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Key Findings

BacMam transduction of mammalian cells was optimized using the CytoSMART Omni FL. The transduction efficiency
was affected by the virus concentration, cell density, and incubation time. BacMam transduction reduced the
proliferation of Hela cells in a dose-dependent manner. The most optimal conditions of 40 PPC and 20,000
cells/well resulted in high GFP expression and low toxicity.

Abstract

Transduction is a routine method to introduce foreign genetic elements into eukaryotic cells. The BacMam gene
delivery system has been widely used to deliver and (over)express genes in mammalian cells. While this technology
enables fast and convenient analysis to be performed in a variety of cells, an ideal transduction protocol needs to
be established to achieve optimal transgene transduction efficiency. In this application note, the CytoSMART Omni
FL live-cell imager was used to assess transduction efficiency and optimize gene expression in Hela cells. The cells
were transduced with varying BacMam Nucleus-GFP concentrations and at different cell densities. Furthermore, the
toxicity of the BacMam particles was evaluated through the confluence level measurements. Subsequently, we
determined the optimal transduction conditions resulting in high transduction efficiency and minimal cell toxicity.

Introduction

Transduction, like transfection, is a process involving the introduction of exogenous nucleic acids into eukaryotic
cells and is used in research to study and modulate gene expression. Unlike transfection, transduction introduces
genetic material using a viral vector. This powerful tool allows researchers to better understand the functional
significance of genes and gene products by enhancing or inhibiting specific gene expression in cells. By doing so,
transduction-based assays can shed more light on cell physiology and the complex molecular mechanisms involved
in diseases [1].

Transfection, as well as transduction, can be classified into two types: the foreign genetic material can be stably
integrated into the genome of host cells or transiently maintained in the nucleus. A stable transfection leads to
permanent genetic changes, whereas a transient transfection results in temporary gene expression effects. As such,
a transient transfection and transduction is an ideal, rapid method to investigate the short-term impact of altered
gene or protein expression [2].

Numerous approaches have been developed to facilitate the transfer of nucleic acids into cells, including physical,
chemical, and viral strategies [2]. Among the viral methods, the BacMam virus expression system has been
commonly used. This technology uses a baculovirus - an insect virus modified with a recognizable mammalian
promoter - to efficiently deliver and (over)express genes in mammalian cells. The method enables safe, rapid, and
facile transduction experiments to be performed in a variety of mammalian cells, including cell lines [3], primary cells
[4], and stem cells [5]. Therefore, the BacMam system has been exploited for a growing number of in vitro
applications, including the modification and insertion of genes [6], vaccine development [7], and fluorescent labeling
of cellular organelles involving the transfer of green fluorescent protein (GFP) fusion constructs [8].

Like any other transduction method, the BacMam technology does not transduce each cell type with equal
efficiency, thus the transduction conditions need to be optimized per cell type and BacMam construct. The
transduction efficiency can be easily assessed in realtime with fluorescence microscopy when the genetic product is
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fused to a fluorescent protein. A commercially available format of BacMam (Invitrogen CellLightsTM) contains fusion
constructs of fluorescent proteins with signal peptides that provide accurate targeting to specific cell structures (e.g.
nucleus). These constructs are taken up by the cell via endocytosis and the released DNA is translocated to the
nucleus for transcription (Fig. 1). Following gene expression, the fluorescent proteins can be detected within 24
hours. The CytoSMART Omni FL can be used to monitor the expression of these proteins, while examining multiple
transduction conditions simultaneously.

In this application note, we demonstrate how the CytoSMART Omni FL can be used to optimize BacMam
transduction conditions. Hel a cells were transduced with BacMam Nucleus-GFP constructs, expressing GFP fused
to the SV40 nuclear localization sequence. We evaluated the effects of virus concentration and cell density on the
GFP expression. Additionally, we investigated possible toxic effects of the BacMam particles on cellular growth by
examining the confluence levels over time using the integrated confluence software.
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Figure 1: BacMam-mediated gene delivery. The baculovirus carries DNA of the mammalian promoter and target
protein coupled to a fluorescent protein (e.g. Green Fluorescent Protein). BacMam particles are taken up by the cell
via endocytosis, after which the DNA is translocated to the nucleus for gene expression. Image modified from [9].

