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[Abstract] Recombinant proteins are an essential milestone for a plethora of different applications 

ranging from pharmaceutical to clinical, and mammalian cell lines are among the currently preferred 

systems to obtain large amounts of proteins of interest due to their high level of post-translational 
modification and manageable large-scale production. In this regard, human embryonic kidney 293 

(HEK293) cells constitute one of the main standard lab-scale mammalian hosts for recombinant protein 
production since these cells are relatively easy to handle, scale-up, and transfect. Here, we present a 

detailed protocol for the cost-effective, reproducible, and scalable implementation of HEK293 cell 
cultures in suspension (suitable for commercially available HEK293 cells, HEK293-F) for high-quantity 

recombinant production of secreted soluble multi-domain proteins. In addition, the protocol is optimized 
for a Monday-to-Friday maintenance schedule, thus simplifying and streamlining the work of operators 

responsible for cell culture maintenance. 
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Schematic overview of the workflow described in this protocol 
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Cell transfection, Polyethyleneimine 
 
[Background] Large amounts of high quality recombinant proteins are essential reagents for a variety 

of fields ranging from in vitro biochemical investigations to pharmaceutical and clinical applications 
(Reeves et al., 2002; Olsen et al., 2003; Swiech et al., 2012; Forneris et al., 2017; Amanat et al., 2020). 

Mammalian cells are particularly preferred in this context due to their ability to perform complex post-
translational modifications (PTMs) of proteins, and presently large-volume cultures of mammalian cells 

constitute a well-established methodology to obtain milligram-to-gram quantities of recombinant proteins 
(Wurm, 2004; Durocher et al., 2007; Chaudhary et al., 2011; Dyson, 2016; Arena et al., 2018). Among 

the most used mammalian cell lines, human embryonic kidney 293 (HEK293) cells have become the 
standard choice for research-scale production due to their relative ease of manipulation and high 
transfection efficiency (Thomas and Smart, 2005; Nettleship et al., 2015; Arena et al., 2018). The 

HEK293 cell line was derived in 1973 from HEK cells grown in tissue culture by the introduction of a 

sheared adenovirus 5 DNA into wild type cells, resulting in a partially dysregulated cell cycle and 
subsequent immortalization of the cell line (Graham et al., 1977). 

Although the literature offers many protocols to efficiently obtain high quantities of proteins of interest 
using mammalian cells as a recombinant host (Aricescu et al., 2006; Durocher et al., 2007; Aricescu 

and Owens, 2013; Portolano et al., 2014; Arena et al., 2018; L’Abbé et al., 2018), the difficulties 

associated with establishing scalable and reproducible setups in a cost-effective manner remain evident. 

Here, we present the optimized protocols, currently in use in our lab, for the maintenance and 
transfection of HEK293-F cells, a commercially available HEK293 cell line suitable for high-density 
culture and transient transfection in suspension (Nettleship et al., 2015). This protocol allows the 

successful production of a variety of challenging recombinant protein targets, as described in our 
previous publications (Banushi et al., 2016; Scietti et al., 2018; Angiolini et al., 2019; Chiapparino et al., 

2020). Our protocol offers a comprehensive description of all the procedures needed to establish and 

operate a recombinant protein production facility using these cells in an affordable but highly 
reproducible lab-scale setting. The proposed optimized Monday-to-Friday schedule further facilitates 

the lab procedures without the need for monitoring cells during the weekend. Each section describes 
the step-by-step procedures for cell handling, in addition to a series of technical notes to facilitate 

troubleshooting and improve reproducibility. 
 
