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T he acceptance and 
implementation of single-use 
systems (SUS) or “disposables” 
has increased strongly in 

bioprocess development and 
biopharmaceutical manufacturing over 
the past two decades. Typically, 
suppliers provide SUS presterilized and 
ready to use. Using SUS eliminates time-
consuming and expensive cleaning 
procedures (which often require 
corrosive chemicals and a large 
amounts of water) and removes the need 
to perform cleaning validation between 
batches. The application of SUS reduces 
the risk of product cross-contamination 
and increases product and patient safety 
(1–5). 

Polypropylene (PP) and polyethylene 
(PE) are common film-contact materials 
in disposable bags. Polycarbonate (PC) 
and cycloolefin copolymer (COC) are 
transparent polymers that can be used 
as alternatives to glass, and the 
elastomers ethylene-propylene-diene 

monomer rubber (EPDM) and methyl-
vinyl-silicone rubber (MVQ) are used in 
seal applications or for pipes (6). Most 
single-use materials are polymers with 
limited material properties (1). To 
improve physiochemical properties, 
single-use–material developers include 
additives such as antioxidants, 
plasticizers, heat stabilizers, fillers, and 
colorants (7). Those additives and the 
extractable and leachable substances of 
polymers, however, can pose toxicity 
risks and reduce cell viability, therefore 
negatively influencing a cell culture 
process (8, 9). 

Extractables are single compounds 
extracted from materials under 
exaggerated process conditions. A 
subset of extractables, leachables are 
compounds that migrate into process 
fluid during intended use (10). The 
presence of leachables in process fluids 
can lead to severe consequences. For 
example, in a case involving Eprex 
erythropoietin, a change in formulation 
caused leaching from uncoated rubber 
stoppers for syringes into the drug 
product. As a result, a significant 

number of patients developed an 
antibody-mediated pure red cell aplasia 
after a treatment with erythropoietin 
(11). Thus, extractables and leachables 
usually are discussed in risk 
assessments of SUS.

Evaluating extractables and 
leachables is an important aspect in 
quality by design (QbD) to ensure high 
product quality and safety. Such an 
assessment also helps biomanufacturers 
select single-use materials because 
explicit standardized tests for those 
materials do not exist (12–14). Instead, 
some companies adapt the international 
standards for the evaluation of medical 
devices (15). Below, we reference three 
types of qualitative in vitro cytotoxicity 
tests from ISO 10993-5 (tests for in vitro 
cytotoxicity) and US Pharmacopeia 
chapter <87> (biological reactivity, in 
vitro): extraction, direct contact, and 
indirect contact (agar diffusion/filter 
diffusion) tests (16–18). We chose the 
extraction test under standard cell-
culture process conditions (cell culture 
medium and culture temperatures at 
37 °C or 28 °C) because it most closely 
simulates the real application of SUS. 
Normally, cells should not grow directly 
on single-use materials (e.g., for vessel, 
tubes, and sensors) in single-use 
bioreactor processes. 

The L929 murine fibroblasts cell line 
is recommended in both ISO and USP 
guidelines (16, 17), and it is respected as 
a reference cell line in our study. We also 
used a human embryonic kidney cell line 
(HEK293T) and the Spodoptera 
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frugiperda 9 (Sf9) insect cell line because 
both are typically used as production cell 
lines in the biopharmaceutical industry 
(19, 20). All three cell types are 
continuous cell lines for in vitro 
cytotoxicity tests. That is because their 
biological responses are reproducible and 
because the use of primary cells is 
limited by their definite life spans and 
phenotypical changes after an increasing 
number of passages (21, 22).

The aim of our investigation was to 
test the influence of polymers that were 
extracted under process conditions and 
applied on cell lines commonly used in 
cell culture processes. We expected the 
results to differ from those of the study 
using reference cell line L929. We also 
adapted a test procedure for suspension 
cells, which typically are used in 
production processes, but are not 
considered in the guidelines. 

We expanded the test setup and 
examined morphological changes and 
their influence on cell growth and 
viability. All three parameters are 
important in production processes. We 
also performed the 3-(4,5- 
dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) 
assay because of its orthogonal 
response. This colorimetric assay 
requires metabolically viable cells to 
convert MTT to formazan crystals (16, 
23). Therefore, we did not assess 
morphology, but rather mitochondrial 
activity. For our third method, we used 
growth kinetics to obtain a cell growth 
parameter (e.g., doubling time as a 
cytotoxicity indicator). With these three 
different methods, we investigated the 
extracts of common, certified SUS 
polymers such as PP, PE, PC, COC, 
EPDM, and MVQ.

