance 2.7 photo 
documenter (Uvitec, Cambridge, UK) by means of a chemi-
luminescent reaction (ECL) using the PicoWest SuperSignal 
Chemiluminescent Substrate kit (Thermo Fisher Scientific).

Enzyme‑Linked Immunosorbent Assay (ELISA) 
for Rabies G Protein

Rabies G protein quantification by ELISA was carried out 
using the Rabies Glycoprotein Enzyme Immunoassay kit 
from Pasteur Institute (Paris, France) and described in detail 
by Astray et al. [17]. One plate was sensitized with the pri-
mary antibody Mab-D1 (specific antibody for RVGP site 
III), diluted 1:2000 in carbonate buffer, incubated for 2 h at 
37 °C and then incubated at 4 °C for 16 h. The samples and 
the standard curve (inactivated and lyophilized rabies virus) 
were added to the plate and incubated for 1 h at 37 °C. After 
incubation, the secondary antibody Mab-D1 conjugated with 

Table 1  Coinfection conditions 
to produce rabies VLP using 
Sf9 cells in Schott flasks

All combinations were performed 
in triplicate

Experiment 
blocks

MOI

BVG BVM

1 0.15 0.1
0.20 0.1
0.25 0.1

2 0.30 0.2
0.40 0.2
0.50 0.2

3 1.50 1.0
2.00 1.0
2.50 1.0

4 4.50 3.0
6.0 3.0
7.5 3.0

5 7.5 5.0
10.0 5.0
12.5 5.0
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peroxidase was added to the plate, at a dilution of 1:2000, 
and the plate was incubated for another 1 h at 37 ºC. After 
this time, the plate was incubated with chromogenic sub-
strate for 30 min. After this time, the reaction was stopped 
for further reading.

Transmission Electron Microscopy (TEM)

Coinfection samples holding rabies VLP were concentrated 
at 150,000×g and 4 ºC for ninety minutes by ultracentrifu-
gation. The pellet formed was resuspended in PBS 1× and 
again ultracentrifuged in a 20% sucrose cushion (w/v) at 
230,000×g and 4 ºC for 2 h. Afterward, the pellet was again 
resuspended in PBS 1× and applied to copper grids pre-
coated with parlodium. The grids were added 1% aqueous 
uranyl acetate solution and they were observed in a trans-
mission electron microscope (TEM) LEO 906E (Zeiss, 
Germany).

To perform immunostaining assays, primary antibodies 
(anti-G protein and anti-M protein) and secondary antibodies 
conjugated with colloidal gold (anti-mouse and anti-rabbit) 
were also added. Afterwards, samples were contrasted with 
uranyl acetate and observed in a TEM.

Nutrient and Metabolite Quantification

Glutamine (gln), glutamate (glu), glucose (gluc) and lactate 
(lac) concentrations were enzymatically quantified using 
a biochemical analyzer (Model 2900 Select Biochemis-
try Analyzer, YSI Inc., Yellow Springs, Ohio, USA). The 
ammonium ( NH+

4
 ) concentration was determined using the 

same device employing a proper Ion-Selective Electrode. 
For this purpose, clarified cell-free samples were placed in 
96-well plates and read on the analyzer.

Biochemical Parameters Determination

The maximum specific growth rate ( μmax, h
−1 ) was deter-

mined from linear regression of the logarithmic increase in 
viable cell density ( Xv,

cells

L
 ) with respect to time over the 

exponential growth phase. Besides, the specific death rate 
( kd, h

−1 ) throughout the infection phase was determined by 
Eq. 1. The term dXv

dt
 (linear death rate) was determined as the 

slope of linear regression of Xv vs time during the infection 
phase.

The uptake and release specific rates for substrates ( qs ) 
(glucose, glutamine, glutamate) and metabolites ( qm ) (lac-
tate, ammonium) were quantified according to Eq. 2 and 
3, respectively.