Materials and Reagents 
 

1. Pipette tips (Sarstedt, catalog numbers: 70.1130 [10 ml], 70.760.002 [200 ml], 70.762 [1,000 
ml]), to be autoclaved before use 

2. Serological pipettes (Sarstedt, catalog numbers: 86.1685.001 [25 ml], 86.1254.001 [10 ml], 
86.1253.001 [5 ml], 86.1252.001 [2 ml]) 

3. Polycarbonate square-bottomed bottles (Triforest Labware, catalog numbers: BCP0250 [250 
ml], BCP0500 [500 ml], BCP2000 [2 L]) 
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4. 6-well polystyrene plates (Sarstedt, catalog number: 83.3920) 

5. Filtropur 0.2 μm sterile filters (Sarstedt, catalog number: 83.1826.00) 
6. 1.6 ml CryoPure tubes (Sartstedt, catalog number: 72.380.992) 

7. 50 ml syringe without needle, luer-lock (VWR, catalog number: TERUSS-50L1) 
8. 10 ml syringe without needle, luer-lock (VWR, catalog number: 613-0973) 

9. HEK293-F cells (Gibco, catalog number: R79007) 
10. Freestyle 293 Expression Medium (Gibco, catalog number: 12338-026) 

11. Penicillin-Streptomycin (Merck, catalog number: P0781) 
12. Trypan Blue (Merck, catalog number: T8154; starting concentration: 0.4%, dilute 1:1 with PBS 

to reach a final working concentration of 0.2%) 
13. Dimethylsulfoxide (Sigma-Aldrich, catalog number: D8414) 

14. PEI MAX polyethyleneimine 40K powder (Polysciences, catalog number: 24765-1) 
15. Primatone RL (Sigma Aldrich, catalog number: P4963) 

16. OptiMEM I (1×) + Glutamax-1 (Gibco, catalog number: 51985-034) 
17. pTT3-eGFP (Addgene, catalog number: 154346) 

 
Equipment 

 
1. Microvolume pipettes (Gilson, models: Pipetman P1000, P200, P100, P20) 

2. Automated pipettor for serological pipettes (VWR, model: Pipetboy pro Integra) 
3. BSL-2 laminar flow hood (Thermo Fisher, model: MSC Advantage) 

4. Large-volume benchtop centrifuge with swing-out rotor (Beckman Coulter, model: Allegra X-15R 
with SX4750 rotor) 

5. CO2 incubator with embedded shaker (Eppendorf, model: New Brunswick S41i, catalog number: 
S41I230011) 

6. –80°C ultrafreezer (Thermo Fisher, model: TDE 300FV) 
7. CoolCell™ controlled rate freezing apparatus (VWR, catalog number: 479-0492) 

8. Water bath (Exacta Optech, model: WNB22) 
9. Neubauer chamber (Merck, catalog number: BR717820) 

10. Automated cell counter (DeNovix Inc., model: Celldrop) 
11. Liquid nitrogen storage tank (Taylor-Wharton, model: VHC-35) 

 

Procedure 
 
All procedures described herein are performed with HEK293-F cells, which are maintained in Freestyle 
293 Expression Medium, i.e., a chemically defined, protein-free medium optimized for growth and 

recombinant protein production in HEK293-F cells kept in suspension culture. Maintenance medium is 

supplemented with penicillin-streptomycin at a final concentration of 0.1% (v/v). All cell handling 
procedures are carried out under sterile conditions in a standard BSL-2 laminar flow hood. Cells are 
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cultured in suspension inside polycarbonate square-bottomed bottles of different volumes or in multi-
well polystyrene plates. When required, cells are centrifuged using a benchtop centrifuge at 1,000 × g 

for 10 min at room temperature. Scrupulous monitoring of the incubation settings is required since small 

changes will strongly affect both cell growth and transfection efficiency. CO2 supply, shaking orbit, and 
shaking speed are the most critical parameters. In particular, the latter is adjusted to prevent aggregation 

but at the same time avoid cell death caused by excess speed or accumulation of cell debris at the air–
medium interface. In our setting, HEK293-F cells are maintained in New Brunswick S41i shaking 

incubators set at 37°C with 5% CO2. These incubators have a shaking orbit of 2.5 cm: after extensive 
benchmarking for identification of the best compromise between cell viability and aggregation, we 

noticed that a shaking speed between 120 and 130 rpm was optimal for HEK293-F cell growth in both 
bottles and flat-bottomed multi-well plates. The various sections describe methods that, in our opinion, 

may also be used for specific maintenance/transfection of other mammalian cell lines; however, this has 
not been tested thoroughly as with HEK293-F cells. 