Figure 1: (a–e, left) Microphotographs were taken 48 hours after addition of 
dimethylsulfoxide (DMSO) (adherent L929 cells seeded at 0.05 × 105 cells/cm², 200-fold 
magnification). Grading complies with ISO 10993-5 and USP <87>, adjusted by the 
addition of different concentrations of DMSO in the cell culture medium. (f) Graph shows 
grading of suspended Sf9 cells (seeded at 5 × 105 cells/mL, n = 3) with different DMSO 
concentrations in their culture medium.
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Table 1: Qualitative morphological grading of cytotoxicity of extracts is listed according 
to ISO 10993-5 (adapted from 16).

Grade Relativity Conditions of All Cultures
0 None Discrete intracytoplasmatic granules are present. There is no cell lysis and no 

reduction of cell growth.
1 Slight Not more than 20% of cells are round, loosely attached, without intracytoplasmatic 

granules, or show changes in morphology. Occasional lysed cells are present, and 
only slight growth inhibition is observable.

2 Mild Not more than 50% of cells are round and devoid of intracytoplasmatic granules.  
There is no extensive cell lysis, and not more than 50% growth inhibition is 
observable.

3 Moderate Not more than 70% of cell layers contain rounded cells or are lysed. Cell layers are 
not completely destroyed, but more than 50% growth inhibition is observable.

4 Severe Nearly complete or complete destruction of cell layers is present.

(A) Grade 0 — none

(B) Grade 1 — slight

(C) Grade 2 — mild

(D) Grade 3 — moderate

(E) Grade 4 — severe
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Material and Methods
Strain Maintenance: We purchased L929 
cells from the Leibniz Institute German 
Collection of Microorganisms and Cell 
Cultures in Braunschweig (DSMZ no.: 
ACC 2). The cell line was cultured in 
RPMI 1640 media (from Bio&Sell) and 
supplemented with 10% (v/v) fetal 
bovine serum (FBS) and 2-mM 
l-glutamine (l-Gln) (both from 
Biochrom) in T-75 flasks (from Sarstedt). 
We maintained the cells at 37 °C in a 
humified 5% CO2 atmosphere. HEK293T 
cells (DSMZ no.: ACC 635) were grown in 
T-75 flasks (from Sarstedt) in Dulbecco’s 
modified Eagle’s medium (DMEM) (from 
Biochrom) and supplemented with 5% 
(v/v) FBS and 4-mM l-Gln at 37 °C in a 
humified 8% CO2 atmosphere. 

We subcultured adherent cells twice 
per week. The cell layer was washed 
twice with phosphate-buffered saline 
(PBS) (from Sigma-Aldrich), dissociated 
with a trypsin-ethylenediaminetetra-
acetic acid (EDTA) solution (from 
Biochrom), and resuspended in the 
culture medium. We determined cell 
concentration by using a 0.4% (w/v) 
trypan blue (from Sigma-Aldrich) dye-
exclusion method and a Neubauer 
improved hemocytometer (from Paul 
Marienfeld GmbH & Co. KG). L929 and 
HEK293T cells were seeded at cell 
densities of 0.075 × 105 cells/cm2 and 
0.37 × 105 cells/cm², respectively.

TriEx Sf9 cells (from Merck) were 
cultured in Sf-900 II serum-free media 
(SFM) (from Thermo Fisher Scientific) in 
100-mL shake flasks (20-mL working 
volume) at 28 °C with 80 rpm on a 
Celltron shaker (from Infors HT) with a 
25-mm throw. We subcultured cells 
twice per week to an initial cell 
concentration of 5 × 105 cells/mL. All 
cell lines were assayed periodically for 
mycoplasma.

Flow Cytometry with Propidium 
Iodide (PI) Staining: PI is a membrane-
impermeant dye that penetrates 
damaged membranes of nonviable cells 
easily and thus can enable their 
exclusion from viable cells. Using this 
dye exclusion method, we determined 
cell viability using flow cytometry 
(Guava easyCyte benchtop flow 
cytometer from Merck Millipore). We 
followed a published protocol for 
measuring Sf9 cells (24).