Materials and Methods
Cell Culture and Seeding

Hela cells were cultured to sub-confluency in Advanced DMEM (Gibco) supplemented with 10% fetal bovine serum
(Gibco) and 1% Penicillin/streptomycin (Gibco). Cells were plated in a 96-well, clear-bottom black microplate
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(Thermo, cat. 237105) at densities of 10,000, 20,000, or 30,000 cells per well (100 uL). The plate was then incubated
at 37°C 5% CO2 for 4 h.

BacMam Virus Incubation

CellLight Nucleus-GFP, BacMam 2.0 (Thermo, cat. C10602) was added to the cells in five different concentrations: 20,
40, 60, 80, and 100 particles per cell (PPC) and each concentration treatment was assessed in triplicate (Fig. 2A). The
working volume was kept consistent in all wells by addition of pre-warmed PBS (Gibco).

Fluorescence Liver-Cell Imaging

The 96-well plate was placed on the_CytoSMART Omni FL inside an incubator (37°C, 5% CO2). For each condition,
brightfield (exposure: 10 ms) and green fluorescence images (exposure: 300 ms, gain: 25, intensity: 75%) were
acquired every hour for 72 h.

Evaluation of Transduction Efficiency and Confluency

The efficiency was determined for each condition using Image] software (version 1.53). The brightfield images were
used to determine the total number of cells and the green fluorescence images were used to count the number of
GFP-positive nuclei. The transduction efficiency (%) was then calculated according to (the number of GFP-positive
nuclei / total number of cells) x 100. The brightfield confluence levels were tracked over time using the integrated
confluence software. Confluence levels were normalized to the cell density at the start of transduction.
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Figure 2: High-throughput optimization of transduction conditions. A) Schematic overview of a 96-well plate
indicating the different plating densities and virus concentration treatments. B) Fluorescence images of the different
conditions taken after 24 h incubation, showing Nucleus-GFP expression. The outlined wells showcase individual
replicates. The scale bar indicates 200 pm.
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Results

Nuclear GFP Expression Could Be Observed with The Omni FL

Nuclear staining, as compared to actin staining, provides a more efficient approach of evaluating transduction
efficiency. After an incubation period of 24 h, images of Hela cells infected with various BacMam concentrations at
different seeding densities confirmed nuclear expression of GFP in nearly all transduced samples (Fig. 2B). A trend
can be observed that the GFP expression increased with higher viral load (PPC). Interestingly, GFP expression was
concentrated in the nucleus for the lowest virus concentration, whereas the GFP signal was more intense and also
located outside the nucleus for the higher concentrations, indicating over-expression.

Virus Concentration Affected the Percentage on the Cell Proliferation

To evaluate the transduction efficiency, we first determined the effect of the virus concentration on the percentage
of GFP expressing cells. The quantitative measurements confirmed the concentration-dependent expression (Fig.
3A). The highest transduction rate was achieved with a concentration of 100 PPC, in which 94.5% of the cells were
transduced after 31 h. Notably, the percentage of GFP-expressing cells decreased after this period for 80 and 100
PPC.

Virus Concentration-Dependent Influence on the Cell Proliferation

Parallel analysis of cell proliferation was performed to determine whether the transduction affected the proliferation
(Fig. 3B). It can be seen that the cells of all transduced samples proliferated equally up to 18 hours, after which
different growth kinetics can be observed.
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Figure 3: Virus concentration affected GFP expression and Hel a proliferation levels. A) The percentage of GFP-
expressing cells over time in 10,000 Hela cells transduced with different virus particle per cell (PPC) concentrations.
The cells were monitored for 72 h with the CytoSMART Omni FL. B) Brightfield confluence levels of 10,000 cells
transduced with different virus particle concentrations. Data is displayed as the mean value of 3 replicates each with
SEM.
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The control group continued to proliferate exponentially, whereas the cells at a concentration of 20, 40, and 60 PPC
proliferated at a slower rate, each with slightly different kinetics. Interestingly, the samples with 80 and 100 PPC
showed a reduction in confluency over time.
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Figure 4: GFP expression was dependent on cell density and virus concentration. (Left) The percentage of GFP-
expressing cells infected at different cell densities (10,000, 20,000, or 30,000 cells/well) and with different virus
concentrations (40 PPC or 60 PPC). Data is displayed as the mean value of 3 replicates each with SEM. (Right) Time-
lapse images of BacMam-mediated transduction of Hel a cells. Hel a cells were transduced at 20,000 cells/well with
a concentration of 40 PPC. Upon transduction, Nucleus-GFP fusion protein is expressed in cell nuclei. The scale bar
indicates 200 pm.

