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Abstract

The emergence of new viruses and the spread of existing pathogens necessitate effi-

cient vaccine production methods. The baculovirus expression vector system (BEVS)

is an efficient and scalable system for subunit and virus-like particle vaccine produc-

tion and gene therapy vectors. However, current production processes are often lim-

ited to low cell concentrations (1–4 � 106 cells/mL) in fed-batch mode. To improve

the volumetric productivity of the BEVS, a medium exchange strategy was investi-

gated. Screening experiments were performed to test baculovirus (expressing green

fluorescent protein; GFP) infection and productivity of insect cell cultures infected at

high cell concentration (1–2 � 107 cells/mL), showing that infection at high cell con-

centrations was possible with medium exchange. Next, duplicate perfusion runs with

baculovirus infection were performed using a cell concentration upon infection (CCI)

of 1.2 � 107 cells/mL and a multiplicity of infection (MOI) of 0.01, reaching a maxi-

mum viable cell concentration of 2.8 � 107 cells/mL and a maximum GFP production

of 263 mg/L. The volumetric productivity of these perfusion runs was 4.8 times

higher than for reference batch processes with a CCI of 3 � 106 cells/mL and an

MOI of 1. These results demonstrate that process intensification can be achieved for

the BEVS by implementing perfusion, resulting in a higher volumetric productivity.
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1 | INTRODUCTION

Several viral outbreaks with epidemic and pandemic potential, most of

which are zoonotic, have been witnessed in the last two decades.1

Examples include the 2002–2003 outbreak of SARS, the 2009 out-

break of H1N1 influenza (swine flu), the 2013–2016 outbreak of

Ebola, and the 2019–2020 outbreak of COVID-19 caused by SARS-

CoV-2. It is expected that the emergence of new infectious diseases

will become more common due to social, environmental, and eco-

nomic factors.2 Vaccines are the most effective medical intervention

to combat global viral outbreaks.3 To effectively contain a viral out-

break, the timely availability of vaccine material in sufficient amounts
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is crucial. Consequently, the ability to quickly develop and efficiently