Poly-d-Lysine Coating: To improve the 
attachment of HEK293T cells, we coated 
96-well plates (from Sarstedt) with a 
ready-to-use poly-d-lysine (PDL, 0.1 mg/
mL, from Thermo Fisher Scientific) 
solution. We prepared a 50-µg/mL 
working solution with sterile PBS (from 
Sigma-Aldrich), coated each well with 
50 µL of the working solution, and 
incubated the solutions at room 
temperature for one hour. We removed 
PDL solution and rinsed the wells three 

times with 100 µL of sterile water. We 
dried the coated surface without lid 
under a laminar air flow for about two 
hours, then wrapped the plates with 
parafilm and stored them at 4 °C for up 
to two weeks after coating. 

Positive Controls with Dimethyl 
Sulfoxide: We seeded adherent L929 
cells at 0.05 × 105 cells/cm2 in 24-well 
plates. After 24 hours, we replaced the 
medium with a culture medium with 
0.75% (v/v)–6% (v/v) dimethyl sulfoxide 
(DMSO from AppliChem). We carried out 
qualitative analysis and grading (Table 
1) 48 hours after DMSO exposure using 
a Cytation 3 plate reader with Gen5 
software (from BioTek Instruments). 

We seeded Sf9 cells at a cell 
concentration 5 × 105 cells/mL in six-
well plates and in a culture medium 
with 0.75% (v/v)–6% (v/v) DMSO. We 
assessed viability every 24 hours, as 
described in the “flow cytometry” 
section above.

Extract Preparation of Test Material: 
We prepared extracts in accordance with 
ISO 10993-12 (25). All polymers were 
presterilized by gamma-irradiation with 
a dose of 52.3 kGy. In sterile glassware, 
thermoplastics (granulates) and the 
elastomers (o-rings) were weighed out 
with a mass-to-volume ratio of 0.2 g 
polymer per milliliter of extraction 
medium. We used a cell culture medium 
with added serum as an extraction 

Figure 2: Graph shows qualitative morphological grading of the 
polymer extracts. White bars are L929 cells (seeded at 0.5 × 105 
cells/cm with 48 hours incubation in a 96-well plate, n = 8); gray 
bars are HEK293T cells (seeded at 0.75 × 105 cells/cm with 48 
hours incubation in a 96-well plate, n = 8); black bars are Sf9 cells 
(seeded at 5 × 105 cells/mL with 96 hours incubation in a six-well 
plate, n = 3), with no results for MVQ and EPDM. FM = fresh medium
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Figure 3: Viability was determined by using the MTT assay. White 
bars are L929 cells (n = 5), gray bars are HEK293T cells (n = 10). 
Polymers used for extraction were polypropylene (PP), 
polycarbonate (PC), polyethylene (PE), cyclic olefin copolymer 
(COC), methyl-vinyl silicone (MVQ), ethylene propylene diene 
monomer (EPDM) rubber elastomers, controls of 6%, 3%, 1.5% 
dimethylsulfoxide (DMSO), and mock for both cell lines.
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vehicle. We added l-Gln when cells were 
treated with extracts. 

We carried out extraction for seven 
days under the cultivation conditions of 
the specific cell line (adherent 
mammalian cell lines at 37 °C, insect 
cell line at 28 °C), imitating or 
exaggerating the cultivation time of a 
common cultivation. We used medium 
treated exactly as the extracts but 
without polymer interaction as a mock 
control. Fresh medium was a negative 
control. The 14-day mock control led to a 
slight growth inhibition with L929 cells 
compared with the results using the 
seven-day mock control and fresh 
medium. Extractions always were 
performed at 80–100 rpm, and all 
subsequent experiments were performed 
with undiluted extracts. 

Starting Conditions for Qualitative 
Evaluation: For adherent cells, a 
subconfluent (~80% confluence) (16, 17), 
uniform, homogenously distributed cell 
layer after 24 hours is required. The 
confluence was determined with the 
phase contrast microscopy segmentation 
toolbox (PHANTAST) software tool 
(developed by University College 
London’s department of Biochemical 
Engineering and Complex and UCL 
Centre for Computation, Mathematics, 
and Physics) (26). The analysis enabled 
a more objective confluence analysis. 
We took photos at a 200-fold 
magnification and at defined 
coordinates on a plate reader. For an 
automated confluence analysis with the 
PHANTAST software, the threshold 
parameter ε was set to 0.1, and the scale 
parameter was set to 3. A seeding 
density of 0.5 × 105 cells/cm² for L929 

cells and 0.75 × 105 cells/cm² for 
HEK293T cells were suitable to obtain 
the required subconfluence 24 hours 
after seeding.