(1)kd = −
dXv

dt
⋅

1

Xv

where S and M are the substrate and metabolite concentra-
tion (mmol/L), respectively. During the exponential growth 
phase, a plot of the S or M versus Xv , yields a slope of qS

μmax

 or 
qm

μmax

 . On the other hand, the post infection qs and qm were 
calculated in the middle ( qs

(

t
)

, qm
(

t
)

 ) of two consecutive 
sampling points by Eq. 4 and 5.

where t is the average of the two consecutive sampling 
times ( tn−1, tn ); Sn,Mn are the concentrations of substrate and 
metabolite at tn , and Sn−1,Mn−1 are equivalent for tn−1 , Xv 
is the viable cell density average between tn−1, tn . For both 
culture systems, tn−1 − tn was kept close to 24 h.

Conversion yields ( Y  ) in the exponential growth 
phase were calculated as a ratio between specific rates 
( qs, qM, μmax ). Besides, protein expression-substrate yields 
were determined as the concentration variation ratio 
between protein and substrate.

Data Analysis

Raw data were arranged and stored in Excel spread-
sheets, all calculations were performed in the same soft-
ware (Office 365, Microsoft Corporation, Redmond, WA, 
USA). The graphs were plotted with Origin 2020 software 
(OriginLab Corporation, Northampton, MA, USA). Facto-
rial ANOVA for determination of optimal conditions of 
multiplicity of infection and harvest time to ensure maxi-
mum protein expression as well as basic statistical analysis 
to assess VLP size were performed in Statistica version 14 
(TIBCO software Inc, Palo Alto, CA, USA). All statistical 
decisions were taken with 95% confidence level (α = 0.05).

Results and Discussion

Sf9 cells are commonly used to produce recombinant pro-
teins by transient expression due to this host achieves high 
protein yields as well as bears greater passaging stability 
than other insect cell lines. As is well known, the culture 

(2)qs =
dS

dt
∙
1

Xv

(3)qm =
dM

dt
∙
1

Xv

(4)qs
(

t
)

=
Sn − Sn−1
(

tn − tn−1
) ∙

1

Xv

(5)qm
(

t
)

=
Mn −Mn−1
(

tn − tn−1
) ∙

1

Xv
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medium has a significant impact on protein output efficiency. 
However, the effect of modern insect cell culture medium on 
Sf9 cells has been scarcely assessed for different expression 
systems, specifically for producing VLP from baculovirus 
expression vector system (BEVS) [18]. This work aimed 
to understand the Sf9 cells' death and primary metabolism 
when using BEVS to make rabies VLP with SF900 III serum 
free culture medium in Schott flasks. The virus infections 
were carried out in wide range of multiplicities of infection 
of BVG and BVM.

Cell Growth and Metabolism Before Coinfection

As a reference, Sf9 cells were cultured in SF900 III without 
recombinant baculovirus infection. The cells entered the 
exponential from the inoculation at 1 ×  106 cell/mL viable 
cell density. The maximum viable cell density ( Xv, 
9.83 ± 3.48 ×  106 cell/mL) was reached at 120 h and μmax 
defines 31.7 ± 2.4 h doubling time ( td =

ln2

μmax

 ) (Supplemen-
tary material Fig. 1A; Table 2). The maximum Xv and td 
were comparable to the usual values for these parameters for 
Sf9 cells cultured in batch mode using SF900 III serum free 
medium (between 6–11 ×  106 cell  mL−1 and 24 h, respec-
tively) [19].

Major nutrients (glucose, glutamine, glutamate, all used 
for energy production) and metabolites (lactate, ammonium) 
were monitored, as well as their yields and specific rates 
were also determined over the exponential growth phase 
(Table 2). The initial glucose, glutamine and glutamate 
masses were consumed 51, 86 and 57%, respectively (Sup-
plementary material Fig. 1B, D, and E). In the case of glu-
tamine, the spontaneous decomposition has been reported as 
a significant event (almost 30% in culture medium supple-
mented with fetal bovine serum), thus, part of its 86% deple-
tion could not be utilized by the cells [20]. The qgluc and qgln 
confirmed in this work (Table 2) for SF900 III were within 
the same order as those reported for SF900 II during the 
growth phase, 8.64 ×  10–11 and 3.96 ×  10–11 mmol  cell−1  h−1, 

respectively [21]. The difference between the current qgluc 
and qgln could be caused obviously because they are different 
culture media, but also by the absence of dissolved oxygen 
control in our culture system (Schott flasks).