scale-up vaccine production processes is critical. The baculovirus

expression vector system (BEVS) allows the expression of foreign

genes when infecting insect cells with a recombinant baculovirus. In

this system, the baculovirus polyhedrin gene, which is expressed at a

high level and is not essential for virus replication, is replaced by

a gene of choice.4 The infection process and protein production using

the BEVS is significantly influenced by the multiplicity of infection

(MOI) and the cell concentration at infection (CCI). The MOI is the

number of infectious baculoviruses per cell added to a culture.5 In

industrial processes a MOI larger than 5 is generally considered a high

MOI and a MOI lower than one a low MOI. A high MOI ensures the

immediate infection of all insect cells upon virus addition. Infecting at

a too-high CCI leads to reduced protein production due to the cell

density effect, while infection at a too-low CCI results in limited pro-

tein production due to the small concentration of infected cells. With

a high MOI approach, infection at the optimal CCI is easily attainable,

but a large amount of virus particles is needed.6 The use of a low MOI

strategy requires multiple infection cycles in the process and enables

the use of smaller virus stocks. If with a low MOI the CCI is chosen

too high, cells will grow to too high cell concentrations leading to

decreased protein production due to the cell density effect. When the

CCI is chosen too low, full infection will occur at low cell concentra-

tions also leading to reduced protein production. Although these gen-

eral principles are well known, optimal values for CCI and MOI vary

with the virus and cell line used. Thus, knowledge on the interplay

between MOI and CCI, including infection and growth kinetics, for

the specific cell line and virus used is essential for designing efficient

infection strategies.5,6

Batch culture is commonly used to produce recombinant proteins

with baculovirus-infected insect cells although more recently perfu-

sion culture has been applied for recombinant protein production

using stable insect cell lines.7 Batch processes have a low volumetric

productivity because of a low optimal CCI and relatively long down-

time of the equipment due to the short duration of a batch.8 Perfusion

processes are an attractive alternative to produce recombinant pro-

teins, because high cell concentrations and consequently high volu-

metric productivities can be reached.9

To achieve a high volumetric productivity with the BEVS in a per-

fusion bioreactor, it is beneficial to acquire high cell concentrations

during the production run, provided that the specific productivity

remains constant. However, it has been observed that there is a

reduction in specific productivity when infecting insect cells at cell

concentrations above 5 � 106 cells/mL.10,11 This phenomenon is

often referred to as the cell density effect. Potential explanations for

this cell density effect are cells being in an unfavorable growth phase

at the moment of infection, inhibition by accumulating waste metabo-

lites, cell-to-cell contact inhibition, disruption in lipid biosynthesis, and

the depletion of essential nutrients.10,12,13 Although the exact mecha-

nisms behind the cell density effect are still unknown, it has been pre-

vented by a continuous supply of nutrients and/or the removal of

inhibitory products.12,14–16 Carinhas et al.5 showed that medium

exchange could overcome the cell density effect at high MOI but not

at low MOI for the Sf9 cell line in SF900II serum-free medium. This

previous research on the use of medium exchange or perfusion with

the BEVS was performed with various cell lines and media types

(including serum-containing medium) at relatively low cell concentra-

tions and employed high MOIs for baculovirus infection. Until now,

the maximum reported CCIs for Sf9 cells in batch mode are generally

in the range of 1–3.5�106 cells/mL at MOIs >1.13

This study aimed to investigate whether it is possible to achieve

high cell concentration protein production for the BEVS by culturing

cells in perfusion mode in bioreactors equipped with an acoustic filter

using a high CCI and low MOI for infection. First, small-scale screen-

ing experiments with ExpiSf9 insect cells in ExpiSf chemically defined

medium were performed in shake flasks and spin tubes to determine

the feasibility of baculovirus infection at high cell concentrations and

to see whether cell-specific productivity is maintained. Hereafter, the

process was scaled-up to a stirred tank bioreactor with a working vol-

ume of 300 mL, and a low MOI perfusion strategy for the BEVS was

applied using an acoustic cell retention device. Viable cell concentra-

tions of 2.5–2.8 � 107 cells/mL were achieved in two acoustic perfu-

sion bioreactor runs that were highly reproducible. We showed that

yield per cell is maintained at these high cell concentrations and biore-

actor volumetric productivity was over 4.8-fold higher compared to

reference batch processes.

2 | MATERIALS AND METHODS

2.1 | Cell lines, media, and virus stocks

The ExpiSf9 cell line (ThermoFisher) was used for all the experiments

and for the end-point dilution assays (EPDA). This cell line is a deriv-

ative of the Spodoptera frugiperda (Sf9) cell line that was adapted to

grow on the chemically defined ExpiSF CD medium by Gibco

(ThermoFisher, 2018). An Autographa californica multiple nucleopoly-

hedrovirus (AcMNPV) vector encoding two fluorescent markers was

constructed. This virus (Ac-2FL) contains the eGFP open reading

frame (ORF) behind the Orchyia pseudotsugata MNPV immediate-

early 2 (OpIE-2) promoter as a marker for early infection17 and a

mCherry ORF behind the polyhedrin promoter as a marker for very

late gene expression, and hence, protein productivity. For the experi-

ments involving protein quantification, an AcMNPV vector contain-

ing the GFP ORF behind the polyhedrin promoter was used (AcGFP).

The recombinant baculoviruses were generated using the bac-to-bac

expression system (Thermo Fisher) and had a titer of 1–2 � 107

TCID50/mL. In short, Escherichia coli cells containing the AcMNPV

bacmid and the transposition helper plasmid were transformed with

pDest8-derived plasmids to introduce the marker genes into the

baculovirus genome. Insect cells were then transfected with the

recombinant bacmids using Expres2TR transfection reagent

(Expres2ion Biotechnologies) to generate infectious baculovirus

particles.
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2.2 | Screening and bioreactor cultures

Screening experiments were performed by cultivating cells in 125 mL

vent-capped unbaffled PETG shake flasks (Nalgene) with a working

volume of 25 mL or by cultivating in 50 mL spin tubes (Sarstedt) with

a working volume of 5 mL. The shake flasks were incubated in a

Climo-Shaker ISF1-XC (Kuhner) at 27�C with a shake velocity of

95 rpm and an orbital diameter of 25 mm. The spin tubes were mixed

at a shake velocity of 240 rpm and an orbital diameter of 20 mm on a

Rotamax 120 (Heidolph) shaker placed within a Multitron (Infors HT)

incubator at 27�C without CO2. Medium exchange was performed by

centrifuging the cell suspension at 300 g for 5 min. Medium exchange

was started when a cell concentration of 5–6 � 106 cells/mL was

reached, and 30% of the medium was replaced once a day. After

reaching a viable cell concentration (VCD) of 1.1–1.2 � 107 cells/mL,

60% of the medium was replaced once a day (corresponding to an

approximate continuous perfusion rate of 0.5 and 1.0 reactor volumes

(RV)/day). For infection experiments, the medium replacement was

done just before the infection.

Bioreactor experiments were performed in 500 mL miniBio stir-

red tank bioreactors (Getinge) using a my-Control bioreactor control

system (Getinge). The reactor working volume of 300 mL was inocu-

lated at a starting concentration of 1.0 � 106 viable cells/mL. The

temperature was controlled at 27�C using a Peltier heating/cooling

system. The pH was not controlled but maintained between 5.6 and

6.2 by the buffering capacity of the medium. Dissolved oxygen was

controlled at 30% of air saturation by supplying pure oxygen through

an open hole sparger with a 2 mm internal diameter (Getinge). A single

25 mm marine impeller (Getinge) operated at 300 rpm provided agita-

tion. Perfusion was initiated when the viable cell concentration

reached 4.0–7.0 � 106 viable cells/mL. The targeted cell-specific per-

fusion rate (CSPR) was 50 pL/cell/day. Cell retention was achieved by

acoustic filtration using a 1 L BioSep and APS 990 controller

(Getinge). The controller was set at run/stop cycle times of 10 min/3 s

and a power level of 2 W. The perfusion rate was set using a Watson-

Marlow 205 U (Watson-Marlow) peristaltic pump connected to the

APS990 controller. In this way, the pump was paused during the stop

cycle time. The recirculation flow was operated at 1.5 mL/min. The

feed pump was controlled by the my-Control system and activated

based on a level sensor to ensure a constant reactor volume. The off-

gas flow was connected to a mass spectrometer (Thermo Fisher).