Qualitative Morphological Grading: 
Adherent cells were seeded into a 
96-well plate with 100 µL of culture 
medium. After 24 hours, a microscopic 
image of each well was taken in the 
plate reader at a 200-fold magnification. 
Then the culture medium was replaced 
with 100 µL of extract or controls. After 
48 hours further of incubation, a second 
picture was taken, and the cells’ 
morphology, cell density, and 
confluence were assessed and graded in 
accordance with the definitions in Table 
1. The classification or grading of 
cytotoxicity is defined in ISO 10993-5 
and USP <87> and categorized into five 
grades from 0 to 4, depending on the 
cells’ morphology. A test sample meets 
regulation requirements if it is 
classified Grade 2 (mild reactivity) or 
lower (16, 17).

An MTT assay is used to compare the 
effect of extracts on metabolic activity 
(23). We carried out the assay as 
described in ISO 10993-5 Annex C (16). 
We dissolved MTT powder (from Sigma-
Aldrich) in culture medium without 
phenol red (from Thermo Fisher 
Scientific) at a 1-mg/mL concentration. 
We sterile-filtrated the solution with a 
0.22-µm filter (from Carl Roth GmbH) 

and seeded the cells with a volume of 
100 µL at a cell density of 0.1 × 105 cells 
per well in a 96-well plate. For HEK293T 
cells, we used the PDL-coated surface as 
described above in the section about 
poly-d-lysine coating. Twenty-four hours 
after the cells were seeded, we removed 
the culture medium and added 100 µL 
of treated medium (extracts, mock 
control, and positive controls with 
DMSO). To exclude systematic errors, 
such as incorrect seeding, we examined 
each plate with an incident-light 
microscope (from Leica Camera) and 
incubated cells a second time. We 
removed the medium after 24 hours and 
added 50 µL of MTT solution per well. 
The plate was then incubated for two 
hours at cultivation conditions; then the 
MTT solution was discarded. We added 
100 µL isopropanol (from Carl Roth) to 
the plate wells and agitated the plate for 
30 minutes at 100 rpm on a Celltron 
shaker. Subsequently, we measured the 
absorbance at 570 nm (reference 
wavelength 650 nm) for the samples in 
the plate reader. Absorption of dissolved 
formazan correlates with the number of 
living cells with metabolic activity (23). 
We compared all samples, including 
mock and positive controls, with the 
negative control and used Equation 1 to 
calculate cell viability.

We performed growth kinetics with 
HEK293T and Sf9 cells. The adherent 

Table 2: Doubling time was calculated from growth rates (24–120 hours) for HEK293T 
(seeding density 0.15 × 105 cells/cm2) and Sf9 (seeding concentration 5 × 105 cells/mL)  
(n = 3). Samples filtrated with 0.22-μm syringe filter are labeled with an asterisk (see text).

Doubling Time  
for HEK293T (hours) Doubling Time for Sf9 (hours)

Fresh medium 18.7 ± 1.0 24 ± 4
Mock 19.1 ± 1.5 27 ± 5
PC1 19.5 ± 1.3 26 ± 5
PC2 20.7 ± 0.9 24 ± 3
COC 22 ± 2 25 ± 4
PE 24 ± 3 25 ± 4

PP2 26 ± 3
PP*2 26 ± 4 26 ± 4
PP*1 35 ± 6 26 ± 3
PP1 48 ± 9

DMSO 3% (v/v) 51 ± 5 No cell growth
DMSO 6% (v/v) No cell growth

Figure 4: Sf9 growth kinetics (n = 3) were 
charted. Black symbols are fresh medium; 
white symbols are DMSO 3% (v/v); gray 
symbols are DMSO 6% (v/v). Seeding 
concentration was 5 × 105 cells/mL in a six-
well plate.
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Equation 1 