 
A. Cell thawing and culture initiation  

1. Pre-warm the Freestyle 293 medium supplemented with 0.1% penicillin-streptomycin (hereafter 
referred to as Medium) to 37°C in a water bath (for a 1 L bottle, this may take a couple of hours). 
Note: Although the addition of antibiotic to the Medium is generally not recommended, 

penicillin-streptomycin concentrations up to 10 ml/L (equal to 1%) are compatible with cell 

cultures and, based on several tests carried out using different antibiotic concentrations (0 ml/L–

10 ml/L), do not impact cell growth or transfection efficiency. According to these results, we 

recommend supplementing the cell cultures with 1 ml/L (0.1%) penicillin-streptomycin to 

minimize the risk of contamination. 

2. Rapidly thaw an aliquot of frozen HEK293-F cells (each aliquot should contain approximately 
10 × 106 cells/ml) in the 37°C water bath. This operation should take less than 1 min. 

3. Directly dispense the cells into a 250 ml bottle containing 20 ml Medium to reach a final 
concentration of 0.5 × 106 cells/ml. 
Note: HEK293-F cells are extremely sensitive and prone to contamination during the thawing 

step; therefore, the greatest care must be taken during this step. It is strongly advised to 

aspirate the entire cell volume from the frozen vial in a single pipetting operation and dispense 

the cells directly into the pre-warmed Medium in the culture bottle. Any further manipulation can 

increase the risk of contamination. 

4. Incubate the cells at 37°C, 5% CO2 with 120 rpm shaking, taking care to loosen the bottle cap 

to allow gas exchange. 
5. Check the cell growth rate daily and assess the viability using the Trypan Blue assay as follows: 

a. Harvest approximately 1 ml cells from the bottle. 
b. Dilute 15 µl cells 1:1 with 0.2% Trypan Blue. 

c. Count live cells using a Neubauer chamber (or an automatic cell counter, Figure 1) and 
assess cell viability using the following formula: 
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Mean number of cells counted in 4 squares × 2 (dilution factor) × 104 

 

 
Figure 1. Example of automatic cell counting. Comparison of cells after treatment with 

Trypan Blue counted using the CellDrop™ automatic cell counter (Denovix Inc.). The brightfield 
image (left) was processed by the DenovixEasyApps software for identification of live cells 

(green circles, as highlighted by the green arrow, total count in the image = 3.17 × 106/ml) and 
dead cells (red circles, as highlighted by the red arrow, total count in the image = 5.75 × 105/ml). 

Scale bar, 100 µm. 
Note: Under good culture conditions, suspension-cultured HEK293-F cells display an average 

doubling time of 24 h; however, 24 h after thawing, the cells typically do not show any signs of 

duplication. Starting from 48 h post-thawing, the cells should duplicate every 24 h, reaching a 

final concentration of approximately 2 × 106 cells/ml on day 3. At this timepoint, it is 

recommended to replace the Medium by centrifuging the cells at 1,000 × g for 10 min at room 

temperature and resuspending in fresh Medium. 

 
6. 72 h after thawing, the cells should have reached a final concentration of approximately 2 × 106 

cells/ml: harvest the cells by centrifugation at 1,000 × g for 10 min at room temperature. 