2.3 | Analytical methods

Cells were counted by trypan blue exclusion using a TC20 Automated

Cell Counter (Bio-Rad) or by manual counting using DHC-F01 cell

counting chambers (INCYTO). Infected cells were visualized by

expression of GFP or mCherry detected by an IX71 fluorescent micro-

scope (Olympus) or by a C6 Plus Flow Cytometer (BD Accuri). Biore-

actor off-gas composition was measured with a mass spectrometer

(Thermo Fisher). GFP concentrations were measured by comparing

fluorescence to a GFP standard solution (Thermo Fisher). Fluores-

cence was quantified using an FLx800 micro-plate reader (BioTek)

with a 485/528 excitation/emission filter. To determine intracellular

GFP, 250 μL lysis buffer (500 mM NaCl, 50 mM Tris(hydroxymethyl)

methylamine (TRIS), 0.1% Triton X-100, pH 8) supplemented with

1 mM Phenylmethylsulfonyl fluoride (PMSF) was added to 100 μL of

cell-containing sample fluid. This mixture was incubated on ice for

10 min and subsequently centrifuged at 13000 g for 10 min. The

supernatant was stored at �20�C until further use. All baculovirus

stocks were amplified in ExpiSf9 cells. The infectious viral titer of the

produced baculovirus stocks and cell culture samples were deter-

mined by calculating the median 50% tissue culture infectious dose

(TCID50) per mL via end-point dilution assay and had values of 1–

2 � 107 TCID50/ml.

2.4 | Calculations

2.4.1 | Separation efficiency

The separation efficiency (%) of the acoustic cell separator was calcu-

lated considering the total cell concentration in the reactor (TCCR,

cells/mL) and the harvest flow (TCCH, cells/mL).

SE¼ 1�TCCH

TCCR

� �
�100: ð1Þ

2.4.2 | Cell specific perfusion rate

The CSPR (m3/cell/day), is defined as the amount of medium supplied

to a single viable cell per day and is given by:

CSPR¼ P
VCC

, ð2Þ

where P is the perfusion rate (day�1), which is the total medium flow

through the cell retention device (m3/day) divided by the reactor

working volume (m3) and VCC is the viable cell concentration

(cells/m3).

2.4.3 | Yield of product per cell

The yield of product per cell (YP/C) (μg/cell) is defined as:

YP=C ¼ mP

VCCMAX
, ð3Þ

where mP is the total amount of product produced since the start of

the process (μg) and VCCmax is the maximum number of viable cells

reached in the reactor (cells).

ALTENBURG ET AL. 3 of 11
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2.4.4 | Yield of product per medium

The yield of product per medium (YP/M) (μg/mL) was calculated

according to:

YP=M ¼mP

Vm
, ð4Þ

where Vm is the total amount of medium used (mL).

2.4.5 | Volumetric productivity

The volumetric productivity (mg/L/day) is calculated according to:

VP¼ mP

t �VR
, ð5Þ

where t is the process duration (days) and VR is the working volume of

the reactor (L).

2.4.6 | Specific productivity

The specific productivity (mg/cell/day) is calculated according to:

qp ¼
mP tð Þ�mP t�1ð Þ

VCCav �Δt ,

where VCCav is the average cell viable cell concentration over the

period (cells/ml) and Δt is the time period (days).

3 | RESULTS AND DISCUSSION

3.1 | Baculovirus infection at high Sf9 cell
concentrations

The loss in productivity occurring after infection of Sf9 cells above a

certain cell concentration has been identified as a bottleneck for the

BEVS.5,11,18 To test whether this bottleneck is due to nutrient limita-

tion or inhibition of produced metabolites we applied an exchange

strategy with ExpiSF CD medium to shake flask cultures. First, we

determined in shake flasks whether non-infected cells can grow to

higher cell concentrations. For this two shake flasks cultivations with-

out medium exchange and two shake flasks cultivations with medium

exchange were performed. The maximum viable cell concentration of

these non-infected cultures with medium exchange reached

4.2 � 107 viable cells/mL, which is twice the maximum viable cell con-

centration reported in literature for this cell line in batch culture19 and

more than twice the viable cell concentration of 1.8 � 107 cells/mL

reached by the batch control culture without medium exchange

(Figure 1a). This indicated that the maximum viable cell concentration

can be increased by supplying additional nutrients required for the

growth and maintenance of these cells and/or by removal of growth-

inhibiting metabolites with the spent medium. For both cultures, the

viability stayed above 80% during the entire run (Figure 1b).

Next, we determined whether complete infection can be achieved

when cells are infected at high concentrations when applying medium

exchange. For all cultures, a medium exchange was done just before

the infection, after which the next exchange was done the next day.