Viability (%) =                                                                                                 × 100%OD570 (test sample) – OD650 (test sample)
OD570 (negative control) – OD650 (negative control)
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HEK293T cells were seeded at a density 
of 0.15 × 105 cells/cm2 in six-well plates 
with a working volume of 3 mL per well, 
and in BioCoat 24-well plates (from 
Corning) with a working volume of 2 mL 
per well. Twenty-four hours after 
seeding, we replaced the medium with 
extracts and controls. Every 24 hours, 
we measured glucose and lactate 
concentration of the supernatant with 
Biosen C-Line GP+ (from EKF 
Diagnostics) and the cell concentration. 
For that, cells were washed twice with 
PBS before detachment with 300 µL 
(six-well) or 100 µL (24-well) trypsin-
EDTA solution per well. We stopped the 
detachment reaction with a serum-
containing culture medium and counted 
the cells. We seeded the insect cells in 
extracts or controls at a seeding 
concentration of 5 × 105 cells/mL in six-
well plates with a working volume of 
2.5 mL per well. A change of medium 
including centrifugation could damage 
the cells. Well plates were agitated at 
80 rpm on a Celltron shaker. Every 
24 hours, we measured the cell 
concentration and the glucose and 
lactate concentration.

Results 
Qualitative Morphological Grading with 
Adherent Cell Lines, and Grading with 
Suspension Cell Line: With the L929 cell 
line, the five grades of cytotoxic 
influence (Table 1) could be replicated by 
using different concentrations of the 
cytotoxic substance DMSO (Figure 1 a–e) 
(27, 28). Usually, L929 cells are adherent 
cells with a spindle-shaped morphology, 
growing as a confluent monolayer. Cells 
that were cultivated in a fresh medium 
showed a typical morphology (Grade 0) 
and no reduction in growth (Figure 1a). 
After using a DMSO concentration of 

0.75% (v/v), we observed a slight growth 
inhibition, characterized by a less dense 
cell layer (Grade 1) (Figure 1b). After 
using 1.5% (v/v) DMSO, a few detached, 
round cells were visible on the cell layer 
(Grade 2) (Figure 1c). Using 
concentrations of 3% (v/v) DMSO led to a 
strong growth inhibition, but the cell 
layer was not completely destroyed 
(Grade 3) (Figure 1d). After using 6% 
(v/v) DMSO, we observed a complete 
destruction of cells (Grade 4) (Figure 1e). 

For suspension cells, we adapted the 
morphology grading. We established a 
classification for Sf9 cells by a live–
dead staining with propidium iodide. 
The cytotoxic influence of different 
DMSO concentrations led to different 
viabilities after incubation and was 
matched with the five grades (Figure 
1f). We determined the viability grading 
96 hours after seeding to eliminate the 
impact of the adaption phase because 
the viability of the control group first 
dropped and then recovered again by 
100%.

Only the Sf9 cell samples with 6% 
(v/v) DMSO could be distinguished from 
other samples when we observed them 
with a microscope. Most of the cells 
were lysed. The viability was lower than 
5% (Grade 4). Using a concentration of 
4% (v/v) and 3% (v/v) DMSO, viability 
after 96 hours was ~25% (Grade 4) and 
just above 50%, respectively (Grade 2). 
Using DMSO concentrations of 2.5% (v/v) 
to 1.5% (v/v) resulted in a viability of 
~80% to ~90% (Grade 1). Using DMSO 
concentrations <0.75% (v/v) had no 
negative impact on viability (Grade 0).

With those methods, we determined 
the cytotoxicity grades of all polymers 
on the three cell lines (Figure 2). In the 
cases of PP, PC, MVQ, and EPDM, a 
slight growth inhibition was observed 

with HEK293T cells (Grade 1), whereas 
L929 cells showed a slightly less dense 
cell layer after incubation with MVQ and 
EPDM extracts (Grade 1) but not for the 
PP and PC extracts (Grade 0). The 
polymers PE and COC did not negatively 
influence the cell lines (Grade 0). The 
HEK293T cells reacted more sensitively 
toward positive controls with 3% (v/v) 
DMSO (Grade 4) than the L929 cells did 
(Grade 3). 

All polymer extracts tested on Sf9 
cells could be graded with Grade 0. 
Despite the influence of polymer 
extracts, viabilities of 100% after 96 
hours were achieved with the mock 
control and fresh medium alike.

MTT Assay with L929 and HEK293T 
Cells: Although the polymer extracts do 
not kill the cells, they could compromise 
their metabolic activity (16, 23). We 
performed the MTT assay as an 
orthogonal method to determine cell 
viability over metabolic activity. For the 
MTT assay, ISO 10993-5 defines a cell 
viability <70% as an indicator for a 
cytotoxic potential (16). Because of the 
test methodology, we applied the MTT 
test to only adherent cells (Figure 3). PP, 
PC, PE, and COC extracts did not lead to 
a cell viability lower than the critical 
level of 70%. 