The level of ammonium concentration throughout Sf9 
growth was oscillating in narrow range (0.03–0.07 g/L), 
whereas lactate increase up to 0.2 g/L from initial concentra-
tion of 0.02 g/L (Supplementary material Fig. 1C and F). 
Nevertheless, the low Y lac

gluc

 value (0.08) (Table 2) confirmed 

the fully functional TCA cycle. The lactate production in Sf9 
cells is only verified under conditions of anoxic stress. 
Besides, ammonia is not accumulated by Sf9 cells during 
growth if glucose is not a limiting substrate [21].

Cell Death and Metabolism After Coinfection

The Sf9 infection within a broad range of MOI of both 
baculovirus bearing genetic code for rabies virus proteins 
featured a linear death phase (zero-order death phase) with 
or without delay time respect to the infection moment. As 
a rule, the linear death phase began later at low MOI (Sup-
plementary material Fig. 2–6A; Fig. 1A) and the linear death 
velocity ( dXv

dt
 ) was within − 6700–13500 cell/mL/h, except 

to BVM MOI 5, in which dXv

dt
= −15300 − 16300 cell/mL/h 

(Supplementary Fig. 6A). The kd increased over the infec-
tion in all assessed conditions, as time progressed, showing 
an exponential trend. This pattern has been reported and is 
triggered by the boost of virions titer [22]. High kd values 
were confirmed at high values of MOI. Highest kd values 
were close to 0.05  h−1 (Fig. 2). These kd values were higher 
than those reported (0.007–0.029  h−1) for a culture medium 
supplemented by fetal bovine serum and silkworm hemo-
lymph [23] and closer to other recombinant baculovirus 
using Sf9 cell host and SF900 II serum free culture medium 
(0.08 ± 0.01  h−1) [24].

Cells not being limited by glucose, glutamine and gluta-
mate depletion were confirmed for protein expression with 
BVG-BVM MOI ratios of 0.15–0.1 to 12.5–5. Wave pattern 

Table 2  Yields, as well as 
specific growth, nutrient 
consumption, and metabolite 
generation rates over the 
exponential growth phase in Sf9 
cell growth in SF900 III (Raw 
data from the control assay 
performed in triplicate, cell 
growth without viral infection) 
using Schott flask (SF) as 
culture system

Values represent the average ± standard deviation from three repetitions
a Parameters determined at the end of the exponential phase when ammonium concentration increase was 
observed. Minus signs before qgln, qgluc and qglu represent specific consumption rates, the original values 
are negative for these parameters

Yields Specific rates

Y gln

Xv

(mmol  cell−1) 7.7 ± 1 ×  10–10 μmax(h−1) 0.02 ± 0.002

Ygluc

Xv

(mmol  cell−1) 2 ± 0.4 ×  10–9 −qgln(mmol  cell−1  h−1) 1.7 ± 0.3 ×  10–11

Y glu

Xv

(mmol  cell−1) 6 ± 13 ×  10–10 −qgluc(mmol  cell−1  h−1) 4.6 ± 1.2 ×  10–11

Y lac

gluc

(mmol  mmol−1) 7.6 ± 3.6 ×  10–2 −qglu(mmol  cell−1  h−1) 1.3 ± 0.3 ×  10−11a

YNH+
4

gln

(mmol  mmol−1)a 4 ± 3.8 ×  10–1 qLac(mmol  cell−1  h−1) 3.2 ± 1 ×  10–12

qNH+
4
(mmol  cell−1  h−1)a 6 ± 6 ×  10–12
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metabolites concentration oscillations (Fig. 3D–F). Up to 
date, the published works described a decrease in substrate 
specific consumption rates (71% and 45% decrease for glu-
cose and glutamine, respectively) over the infection phase 
with respect to the growth phase [21], but detailed studies 
over the infection to describe the substrate specific rate pro-
files were not performed. Likely, this is the main contribu-
tion of this work. Thus, a nutrient feed strategy related to 
the primary metabolism is not necessary for improving VLP 
yield and productivity.