7. Discard the supernatant and gently resuspend the cell pellet in fresh, pre-warmed Medium using 

a volume sufficient to reach a final concentration of 0.5 × 106 cells/ml. 
8. Culture the cells in the shaking incubator using the same settings as stated in Step A4, following 

the schedule for cell maintenance described in Procedure B. 
Note: An effective weekly schedule suggestion includes thawing cells on a Monday (day 0), as 

this will allow the operator to monitor cell growth (as well as possible contamination) daily 

throughout the first week. Day 3 (72 h after thawing) should therefore correspond to a Thursday, 

on which cells should be split to a final concentration of 0.5 × 106 cells/ml. Splitting again the 

following day (Friday) will guarantee exponential growth and optimal cell density over the 

weekend without intervention from the operator. 

 

B. Cell maintenance 
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Subculture the cells three times a week as follows: 

1. Every Monday and Wednesday, count the cells and calculate the total cell number and viability 
as described in Step A5. 
Note: Avoid daily cell splitting: in our experience, this will drastically slow down cell growth and 

eventually result in a significant reduction in transfection efficiency. 

2. Split cells into a new bottle. Seed cells at a final concentration of 0.5 × 106 cells/ml in the required 
volume of Medium following the guidelines suggested in Table 1. 
Notes: 

a. In our experience, the optimal seeding concentration for HEK293-F cells is 2 × 106 cells/ml. 

It is detrimental to allow the cells to overgrow since they consume all the nutrients in the 

Medium and dead cell debris accumulates, posing a problem for subsequent transfection 

procedures. Cell debris can be easily visualized as the formation of a sticky ring around the 

walls of the culture bottle (Figure 2). 

b. A fundamental parameter to consider when performing cell splitting is the air/Medium ratio 

used for cell culture. HEK293-F cells are extremely sensitive to this parameter: we 

recommend filling the culture bottles with Medium to no more than a quarter of their total 

volume capacity to ensure proper oxygen exchange and prevent excess aggregation. At the 

same time, too low a culture volume will cause cell death due to increased mechanical 

stress induced by shaking, which may be solved by reducing the shaking speed but may 

interfere with the need to standardize the incubator settings to enable multiple cultures at 

the same time. The suggested optimal culture volumes (Table 1) were selected after 

extensive testing based on the assessment of cell viability and accumulation of cell 

aggregates and debris using bottles of several sizes and shapes, in addition to multi-well 

plates, with the incubator settings as described in Step A4. 
c. When splitting cells, it is not necessary to perform washes with PBS or other buffers to 

remove cell debris. Such operations are typically avoided in this protocol to limit the risk of 

contamination and minimize stressful operations related to cell handling.  

 

Table 1. Recommended cell culture volumes and associated containers. Overview of the 

minimal, maximal, and optimal cell culture volumes in different containers used for cell culture. 

Container type Minimal volume Maximal volume Optimal volume 

250 ml bottle 10 ml 50 ml 25 ml 

500 ml bottle 50 ml 100 ml 80 ml 

2 L bottle 100 ml 500 ml 250 ml 

6-well plate 2 ml 3 ml 2 ml 
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Figure 2. Sticky ring of dead cells. The formation of a sticky ring on the lower part of the bottle 

constitutes the typical presentation of cell debris accumulation. 
 

3. Grow the cells in the shaking incubator using the same settings as described in Step A4. 
4. Every Friday, count the cells and calculate the total cell number and viability as described in 

Step A5. 
Note: Although HEK293-F are immortalized cells, we observed a sort of senescence, with a 

drastic reduction in the transfection efficiency of the old batches as compared with the newer 

ones. This may negatively impact the yield of recombinant protein production, in particular for 

recombinant targets with production yields below 1 mg/L using “fresh” HEK293-F cells. For this 

reason, we encourage the initiation of a new cell culture batch by thawing a fresh aliquot of 

HEK293-F cells at passage 25–30 (i.e., every 11 weeks). This will ensure that the cells subject 

to transient transfection will never be older than passage 30–32. 