For the infected shake flasks, a baculovirus encoding two fluorescent

markers (Ac-2FL) was used, containing a gene for GFP located behind

the immediate early OpIE2 promoter and a mCherry gene located

behind the very late polyhedrin promoter. Infection was evaluated by

measuring the percentages of GFP and mCherry fluorescent cells.

In batch mode, the optimal CCI for these cells was 5–

7 � 106 cells/mL when infected with an MOI of 5.19 Here, the cell

concentration upon infection was 1.2 � 107 cells/mL, twice the aver-

age recommended cell concentration for infection. The cells were

infected with AcBac-2FL at an MOI of 0.01, allowing for the contin-

ued growth of non-infected cells after infection. Four shake flasks

were infected in total, two without medium exchange and two with

medium exchange.

The viable cell concentration of the infected shake flasks without

medium exchange was similar to the uninfected batch control

without medium exchange (Figure 1a). This was expected because

infecting at low MOI requires more time to infect all cells. Cells con-

tinued to grow eventually reaching the maximum cell concentration

for a batch culture of 1.8 � 107 cells/mL before all cells were

infected. Viability was maintained above 80%, which is comparable to

that of the non-infected control (Figure 1b). The infected culture with-

out medium exchange only reached very low levels of green and red

fluorescent cells, indicating that the infection was halted (Figure 1c,d).

These experiments show that for a batch process using a low MOI

(0.01) a CCI of 1.2 � 107 cells/mL is too high, resulting in cells grow-

ing to the maximum cell concentration and an infection percentage

below 10%.

The infected shake flasks with medium exchange had comparable

growth to the control with medium exchange until 20 h (Figure 1a).

This was expected since the low MOI of 0.01 requires multiple infec-

tion cycles before all cells are infected, allowing for continued cell

growth. The maximum viable cell concentration of 1.6 � 107 viable

cells/mL was reached at 48 h post-infection (hpi). This is considerably

lower than the maximum concentration of 4.0 � 107 in the non-

infected control with medium exchange indicating a stop of cell

growth due to baculovirus infection. In contrast to the other condi-

tions, the infected shake flasks with medium exchange showed a drop

in viable cell concentration between 100 and 120 hpi and had a signif-

icant reduction in viability, reaching around 45% after 120 hpi. A

reduction in viable cell concentration and viability is expected when

insect cells undergo baculovirus infection. Fluorescence measure-

ments indicated an efficient infection for the shake flasks with

medium exchange, with infection percentages of 100% based on the

early expression of eGFP (Figure 1c) and 93% based on the late

expression of mCherry (Figure 1d). This demonstrated that medium

4 of 11 ALTENBURG ET AL.
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exchange enabled baculovirus infection of all cells in the culture at

high cell concentrations while using a low MOI. For High MOI infec-

tions (MOI 5 or higher) 100% green fluorescence is typically reached

before 24 h.

A comparison between eGFP and mCherry expression showed

that eGFP started to be detected at 22 hpi, while mCherry was seen

after 46 h. The difference in time of expression is expected because

the eGFP gene is behind the immediate early baculovirus promoter

OpIE-2 and the mCherry gene is behind the very late polyhedrin pro-

moter. In summary, these experiments showed that medium exchange

allowed for complete baculovirus infection at high cell concentrations

when infecting with a low MOI.