The viability of cells cultivated in the 
PP1 extract was the lowest, at just above 
80%. For the PE and COC extracts, a 
~100% viability of HEK293T cells was 
achieved. Viability dropped to ~50% in 
both cell lines after incubation in an 
EPDM extract. By contrast, the other 
elastomer extract MVQ led to viabilities 
of 70% (HEK293T cells) and 90% (L929 
cells), respectively. The mock control 
showed no significant decrease in 
viability. As we expected, the positive 
controls had a DMSO concentration-
dependent decrease of viability.

Growth Kinetics with HEK293T and 
Sf9 Cells: Cytotoxic substances do not 
necessarily have to reduce metabolic 
activity to negatively affect a culture. A 
reduced growth or a lowered final cell 
concentration also can indicate 
cytotoxicity (9, 16). Another method for 
quantitative evaluation is to perform 
growth kinetics, which we did for 
HEK293T and Sf9 cells (Table 2). Small 
polymer particles were visible in the PP 
extracts, especially in the PP1 extract. 

Table 3: Summarized results from all cytotoxicity tests for all methods and cell lines used; 
– = cytotoxic effect; o = slight noncritical effect; + = no negative effect, na = not available

Method
Material/ 
Cell Line PP1 PP2 PC1 PC2 PE COC MVQ EPDM

Qualitative analysis 
along the grades

L929 + + + + + + o o

HEK293T o o o o + + o o
Sf9 + + + + + + na na

MTT assay L929 o + + + + + + –
HEK293T + + + + + + o –

Growth kinetics HEK293T – o + + o o na na
Sf9 + + + + + + na na
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We tested both PP extracts with the 
particles, and after we filtrated the 
samples with a 0.22-µm syringe filter, 
we labeled them with an asterisk (*). 

The PP1 and PP*1 samples showed 
round HEK293T cells without adherence 
to the growth surface. Most cells 
conglomerated in the middle of the 
culture vessel. Those observations are 
reflected in a slow growth with an 
increased doubling time of 48 ± 9 h in 
PP1 extract, compared with the doubling 
time in fresh medium of 18.7 ± 1.0 h. 
Thus, there was no significant deviation 
between the growth in PP1 extract and 
the positive control with 3% (v/v) DMSO 
over 51 ± 5 h. 

Through a filtration of PP, extracts 
should prove that the polymer particles 
are not causal for the cytotoxic effect of 
the PP1 extract. The filtrated extract 
PP*1 also inhibited cell growth 
(doubling time of 35 ± 6 h), indicating 
cytotoxic leachable compounds in the 
extract of PP*1. The cell-specific glucose 
uptake and lactate production rates were 
doubled under the influence of PP1 and 
PP*1 extracts compared with the 
negative control. 

Despite the presence of particles in 
the PP2 samples, most of those cells 
were adherent and showed an 
inconspicuous morphology. The 
doubling times of filtrated and 
untreated extracts were similar at ~26 h, 
but higher than for the negative control. 
Also, the cell-specific glucose uptake 
and lactate production rates were 
increased (~1.5-fold) under the influence 
of PP2/PP*2 extracts. 

Our polypropylene study also showed 
that the same materials from different 
manufacturers can lead to a difference 
in cytotoxicity. Table 2 shows that the 
doubling times of HEK293T cells that 
were treated with PE and COC extracts 
(~24 h and ~22 h, respectively) were 
slightly greater than the doubling time 
of the negative control. Doubling time of 
HEK293T cells that were treated with PC 
extracts was comparable with that of 
the mock control, and no significant 
deviations could be observed. The cell-
specific glucose uptake and lactate 
production rates also were comparable 
with those of the mock control and fresh 
medium control. Cells under DMSO 
influence showed threefold increases in 

specific glucose uptake and lactate 
production rates. 

As Table 2 shows, doubling time for 
all tested polymer extracts with Sf9 
cells were comparable with the 24 ± 4 h 
doubling time of the fresh medium 
control. PP extracts were both filtrated 
to eliminate particles during flow 
cytometry. Figure 4 shows that the 
positive controls with 3% (v/v) and 6% 
(v/v) DMSO led to cell death. The 
formation of lactate was below the limit 
of detection of 0.05 g/L, and the cell-
specific glucose uptake rates under the 
influence of polymer extracts were 
comparable with those of the controls. 