5. Split cells into a new bottle, seeding them at a final concentration of 0.3 × 106 cells/ml in the 
required volume of Medium. 
Note: It is strongly recommended to split the cells to concentrations no lower than 0.3 × 106 

cells/ml, as we noticed that this may eventually lead to a drastic decrease in transfection 

efficiency even when the cells appear to grow normally. 

6. Culture the cells in the shaking incubator using the same settings as described in Step A4. 

 
C. Cell cryopreservation 

HEK293-F cells should be stored in liquid nitrogen. Prepare new aliquots of HEK293-F cells for 
cryopreservation as follows: 

1. Seed at least 100 ml cells from a maintenance stock as described in Procedure B at a final 
concentration of 0.5 × 106/ml and culture them as described in Step A4. 

2. After 24 h, count the cells as indicated in Step A5 and calculate the total cell number and viability: 
the cell concentration should have reached 1 × 106/ml. 
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Note: HEK293-F cells are extremely sensitive to the concentration used for cryopreservation. 

We carried out extensive testing using multiple cell concentrations to assess the quality of the 

reconstituted HEK293-F cell batches after thawing. We noticed a remarkable increase in cell 

viability and transfection efficiency when the cells were frozen at a concentration of 10 × 106 

cells/ml. When using higher cell concentrations in cryostocks, we did not observe changes in 

duplication rates but did see significantly lower transfection efficiencies. For this reason, we 

strongly recommend not to exceed this cell concentration. 

3. Freshly prepare the freezing medium composed of Medium supplemented with 10% DMSO. 
Filter the freezing medium through a 0.2 µm filter. 

4. Harvest the cells by centrifugation at 1,000 × g for 10 min at room temperature, discard the 

supernatant, and gently resuspend the cell pellet in the freezing medium to a final concentration 

of 10 × 106 cells/ml. 
5. Rapidly aliquot 1 ml suspension into the cryovials and transfer to a pre-conditioned controlled-

rate freezing apparatus to progressively lower the cell temperature by 1°C per min. 
6. Transfer the cell aliquots to –80°C for 24 h. 

7. The following day, transfer the cells to the liquid nitrogen tank for long-term storage. 
 

D. Preparation of polyethyleneimine for cell transfection 
Discovered in the early 1970s for its ability to precipitate DNA (Atkinson and Jack, 1973), 

polyethyleneimine (PEI) was shown 20 years later to be capable of delivering genetic material into 
mammalian cell lines (Boussif et al., 1995; Goula et al., 1998; Pollard et al., 1998; Ringenbach et 

al., 1998; Longo et al., 2013). This polymer has a high density of positive charge that allows it to 

condense DNA molecules. The DNA–PEI complexes have a net positive charge and can bind to the 

cell membrane by interacting non-specifically with negatively charged glycoproteins, proteoglycans, 
and sulfated proteoglycans located on the cell surface (Pham et al., 2006).  

In our protocol, we use linear polyethyleneimine (PEI) due to its ease of preparation, long-term 
stability, low cost, high transfection efficiency, and very low cell toxicity.  

A 1 mg/ml PEI solution (1× stock) can be prepared as follows: 
1. Dissolve 100 mg PEI MAX in ultrapure water in a 100 ml glass beaker by gently stirring. 

2. Carefully add 1 M NaOH dropwise to the PEI solution until the final pH is between 6.90 and 7.10. 
Note: Immediately after adding the water, the pH of the PEI MAX solution will be around 2. Due 

to the lack of a buffering component in the solution, titration with 1 M NaOH should be carried 

out very carefully to reach neutral conditions. 

3. Transfer the PEI solution into a graduated cylinder and adjust the final volume to 100 ml to reach 
a final concentration of 1 mg/ml. 