3.2 | Productivity at high cell concentrations with
medium exchange

Next, we studied whether the product yield per cell could be main-

tained when infecting cells at higher concentrations while applying

medium exchange. High cell- concentration baculovirus infections

were performed using spin tubes. The cells were infected at an MOI

of 0.1 (Higher MOIs would require too much virus stock volume to be

added) with AcGFP, and GFP production was quantified by fluores-

cence intensity measurements. The experiment included a control

without medium exchange that was infected at a low cell concentra-

tion of 4 � 106 cells/mL, which is around or just below the optimal

CCI for these conditions, and two experimental cultures with 60%

medium exchange per day that were infected at higher concentrations

of respectively 1.1 � 107 and 2.0 � 107 cells/mL. The infection was

done directly after the medium exchange after which the next

medium exchange was done the following day. Since cells were

infected with an MOI of 0.1, the viable cell concentration continued

to increase after infection (Figure 2a). For the control flasks infected

at 4 � 106 cells/mL the maximum cell concentration reached was

around 7.1 � 106 cells/mL, a 79% increase compared to the initial cell

concentration at the moment of infection. Similarly, the cell concen-

tration increased for the cultures infected at 1.1 � 107 and

2.0 � 107 cells/mL. However, the increase in cell concentration after

infection was reduced to 39% and 1.5%, respectively. The viability

after infection dropped more drastically for the cultures infected at

1.1 � 107 and 2.0 � 107 cells/mL compared to the control culture

that was infected at 4 � 106 cells/mL (Figure 2b). At 8 days post-

infection, the viability of the control culture was around 30%, while

the viabilities for the cultures infected at 1.1 � 107 and

2.0 � 107 cells/mL were 6% and 12%, respectively. Both the reduced

growth and faster drop in viability could indicate nutrient or oxygen

limitation. While at 4 � 106 cells/mL, the cells were still growing

exponentially, at 1.1 � 107 and 2.0 � 107 cells/mL the cells no longer

F IGURE 1 Shake flask Sf9 cultures infected with baculovirus at high cell concentrations. The control Sf9 culture was grown without medium
exchange or baculovirus infection ( ). A second control was grown with medium exchange but without baculovirus infection ( ). The infected
shake flasks were infected with the Ac-2FL baculovirus, expressing eGFP from the immediate early OpIE2 promoter and mCherry from the very
late polyhedrin promoter. Cells were infected at 1.2 � 107 viable cells/mL at an MOI of 0.01 baculovirus/cell. Infected shake flasks either had; no
medium exchange ( ) or daily medium exchange ( ). (a) Viable cell concentrations. (b) Percentage of viable cells. (c) Percentage of cells containing
early expressed eGFP. (d) Percentage of cells containing late expressed mCherry. The data shown are averages of duplicate runs. and error bars
represent the distance to the minimum and maximum value Data are shown starting from 1.2 � 107 viable cells/mL, which was the moment the
cells were infected.
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grew exponentially and the specific growth decreased with increasing

cell concentration. Exposing the cells to a sufficiently high medium

exchange rate is important to maintain cell growth.20 To compare the

productivity the total concentration (intracellular and extracellular) of

GFP was measured (Figure 2c). GFP was first detected on day 1 post-

infection which is expected when using an MOI of 0.1 and the GFP

gene expressed from the polyhedrin promoter. The culture infected at

1.1 � 107 cells/mL showed a similar GFP production pattern com-

pared to the control culture and maximum GFP concentration leveled

off at around 200 mg/L compared to 100 mg/L for the control. The

culture infected at 2.0 � 107 cells/mL had lower GFP production in

the beginning compared to the other two cultures. Moreover, GFP

concentrations did not reach a plateau value and were still increasing

until 8 days post-infection. Possibly, at these high cell concentrations,

insufficient medium exchange rates slowed down GFP production.

The total amount of GFP produced at day 8 increased with the

increase of the cell concentration upon infection (Figure 2c). The YP/C

reached by the culture infected at 1.1 � 107 cells/mL was slightly

lower than the control infected at 4 � 106 cells/mL, while the YP/C

reached by the culture infected at 2.0 � 107 cells/mL was slightly

higher than the control (Figure 2d). Viable cell concentration for the

culture infected at 2.0 � 107 cells/mL was maintained but did not

F IGURE 2 Productivity of Sf9 cultures in spin tubes at different cell concentration upon infections (CCIs). Spinner tubes were infected at an
multiplicity of infection (MOI) of 0.1 at CCIs of 4 � 106 viable cells/mL ( ), 1.1 � 107 viable cells/mL ( ), and 2.0 � 107 viable cells/mL ( ).
Medium exchange was performed once per day for CCIs 1.1 � 107 viable cells/mL ( ), and 2.0 � 107 viable cells/mL ( ). The cells were infected
with an AcGFP baculovirus. Data shown are averages of duplicate runs and error bars represent the distance to the minimum and maximum
value. (a) Viable cell concentrations. (b) Viability. (c) Green fluorescent protein (GFP) concentration. (d) Yield of product per cell (Yp/c) (e) Specific
productivity of infected cultures with an MOI of 0.1 in spin tubes.
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increase after infection. This could explain the higher YP/C values for

this CCI as fewer nutrients were used for cell division. High MOI

infections could reduce the uncertainty related to additional infection

cycles and give a clearer picture of the maximum CCI. However, this is

not always possible at these high cell concentrations due to the large

volume of virus stock required to infect at high MOI and high CCI cal-

culated YP/C values were in the same order of magnitude for all CCIs,

which indicates that the yield of recombinant product per cell can be

maintained when infecting at a high cell concentration using medium

exchange for this cell line and medium. The production seems to shift

to later in the infection as the cell concentration increases as the max-

imum specific productivity occurs at a later moment (Figure 2e). In

addition, low MOI infections seem possible. This provides a good

basis for the application of medium exchange and/or perfusion strate-

gies in combination with low MOI infection on a larger scale to inten-

sify production.