The lactate was slightly accumulated at low MOIs during 
the infection phase, but also showed a wave pattern at high 
MOIs (Supplementary material Fig. 2–6D). Nevertheless, 

Fig. 1  Viable cell density monitoring over the cell death phase. A 
Linear death rate after beginning of the cell death caused by virus 
infection. B Initiation of cell death after virus infection
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k
d
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h
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k
d
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h
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)
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Fig. 2  Specific death rate ( kd, h−1 ) throughout the infection phase 
until 96 h at average BVG and BVM MOI ratio in each experimental 
block. A kd monitoring at relative low MOI values. B kd monitoring 
at relative high MOI values

was observed for these substrates over the infection phase 
(Supplementary material Fig. 2–6). For glucose and glu-
tamate, their wave profiles were more pronounced (wave 
amplitude) since low MOI infections, whereas for glutamine 
profiles even within a wave pattern a slight decrease in its 
wave amplitude at low MOI was observed. However, the 
glutamine profiles are fairly ondulatory at the highest MOIs 
(5.0 BVM MOI) (Supplementary material Fig. 6E). The 
minimum (negative) and maximum (positive) numerical 
values of specific rates for these substrates reinforce these 
patterns (Table 3). The glucose specific rate profile over 
the infection revealed the higher amplitude wave (Table 3, 
Fig. 3). These patterns must be a consequence of the bac-
ulovirus lytic cycle (Supplementary material Fig. 2–6). 
The total cell density profiles support these nutrients and 
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the wave pattern for ammonium or no accumulation was 
also confirmed over the entire assessed range of MOIs (Sup-
plementary material Fig. 2–6G). Therefore, the inhibition 
by lactate and ammonium is not a significant event for VLP 
production using BV/IC system.

Protein Expression, VLP Production 
and Characterization

The rabies glycoprotein (monomer and trimer detec-
tion) and M protein expression quantified by Dot-blot-
ting showed typical profiles for BEVS over the MOIs 
ratio considered in this work [25]. The optimal combi-
nation of MOIs ratio and harvest time for each experi-
mental block (Table 1) to maximize Rabies glycoprotein 
expression by Dot-blotting (relative low-cost assay) was 
defined by factorial ANOVA, as a screening approach. 
Using this method, increasing levels of Rabies glycopro-
tein in supernatant was found   until BVM MOI equal to 
3.0 (1081 µg/L), when quantified by Dot-blotting, the 5.0 
BVM MOI decreased the protein expression defined by 
this immunochemical technique. The Rabies M protein 
expression by Dot-blotting has a similar performance. 
However, the Rabies glycoprotein concentration by ELISA 
was featured by high expression (1014–1135 µg/L) at low-
est and highest MOIs (Table 4). The optimal MOI depends 
on the cell line, baculovirus, culture medium, the opera-
tion mode, and the physiological state of the cells [26]. 
Besides, the cost of baculovirus as supply must be consid-
ered. Thus, the MOI optimization must be performed case 
to case. In our system BVG and BVM MOI ratios within 

2.5:1 to 4.5:3 seem to be suitable. This finding is signifi-
cant for progressing on the rabies VLP vaccine candidate 
development using scaling-up devices like stirred-tank 
bioreactors.

Another expression optimization was carried out focusing 
on maximization of glycoprotein production quantified by 
ELISA at relative high MOI experimental blocks was car-
ried out. This optimization showed similar values for Rabies 
glycoprotein yields from 1.0 to 5.0 BVM MOIs (Table 1) by 
ELISA and M protein by Dot-blotting. Highest values for 
Rabies glycoprotein expression were within BVM MOI 1–3 
range (Table 5). The protein expression yields were in har-
mony with others in advanced status of development (e.g., 
1 mg/L Ebola VLP yield) [27]. The optimization of the MOI 
is significant for further bioprocess development, both tech-
nically and economically points of view.

The rabies glycoprotein-substrates yields were deter-
mined, even no effective substrate consumption was 
observed at high MOIs. The substrate variation was defined 
as the difference between substrate or initial or maximum 
concentration and final or minimal concentration over the 
virus infection/expression phase (Fig. 4). An increasing 
trend with increasing MOIs for this parameter was observed 
for glucose and glutamine.