4. Sterile-filter the solution using a 0.2 µm filter. 
5. Aliquot the solution into 500 µl stocks and store at 4°C. 

Note: PEI MAX solutions are stable for roughly 6 months. We recommend checking the 

transfection efficiencies periodically and preparing fresh PEI MAX solution when required. 
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E. Preparation of protein hydrolysate supplement for cell transfection 
Supplementation of peptones (protein hydrolysates) to the cell culture media after transfection is 

known to produce a significant increase in production yield, especially for secreted proteins (Pham 
et al., 2003; Pham et al., 2005). In our setup, we found that supplementation of Primatone RL, a 

meat protein enzymatic hydrolysate, boosts the recombinant protein production by an average of 
2.5-fold.  

A 6% Primatone RL (10× stock) solution can be prepared as follows: 
1. Prepare a 100 ml aliquot of Medium in the hood. 

2. Take the Medium aliquot out of the hood and dissolve 6 g Primatone RL. 
Note: During Primatone RL preparation, special care should be taken to avoid contamination. 

Since this compound consists of a very thin powder, it is strongly recommended not to pour the 

Medium directly on it from the stock, but instead to prepare a dedicated aliquot in a separate 

container and dissolve the Primatone powder outside the sterile environment. 

3. Vigorously vortex the solution to completely dissolve the meat hydrolysate. 

4. Place the Primatone solution in the hood, sterile-filter using a 0.2 µm filter, and store at 4°C. 
Note: Use the solution within one month. 

5. The final working concentration (0.6%) should be added to the cell cultures at least 4 h after 
transfection. 

 
F. Cell transfection 

The following protocol was standardized for basic transient cell transfection for the recombinant 
production of secreted extracellular protein targets: 

1. 24 h prior to cell transfection, count the cells 1:1 as indicated in Step A5 and calculate the total 
cell number and viability. 

2. Seed the cells in the appropriate container at a final concentration of 0.5 × 106/ml, adjusting the 
volume according to Table 1. 
Note: It is strongly recommended to seed the cells at 0.5 × 106/ml and further incubate for at 

least an additional 24 h prior to transient transfection. As discussed in (B), avoid two consecutive 

cell splits within 24 h as this will strongly impact transfection efficiency. 

3. Incubate the cells as described in Step A4. 

4. The following day, count the cells as indicated in Step A5, and calculate the total cell number 
and viability (cells should have doubled and their final concentration should have reached 1 × 

106/ml). 
5. Prepare the transfection mix as follows: 

a. Use 1 µg pure plasmid DNA for every 1 × 106 cells. 

b. Use a 1:5 DNA:PEI MAX ratio. 

c. Calculate the final transfection volume (in µl) as follows: 
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Transfection volume = total µg DNA × 25 µl/µg 

 
Note: We performed several experiments to elucidate the optimal volume for cell 

transfection. We established that 25 µl per µg DNA represents a good ratio for an efficient 

transfection mix. 

d. Prepare two different sterile containers, each containing half the calculated transfection 
volume of OptiMEM I (1×) + Glutamax-1 medium. 

e. Dispense the plasmid DNA into one container and PEI MAX into the other. 

f. Transfer the DNA–OptiMEM solution dropwise into the PEI–OptiMEM solution to obtain the 
transfection mix. 

6. Vortex the transfection mix for 5 s, three times. 
7. Incubate the transfection mix at room temperature for 10 min. 

Note: The incubation time of the DNA–PEI mix prior to transient transfection may also heavily 

impact protein production yield. We recommend testing different incubation times (5, 10, and 15 

min) in a small-scale expression trial of the protein target of interest. 

8. Add the transfection mix dropwise to the cell suspension while gently shaking the culture bottle 

in a circular motion. 
9. 4 h post-transfection, add Primatone RL, prepared as previously described, at a final 

concentration of 0.6%. 
Note: Ensure that the transfection procedure is performed in the morning: this will allow the 

addition of Primatone RL (Step F9) during working hours. 