3.3 | Cell growth characterization in a perfusion
bioreactor

To scale up and test a medium exchange strategy with low MOI infec-

tion, an acoustic cell retention system was used to enable perfusion

cultivation in benchtop stirred-tank bioreactors. First, Sf9 insect cell

growth was characterized in this perfusion system without baculo-

virus infection. The culture was started in batch mode with an inocula-

tion concentration of 1.0 � 106 viable cells/mL. Perfusion was started

at 2 days post-inoculation at 0.5 RV/day. The perfusion rate was fur-

ther increased to 1 RV/day from day 5 onwards.21 The separation

efficiency of the Mini BioSep was >95% during most of the run

(Figure 3). The cell-specific perfusion rate (CSPR) indicates the amount

of medium supplied per cell per day via perfusion and must be above

a certain value to prevent nutrient limitation and the associated

reduction in cell growth and increase in cell death. The CSPR during

the run was between 31 and 77 pL/cell/day, with an average of

50 pL/cell/day (Figure 3). While the minimum CSPR for these cells is

not known, a value of 50 pL/cell/day is often used for CHO cell culti-

vations20 although lower CSPR values have been reported for stable

insect cell lines.22 Starting on day 4, viability dropped from 95% to

80%. During this period, the CSPR dropped to 30–40 pL/cell/day and

growth rates shifted from exponential to linear. It is possible that the

CSPR was too low to maintain exponential growth. This could also

have caused an increase in cell death and decrease in viability. There-

fore, to maintain viability, a bleed rate of 0.2 RV/day was applied from

day 7 onwards. This results in less increase of the viable cell concen-

tration and thus, with a fixed perfusion rate, prevents a further

decrease of the CSPR and the associated increase in cell death. In the

end, a maximum viable cell concentration of 3.8 � 107 cells/mL was

reached at a viability of 80%. Lastly, the gas flow needed to supply

sufficient oxygen increased to very high values (0.5–1 vvm, data not

shown), and the shear associated with these high gas flow rates could

have affected cell growth and viability. An open hole sparger generat-

ing larger 2–3 mm bubbles was used here. Switching to a porous

sparger generating smaller bubbles might reduce the need for

F IGURE 3 Sf9 cell growth characterization in a bioreactor run in perfusion mode. Viable ( ) and total ( ) cell concentrations, percentage of
viable cells ( ), and cell-specific perfusion rate (CSPR) ( ) during a bioreactor run without baculovirus infection. The start of perfusion mode at
day 2 is indicated by the arrow. The culture was started in batch mode with an inoculation concentration of 1.0 � 106 viable cells/mL. Perfusion
was started at 0.5 RV/day. The perfusion rate was further increased to 1 RV/day from day 5 onwards. On day 7, a bleed rate of 0.2 RV/day was
applied to maintain viability.21
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excessive gas flow rates needed for oxygenation of the cell culture

and reduce shear. Overall, these results indicated a medium exchange

strategy could be scaled-up to bioreactors using an acoustic perfusion

system to achieve ExpiSf9 cell concentrations of up to 3.8 � 107 via-

ble cells/mL.

3.4 | BEVS performance in perfusion bioreactors

3.4.1 | Cell growth and viability

We next investigated whether efficient baculovirus infection was pos-

sible at high cell concentration in perfusion bioreactors. Based on the

cell growth characterization in the perfusion bioreactor without infec-

tion (Figure 3), two additional perfusion runs were performed with

infection in 500 mL stirred tank reactors using acoustic cell retention.