Discussion
This work focused on the assessment of 
test procedures for the in vitro 
cytotoxicity of polymers and other 
materials for SUS. We adapted the ISO 
10993-5 and USP <87> guidelines for 
medical devices to analyze the in vitro 
cytotoxicity of SUS polymers. Those 
sources also provide some information 
about the formation of extractables and 
leachables under cell culture process 
conditions. 

Impact of Extraction Procedure: The 
extraction medium, extraction time, and 
temperature are important factors of an 
extraction and leaching process study. 
Because we wanted to best simulate real 
process conditions for the extractables 
testing, we used cell culture medium for 
the extraction so that the extracts could 
be tested without their dilution or 
modification. A culture medium with a 
serum is especially suitable for such 
experiments because it extracts polar 
and nonpolar substances and supports 
cell growth. Thus, a serum-containing 
culture medium is preferred over water 
as an extraction vehicle (16, 17, 25, 29). 

To preclude a temperature-induced 
degradation of media components, we 
carried out the extraction at a 
temperatures equal to the usual 
cultivation temperatures of 28 °C and 
37 °C (30–32). We tested an extraction 
time longer than required in ISO 10993-5 
and USP <87>, but we observed that cells 
cultivated in the medium with a 14-day 
extraction time and a mock control 
showed inhibited growth. Thus, the 
longer incubation time had a negative 
effect on medium supplements, and a 

14-day extraction went beyond the 
objective (30–32). We also found an 
incubation time of seven days to be 
suitable and recognized no difference 
between mock control and cells 
cultivated with fresh medium. We 
strongly recommend the use of mock and 
negative controls to verify that observed 
effects are induced by the extracts and 
not by another environmental factor.

Impact of Detection Method: 
Extractables and leachables can be 
cytostatic, destroy cell compartments, 
and affect specific cell functions that 
are not visible by means of qualitative 
evaluation (33). Thus, the choice 
detection method is crucial. An 
evaluation with a focus on 
morphological abnormalities is 
applicable mainly for adherent cells. 
Visible grading is a useful method for a 
first cytotoxicity assessment. The 
procedure is simple and requires no 
specialized equipment or chemicals. The 
main disadvantage of this method is 
experimenter subjectivity. By 
reproducing the grades with different 
DMSO concentrations (Figure 1a–e) 
before the main tests, we enabled a 
more consistent comparison. Although 
the ISO 10993-5 refers to qualitative 
grading as appropriate for screening 
purposes, we and others recommend 
addressing the difficulty of subjectivity 
of the qualitative evaluation, which 
should be controlled against a 
quantitative assessment (16, 25). 

The MTT assay is a well-established 
quantitative method. Herein, several 
parameters such as the influence of 
serum and phenol red and the 
effectivity of a lysing agent have been 
discussed (34–36). Although different 
procedures are available for this study, 
ours is based on the protocol of ISO 
10993 5. The removal of extracts 
ensures that extractables or medium 
compounds cannot react with the MTT 
assay. The main drawback of that 
approach is that discarding the MTT 
before adding the solving agent also can 
remove formazan crystals, thus 
affecting results. Because of the 
frequent medium removal stated in the 
ISO 10993-5 protocol, the attachment of 
HEK293T cells was not strong enough in 
our study. We removed cells by 
changing the medium, which led to 
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false results. We reached an increased 
adherence with a PDL-coated surface for 
HEK293T cells (37). Our second 
quantitative approach was an 
investigation of growth kinetics to 
evaluate parameters such as the 
inhibition of cell growth, substrate 
consumption, and the formation of 
metabolic metabolites. 

We believe that the MTT assay and 
the growth kinetics evaluation are 
useful methods for identifying 
materials. They do not change cell 
morphology but instead influence the 
metabolism of cells or their growth. 
Thus, they are orthogonal methods for 
classification of materials.

Adaption of Test Procedure for 
Suspension Cells: Suspension cell 
culture is a common platform in 
biopharmaceutical production. Industry 
guidelines, however, do not provide a 
proposal for grading of suspension cells. 
Grading based on changes in cell 
morphology is impractical, so 
qualitative grading recommended as the 
method of choice in ISO 10993 5 and 
USP <87> is not applicable. 