Thus, a VLP size characterization was performed at BVG 
and BVM MOI ratio of 3:2 with 96 h harvest time. Rabies 
VLP carry on both rabies proteins according to immu-
nostaining in transmission electron microscopy. Besides, 
the average particle size was 78 ± 17 nm (Fig. 5). The par-
ticles size is lower than that (128 ± 36 nm) determined for 

Table 3  Range of analyte uptake and release specific rates (minimum and maximum values of observed oscillations) over the infection phase

Specific rate ( q
x
, 

mmol  cell−1  h−1)
MOI BVM

0.1 0.2 1.0 3.0 5.0

MOI BVG

0.15 0.20 0.25 0.30 0.40 0.50 1.50 2.00 2.50 4.50 6.00 7.50 7.50 10.00 12.50

Minimum values
 qgluc

(

×10−10
) 9.6 − 24.0 − 2.7 − 7.8 − 35.2 − 3.7 − 3.5 − 6.2 − 5.8 − 7.6 − 14.0 − 9.7 − 3.2 − 4.5 − 6.7

 qlac
(

×10−12
) − 3.5 − 8.7 − 1.9 0.8 − 15.8 − 1.4 − 4.2 − 3.2 − 2.8 − 11.7 − 13.5 − 11.1 − 6.7 − 6.4 − 2.9

 qgln
(

×10−11
) − 8.6 − 94.9 − 11.6 − 30.4 − 13.7 − 44.8 − 17.9 − 10.8 − 7.1 − 11.0 − 13.5 − 27.0 − 6.7 − 70.2 − 4.4

qglu
(

×10−10
) − 3.6 − 15.3 − 1.1 − 3.2 − 2.8 − 9.4 − 3.5 − 1.4 − 0.9 − 0.5 − 0.8 − 2.1 − 0.7 − 9.0 − 0.4

 qNH+
4

(

×10−11
) − 5.5 − 11.7 − 11.7 − 40.0 − 12.5 − 24.9 − 6.9 − 5.7 − 1.9 − 2.2 − 5.2 − 1.5 − 7.7 − 6.7 − 6.7

Maximum values
 qgluc

(

×10−10
) 8.8 295.9 28.7 6.1 50.4 3.3 9.7 1.1 2.2 6.8 6.5 16.1 16.4 9.4 1.6

 qlac
(

×10−12
) 16.7 204.2 99.0 11.0 32.9 15.0 19.4 48.6 92.4 7.6 13.0 10.8 58.7 25.0 9.3

 qgln
(

×10−11
) 8.5 423.5 23.1 21.9 14.6 13.7 9.9 9.1 1.8 9.9 7.8 32.1 11.8 12.2 8.2

 qglu
(

×10−10
) 1.8 63.9 1.7 3.2 4.1 1.9 2.2 2.0 1.1 1.9 0.7 4.5 3.2 2.6 1.8

 qNH+
4

(

×10−11
) 67.6 195.6 39.4 9.1 30.2 20.3 6.9 6.3 1.3 5.0 10.5 1.7 12.6 7.4 10.0
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Fig. 3  Specific nutrient and metabolite rates over the infection phase 
in Schott flasks at best conditions for maximum glycoprotein con-
centration by ELISA (Table  5) and corresponding total cell density 
profiles. A Specific rates for infection with 2.5 MOI of BVG and 1.0 
MOI of BVM. B Specific rates for infection with 4.50 MOI of BVG 
and 3.0 MOI of BVM. C Specific rates for infection with 7.50 MOI of 

BVG and 5.0 MOI of BVM. Error bars represent standard deviation 
of three repetitions for experiments performed. D Total density  (Xt) 
profile corresponding to conditions represented in A. E  Xt profile cor-
responding to conditions represented in B. F  Xt profile corresponding 
to conditions represented in C 
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the same system using low MOI of both recombinant rabies 
baculovirus [15]. This VLP size pattern could be explained 
by the higher MOI after secondary infections, at low MOI, 
than those occurred at initial high MOI. However, the VLP 
heterogeneity could be affected at initial low MOI (more 
experiment should be performed to demonstrate this hypoth-
esis). Nevertheless, this work's obtained rabies VLP size is 
inside the typical VLP size range [27].

Conclusions

Considering the relevance that rabies still has, being con-
sidered a neglected tropical disease with high prevalence 
in poor and developing countries, that lack an effective and 
less expensive vaccine, this work aimed to study the primary 
metabolism of Sf9 cells coinfected with two recombinant 
baculoviruses carrying rabies glycoprotein (G) and matrix 
protein (M) at various MOI levels, aiming to produce virus-
like particles (VLP) of this virus, as a potential vaccine can-
didate against this disease.