Both perfusion runs were inoculated with a seeding concentration of

1.0 � 106 viable cells/mL. In the first days cell growth was slightly less

as compared to the uninfected perfusion cultures. Therefore perfusion

was started 1 day later at 3 days post-inoculation with a target CSPR

of 50 pL/cell/day, since lower CSPRs appeared to slow down cell

growth. The perfusion cultures were infected at 4 days post-

inoculation. Previous experiments showed that infection was still pos-

sible at 2 � 107 viable cells/mL. A doubling in cell concentrations was

observed when using an MOI of 0.01. Therefore, the targeted CCI

was 1 � 107 viable cells/mL. Concentrations at infection were 1–

1.2 � 107 viable cells/mL for run 1 and 2, respectively, and both bio-

reactors were infected with AcGFP at low MOI (0.01). At 6–7 days

post-inoculation (corresponding to 2–3 days post-infection) cell

growth stopped, indicating complete infection, and the maximum via-

ble cell concentration was reached (Figure 4a). Maximum viable cell

concentrations were very comparable for both runs (2.5–2.8 � 107

viable cells/mL). Both cell cultures doubled more than once in cell

concentration after infecting with low MOI. The major part of the BV

is released between 16 and 32 hpi. Assuming a replication cycle of

24 h the continued growth for about 2 days indicates that about two

infection cycles were needed to reach complete infection. Maximum

viable cell concentrations were substantially higher than those

reached in batch mode (Table 1). Both runs were terminated at below

10% viability (Figure 4b). The viability of both runs started decreasing

more rapidly from day 3 post-infection. The viability of run 1 dropped

slightly earlier than that of run 2, which may indicate a faster infection

rate in run 1. Also, the lower CSPR in run 1 (Figure 4a) may have con-

tributed to the earlier decrease in viability by causing nutrient limita-

tion and an increase in death rate. The goal was to maintain a CSPR

above 50 pL/cell/day. For run 1, the CSPR decreased below the aimed

minimal value several times, with a minimum of 37 pL/cell/day. For

run 2, the CSPR never dropped below 50 pL/cell/day, with a minimum

of 55 pL/cell/day. Online viable biomass measurement coupled with

the bioreactor feeding rate can avoid such fluctuations in CSPR.23,24

Glucose concentrations were analyzed and remained higher than

55 mM (data not shown) and thus did not appear to be limited during

the run. However, the limitation of other nutrients, such as cysteine,14

could not be ruled out. Screening for optimal CSPR values should be

performed to get more insight into the impact of nutrient availability

on cell culture performance. Cell retention within the reactor is crucial

F IGURE 4 Infection of sf9 culture in bioreactors at high cell concentration and low multiplicity of infection (MOI) during perfusion cultivation
mode. Two perfusion runs were performed, the reactors were started in batch mode and perfusion was started on day 3 indicated by the arrows.
Insect cells were infected with baculovirus on day 4 indicated by the dashed lines. Run 1 lasted until day 12, run 2 was extended until day 17.
(a) Viable cell concentrations for run 1 ( ), and run 2 ( ), and CSPR for run 1 ( ), and run 2 ( ). (b) Percentage of viable cells for run 1 ( ), run 2 ( ),
and percentage of green fluorescent protein (GFP) fluorescent cells for run 1 ( ), and run 2 ( ). (c) Viral titer for run 1 ( ), and run 2 ( ) and total
GFP concentration for run 1 ( ), and run 2 ( ). (d) Acoustic separator efficiency and specific productivity for run 1 ( ), and run 2 ( ).
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during perfusion to minimize the loss of cells through the harvest

flow. The separation efficiency of the acoustic cell retention device

was always higher than 90% and >94% during the first days of perfu-

sion (Figure 4d) for both runs. However, after baculovirus infection,

the liquid in the acoustic chamber was occasionally opaque, indicating

poor separation. The separation efficiencies demonstrated a decrease

towards the end of the culture (Figure 4d). This is likely caused by a

change in the morphology of the insect cells after baculovirus infec-

tion and during cell death. Since acoustic cell separation is based on

particle size and physical properties of the cells, changing cell mor-

phology can affect cell separation.25

3.4.2 | Development of baculovirus infection

eGFP fluorescence was used to determine the percentage of cells

infected with Ac-2FL. Cell growth stopped around 2 days post-

infection (dpi), indicating all cells were infected. This is in accordance

with the moment GFP expression becomes visible about 3 days post-

infection or 1 day after the majority of the cells became infected

(Figure 4b). Infection slowed down after the percentage of

infected cells reached 60%–70% around day 8 (4 dpi). This was unex-

pected, as in batch cultures a continuous rapid increase towards

almost 100% infected cells is achieved.

This could be due to the presence of defective particles causing

co-infections and a decrease in GFP expression. The TCID50 used

here was done using the Expi-Sf cells and scoring on the GFP expres-

sion of the virus and thus only detects virus particles containing the

GFP gene. Based on these final titers reached and the maximum

infected cell concentration a value of 2 budded viruses released per

cell is calculated., where normally values between 50 and 400 BV

per cell are obtained. This supports the hypothesis of defective parti-

cles being present that interfere with GFP production. Moreover, the

final titers for baculovirus containing the GFP gene of 3.5–5 � 107

TCID50/mL result in an MOI between 1 and 2, which would result in

about 60%–80% infection with GFP containing virus particles, which

agrees with the data. The slow infection could also be related to the

high cell concentration, which is known to reduce the virus binding

efficiency, potentially due to cell–cell interactions resulting in

clumping.26 Some cell clumping was observed in both reactor runs.

Increasing the agitation speed could reduce clumping, although higher

agitation rates can negatively impact cell growth.27 Furthermore,

baculovirus expression is influenced by the cell cycle phase upon

infection.28 It has been demonstrated that infection during the G1 and

S phases results in faster and higher protein expression and that cells

arrested in the G2 phase of the cell cycle are less susceptible to bacu-

lovirus infection.29 Specific growth rates were lower in both cultures

after day 3 just before infection. This may have resulted in the accu-

mulation of cells in the G2 phase and thus a slower infection progres-

sion in part of the cells. However, measurement of cell cycle

distribution is difficult in infected cultures due to interference of

baculovirus DNA. Finally, the viability started to drop rapidly around

day 8. Dead cells were excluded from the analysis and consequently,

the percentage of cells not yet showing green fluorescence will

increase due to the loss of infected cells from the measurement which

could explain the slow increase in the percentage of GFP-containing

cells after this point. This lower viability could also have resulted in

virus degradation. Figure 4c shows the specific productivity. After day

11 the calculation of the specific productivity became very inaccurate

due to the low viable cell concentrations. Until day 11 the specific

productivity was constant over time and comparable for both runs.

The virus titers showed a similar profile for both runs (Figure 4c).

Starting at 2 days post-infection, titers increased until maximum infec-

tious titers of 3.5–5.0 � 107 TCID50/mL were reached at day 8. Fur-

thermore, it can be seen that the increase is slightly later for run 2 as

compared to run 1, which agrees with the later decrease in viability

observed earlier. This could be caused by the slightly higher CCI in

the first run or slight differences in MOI, which further demonstrates

the relationship between CCI and MOI for the timing of the run.