Cell Density Had a Minimal Effect on Overall Transduction Efficiency

Next, we investigated the influence of cell density on the transduction efficiency (Fig. 4). The concentrations of 40
and 60 PPC were chosen for this analysis as these concentrations had minimal impact on proliferation and
prominent GFP expression levels. Overall, 60 PPC resulted in the highest expression levels for each cell density. For
both virus concentrations, the 10,000 cells condition showed the slowest expression profile. The groups with 20,000
and 30,000 cells had a similar expression profile in the first phase of transduction, however, the maximum
expression was achieved within 48 h for both virus concentrations using 20,000 cells/well (82.4% with 40 PPC and
89.7% with 60 PPC). Comparing the two viral loads at this density, 40 PPC had the lowest impact on confluency (data
not shown). Representative time-lapse images of this condition are shown in Figure 4.

Discussion

The BacMam gene delivery system offers a number of different fluorescent fusion protein options to study
mammalian cellular organelles and processes. The fluorescence expression can be analyzed using a fluorescent
imager and conditions must be optimized to ensure high transduction efficiency with minimal cytotoxicity. This
study demonstrated the ability of the CytoSMART Omni FL to optimize conditions for the transient transduction of
Hela cells with BacMam Nucleus-GFP constructs. The CytoSMART Omni FL allowed for high-throughput image
acquisition and analysis of multiple transduction conditions with the ability to run long-term experiments.
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We evaluated two different factors affecting transduction efficiency, namely cell concentration and virus
concentration (particles per cell; PPC). Kinetic experiments showed that the transduction efficiency increased in a
concentration-dependent manner to a maximum efficiency at 100 PPC.

We could also get a first impression on the cytotoxicity of the transduction using confluency data generated in the
CytoSMART Cloud. All virus concentrations affected cell proliferation compared to the control group, with the
highest confluence levels in 40 PPC groups and the lowest confluency with 100 PPC. The impact on cellular growth
suggests that high viral loads, resulting in over-expression of Nucleus-GFP fusion protein, are toxic to Hela cells
[10].The second variable investigated in this study was the cell concentration. We found slight differences in GFP
expression with the use of different cell densities. Maximum expression was achieved with 20,000 cells/well. Peak
fluorescence levels were reached within 48 h; demonstrating the benefit of live-cell imaging to determine the ideal
incubation period. With the conducted measurements for GFP expression and the least impact on confluency, we
found that infection with 40 PPC at 20,000 cells was most suitable for the HelLa cell line.

Conclusion

In this study, we showed the application of high-throughput fluorescence live-cell imaging in optimizing transduction
conditions of the BacMam system. The expression of Nucleus-GFP fusion proteins in Hela cells could be kinetically
monitored with the CytoSMART Omni FL and analyzed to calculate the percentage of GFP expressing cells as a
function of virus concentration and cell density. Next to this, the integrated image analysis enabled automated
brightfield confluence measurements as a non-invasive toxicity test. Consequently, we could identify the most
optimal condition (40 PPC at a density of 20,000 cells/well) which resulted in high GFP expression with minimal
effects on cell proliferation.
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If you have any questions on which method best meets your research needs, feel free to contact us to discuss your model.
We have many resources available, from scientist webinars to journal citations, to help point you in the right direction.

To see the CytoSMART systems, please visit our website (www.scintica.com) or feel free to reach out to us via email
at info@scintica.com or by phone at +1 519 914 5495 and we would be glad to assist you.
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