10. Incubate the transfected cells as described in Step A4 for the appropriate number of days in 

accordance with the recombinant target protein of interest. 
11. Periodically check cell viability (if cell viability drops below 70%, this may indicate that the 

recombinant protein is toxic and may therefore require early harvesting). 
Notes:  

a. Proper cell harvesting time is of fundamental importance when producing recombinant 

proteins in HEK293-F cells. Our rule-of-thumb based on extensive empirical testing is that 

for secreted recombinant protein targets, the optimal harvesting time for maximum protein 

yield is 6–7 days post-transfection. Such an extended culture time is not recommended in 

the case of intracellular or transmembrane proteins, which are typically harvested between 

48 h and 72 h post-transfection. Nevertheless, continuous monitoring of cell viability is 

mandatory, particularly for new targets, to prevent the accumulation of cell debris in the 

Medium caused by unexpected toxicity associated with recombinant protein production. 

We noticed that, depending on the plasmid used for transfection, HEK293-F cells can be 

particularly resilient to the presence of the plasmid and may still continue to grow after the 

transfection procedure. 

b. A negative control experiment for the comparative assessment of cell viability can be 

performed by transfecting cells with a plasmid lacking a mammalian cell promoter, e.g., a 
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“dummy” DNA cloning vector.  

12. 6 days after transfection, count the cells 1:1 as indicated in Step A5 and calculate the total cell 
number and viability. 
Note: For an optimized Monday-to-Friday schedule, organize the transfection days for Tuesday 

and Thursday: this will allow both splitting the cells for transfection (Step F1) and harvesting at 

6–7 days post-transfection (Step F12) on weekdays. 

13. Transfer the cell culture to conical centrifuge tubes and harvest the culture media by 
centrifugation at 1,000 × g for 15 min at 10°C. 

14. Keep the supernatant and proceed according to your protein purification protocol.  

 
G. Evaluation of transfection efficiency using eGFP 

As discussed in (B), HEK293-F cells become senescent after a number of passages; therefore, it is 
essential to periodically monitor the transfection performance. We recommend checking transfection 

efficiency with a positive control at least twice a month. Mock transfections using expression 
plasmids containing the gene for enhanced green fluorescent protein (eGFP, e.g., pTT3-eGFP) can 

be used for this purpose. Measurement of the transfection efficiency evaluates the number of cells 
that have successfully incorporated the recombinant DNA and are therefore capable of producing 

the recombinant protein(s) of interest. The ratio between the number of cells displaying green 
fluorescence and the total number of cells yields the transfection efficiency value (Figure 3).  

 

 
Figure 3. Evaluation of transfection efficiency. Comparison between untreated cells (left) and 

those transfected with either GFP (center) or dummy DNA (right). For each sample, the comparative 

evaluation was performed using the CellDrop™ automatic cell counter (Denovix Inc.). The brightfield 
images (top) were subjected to GFP fluorescence counting (excitation = 470 nm ± 20 nm; emission 

= 525 nm ± 25 nm) using the DenovixEasyApps software. When unexpected objects different from 
cells are present in the counting chamber (e.g., air bubbles, as indicated by the black arrow in the 
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right panel), the instrument automatically excludes them from the final cell count. Scale bar, 100 µm. 

 
To perform the control transfection with eGFP, follow the protocol steps (Steps F1–F8), then: 

1. Incubate the transfected cells as described in Step A4 for 72 h. 
2. Observe the cells under the microscope and collect images using both brightfield and green 

fluorescence. 
Note: When using an automatic cell counter instead of manual counting with a Neubauer 

chamber, use an untransfected sample to set the threshold for GFP signal detection in the 

instrument. The advantage of the CellDrop™ automatic cell counter is that it does not require 

any consumables, such as slides, typically used by other systems.  

3. Transfection efficiency is calculated by counting the green cells (blue light imaging) and the total 

cells (white light imaging), and applying the following formula: 
 

Transfection efficiency % = ((total number of green cells)/(total cell number)) × 100 
 

4. The expected efficiency should be between 65% and 80%. Lower transfection efficiencies may 
suggest problems with some of the reagents or indicate that the cell batch may need to be 

replaced. 
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