3.4.3 | Volumetric productivity

After infection with Ac-GFP, total GFP concentrations increased from

3 to 4 days post-infection and this is in line with the detection of GFP

inside the cells around day 3 post-infection. Maximum concentrations

of 230–280 mg/L were reached at 6 days post-infection (Figure 4c).

The GFP concentration increased no further 6 days post-infection

due to the low concentration of viable cells present after that day.

The GFP yield per cell was very comparable for both perfusion runs

TABLE 1 Green fluorescent protein productivity comparison between two perfusion runs with baculovirus infection versus a batch run.

MOI

Run

time (days)

Maximum viable cell

concentration (cells/mL)

Product yield per

cell (μg/cell)
Volumetric productivity

(mg/L/day)

Yield of product per

medium (μg/mL)

Run 1 0.01 12.2 2.77 � 107 1.01 � 10�5 23 ± 1.9 28.0 ± 2.3

Run 2 0.01 16.8 2.46 � 107 1.01 � 10�5 14.8 ± 1.2 15.7 ± 1.3

Run 2

shortened

0.01 11.9 2.46 � 107 9.87 � 10�6 20.5 ± 1.7 22.5 ± 1.9

Batch

reference

1 3.8 4.0 � 106 4.23 � 10�6 4.5 ± 0.4 16.9 ± 1.4

Note: For run 2, two termination time points were included to indicate the effect on volumetric productivity and medium use and for comparison to run 1.

± Values indicate the standard measurement errors.
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(Table 1). Comparison of the perfusion runs infected at high cell con-

centration with batch reference runs infected with the same baculo-

virus construct showed that yield per cell was improved by 2-fold for

the perfusion cultures and that the volumetric productivity was 3–5

fold higher (Table 1). The average product yield per medium was

dependent on the run time. A shorter run time improved the volumet-

ric productivity and the product yield per medium (Table 1). Decreas-

ing or stopping the perfusion flow towards the end of the culture can

further improve product yield per medium and reduce medium con-

sumption. Caron et al.18 did perfusion cultures with Sf-9 cells and a

perfusion rate of 1–1.5 reactor volumes per day. Cultures were

infected around 1.2 � 107 cells/mL with an MOI of 2–4 using a bacu-

lovirus containing the gene of the VP6 protein of bovine rotavirus. A

slight drop of 25% in cell specific yield was observed as compared to

batch. However, due to the higher CCI the volumetric productivity

increased with a factor 2. Chico et al.15 ran perfusion cultures with

Tn5 cells infected at different CCIs (2–4 � 106 cells/mL). Perfusion

rates depended on the cell concentration and were between 1 and

3 reactor volumes per day. A recombinant Autographa californica

nucleopolyhedrovirus expressing the human β-trace glyco-protein was

used. Specific productivity in the perfusion cultures was comparable

to the maximal value found in batch at a value of 86 μg/106 cells/day.

Volumetric productivity increased proportional with the increase in

infected cell concentration from 54 mg/L/day to 1.2 g/L/day. Zhang

et al.30 used an acoustic separation device to run perfusion cultures of

Sf-9 cells. With perfusion rate of 1 reactor volume per day

3 107 cells/mL were reached. Two baculoviruses, one containing the

gene for human chitinase and one containing the gene for monocyte-

colony inhibiting factor were used for infection. However, cells were

not infected in the bioreactor. Instead cells were taken from the per-

fusion cultures at the highest concentration and resuspended in fresh

medium in spinner flasks and infected at a CCI of 2 � 106 cells/mL

and an MOI between 0.1 and 1 pfu/cell. The same was done with cells

taken from the exponential phase of a batch culture. The protein pro-

duction was comparable between the cells obtained from the perfu-

sion and the batch cultivation. In conclusion, this data demonstrates

the potential for rapid process intensification of the baculovirus

expression vector system by using perfusion to infect insect cells at

high cell concentrations and low MOI.

4 | CONCLUSION

Process intensification was achieved for the baculovirus expression

vector system by implementing perfusion to infect insect cells in

stirred-tank bioreactors at high CCI and low MOI. The investigated

strategy used a low MOI of 0.01 to infect insect cells with baculovirus

at viable cell concentrations of 1.0–1.2 � 107 cells/mL. By using an

acoustic perfusion device to allow for medium exchange and cell

retention, the cell density effect was overcome and concentrations of

2.5–2.8 � 107 viable cells/mL were achieved in two perfusion biore-

actor runs that showed high reproducibility. The recombinant protein

yield per cell did not decrease at these high cell concentrations and

bioreactor volumetric productivity was up to 4.8-fold higher com-

pared to batch processes. Process optimization to reduce total cultiva-

tion time or reach even higher cell concentrations may further

increase volumetric productivity. A low MOI strategy allows for the

use of small virus stocks, which can be generated more efficiently and

quickly than larger stocks. For example, using an MOI of 0.01 instead

of 5 would allow for a 500 times reduction in viral inoculation volume.

This can save time and resources, and reduce the risk of contamina-

tion. Implementing this perfusion strategy for the BEVS reduces the

time for scale-up and could increase the production capacity of exist-

ing production facilities.
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