For the production of heterologous proteins it is essential 
to better understand the cells, their performance and metabo-
lism, to increase production aiming at industrial/commercial 
scales. Therefore, the primary metabolism of Sf9 cells was 
analyzed for the production of rabies virus-like particles. 
The rabies protein expression using baculovirus expression 
vector system and Sf9 cells as a host was not limited by 
glucose, glutamine, and glutamate in a broad multiplicity 
of infection range of monocistronic baculovirus bearing 
gene of rabies glycoprotein (MOI 0.15–12.5) and M protein 
(MOI 0.1–5.0) using SF900 III serum free culture medium, 
thus, the nutritional need of cells was met in the parameters 
analyzed. The initiation of linear death phase after virus 
infection, and the associated specific death rate depend on 
BV MOI. The wave pattern of nutrient profile throughout 
the virus infection/protein expression phase is related to 
baculovirus lytic cycle. The optimization of rabies protein 
expression by this system suggests a MOIs ratio for BVG 

Table 4  Optimal conditions for rabies glycoprotein expression (determined by Dot Blotting) in each experimental block (see Table 1)

Optimal values for MOI ratio between BVG and BVM, and harvest time were defined by factorial ANOVA

Experimental 
Block

BVG-BVM 
MOI values

Harvest 
time (h)

Rabies glycoprotein concentra-
tion (µg  L−1) by Dot-blotting

Rabies glycoprotein concen-
tration (µg  L−1) by ELISA

Rabies M protein concentra-
tion (µg  L−1) by Dot-blotting

1 0.2–1.0 96 198 ± 7 1051 ± 65 107 ± 0
2 0.4–0.2 48 141 ± 10 1014 ± 69 64 ± 6
3 2.0–1.0 48 1217 ± 146 223 ± 8 296 ± 11
4 7.5–3.0 120 1801 ± 232 644 ± 124 588 ± 18
5 10.0–5.0 96 524 ± 285 1135 ± 217 397 ± 43

Table 5  Optimal conditions for rabies glycoprotein expression (determined by ELISA) in experimental blocks from 3 to 5 (see Table 1)

Optimal values for MOI ratio between BVG and BVM, and harvest time were defined by factorial ANOVA

Experimental 
Block

BVG-BVM 
MOI values

Harvest 
time (h)

Rabies glycoprotein concentra-
tion (µg  L−1) by Dot Blotting

Rabies glycoprotein concentra-
tion (µg  L−1) by ELISA

Rabies M protein concen-
tration (µg  L−1) by Dot 
Blotting

3 2.5–1.0 120 550 ± 30 1099 ± 196 490 ± 33
4 4.5–3.0 96 878 ± 429 963 ± 265 479 ± 6
5 7.5–5.0 120 64 ± 14 1303 ± 181 475 ± 84

Fig. 4  Protein expression-substrate yields  (YGPV/S) for optimal condi-
tions using maximum G-glycoprotein concentration by ELISA as cri-
terium at different high MOI experimental blocks (3–5). HT harvest 
time and MOI multiplicity of infection
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Fig. 5  Transmission electron 
microscopy micrographs and 
derived statistical analysis for 
VLP produced at BVG and 
BVM MOI ratio of 3:2 and 96 h 
harvest time. A Immunostaining 
with primary antibody anti-
glycoprotein. Rabies VLP size: 
103 nm. B Immunostaining with 
primary antibody anti-M pro-
tein. Rabies VLP size: 68 nm. 
C Frequency histogram for 
VLP size (n = 8), average size 
and standard deviation equal 
to 78 ± 17 nm and 50–103 nm 
particle size range

C
Histogram: Rabies VLP size (nm)
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and BVM within 2.5–4.5 and 1.0–3.0 ranges, respectively. 
The produced rabies VLP sizes are close to 78 nm. These 
work outputs could be relevant as a numeric characteriza-
tion of baculovirus infection death and primary metabolism 
using Sf9 insect cells and SF900III culture medium in virus-
like particles production.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12033- 022- 00586-x.
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