In our study, we used flow cytometry 
and live–dead staining with PI to 
determine cell viability and enable a 
classification for suspension cells such 
as Sf9 cells. The proposed grading 
method follows the attribution of grades 
in accordance with ISO 10993-5 and USP 
<87>. After defining the grades described 
in the official requirements with the 
cytotoxic solvent DMSO (Figure 1f), we 
developed a method for comparing 
suspension cells such as the Sf9 insect 
cell line. Table 1 lists the definition of 
those grades. Nevertheless, note that the 
reproduction of the grades with a 
cytotoxic substance (e.g., DMSO) must be 
performed before testing extractables 
and leachables every time a different 
suspension cell line is to be tested. That 
is because each cell line reacts 
differently to the cytotoxic substance in 
different concentrations. Provided that 
the grades can be reproduced with a 
cytotoxic substance, our approach 
enables the identification of polymer 
extractables and leachables that reduce 
cell viability. For the MTT assay, 
modified procedures (without the 
removal of the medium and another 
composition of dissolving solution) 

applied to suspension cells are 
described in literature (38).

Different Outcomes with Different 
Detection Methods: No grading of 2 or 
higher was observed in the qualitative 
morphological analysis for all polymers 
(PP, PC, PE, COC, MVQ, and EPDM) and 
both adherent cell lines (Table 3). That 
indicates that all materials are suitable 
to produce SUS. A second evaluation 
after conducting the orthogonal method 
of the MTT assay revealed that MVQ and 
EPDM did not influence the cell layer 
significantly enough to be graded 2 or 
higher, but they reduced metabolic 
activity significantly when we compared 
metabolic activity results of the other 
polymer extracts and controls. 

For the MVQ extract, the limit for a 
“cytotoxic” classification of 70% 
viability was just reached for HEK293T 
cells, whereas for EPDM a cytotoxic 
effect was clearly observed (Table 3). 
That detrimental effect of the material 
EPDM (e.g., used for o-rings) already has 
been described for single-use 
applications to HEK cells (39), whereas 
other studies confirmed biocompatibility 
of EPDM (40). Thus, materials must be 
evaluated case by case before their 
application in a cell culture process. Our 
growth kinetics revealed that PP 
negatively influenced the growth of 
adherent-growing HEK293T cells. 
Results of the qualitative analysis and 
the MTT assay were inconspicuous. 
Other studies have reported that 
adherent cells showed a decreased 
glucose consumption and lactate 
formation as a consequence of cytotoxic 
ZnO nanoparticles, which are used as 
activators in the plastics industry (41). 
Our results showed a decreased glucose 
consumption and lactate formation 
because of PP extracts and positive 
controls, consistent with the increased 
metabolic cell specific rates. That 
indicates a cytotoxic influence.

Our results showed no significant 
inhibition of cell growth and 
mitochondrial activity (MTT assay) for 
PE and PC extracts. Other studies have 
reported poor cell growth in single-use 
bags with PE as a fluid-contact material 
— a result that was caused by the 
breakdown product bis(2,4-di-tert-
butylphenyl)phosphate (bDtBPP) of an 
antioxidant additive that migrated into 

the process fluid (9, 42). A leaching of 
the cell growth inhibitory compound 
3,5-dinitro-bisphenol A also has been 
reported for PC equipment (43). Because 
the polymer compositions, including the 
additives, differ among manufacturers, 
the evaluation of one polymer from one 
manufacturer with one certain medium 
is not transferable to all media and all 
manufacturers.

Different Outcomes with Different Cell 
Lines: In all three methods, our results 
showed differences across the three cell 
lines we investigated. The L929 cells 
were most sensitive in the MTT assay 
but inconspicuous in the morphological 
grading. The HEK293T cells were 
sensitive in the morphological grading 
and growth kinetics, but those cells 
were more robust in the MTT assay. 

Sf9 cells were highly robust in 
morphological grading, and they had no 
negative influence on growth for all 
polymers tested (Table 3). Sf9 cells 
treated with polymer extracts reached 
the same doubling times (24 ± 4 h) as 
did the untreated control cells (Table 2). 
Other studies have reported that 
doubling times vary between 24 and 31 
hours (44). We did not detected lactate 
formation, which could indicate that the 
insect cells were stressed (45, 46). Thus, 
potential leachables had no influence on 
the growth of Sf9 cells. But we note that 
the extraction temperature was 28 °C 
instead of 37 °C. The release of 
leachables increases at high extraction 
temperatures (42). 

Compared with Sf9 insect cells, 
adherent HEK293T cells seemed to react 
more sensitively to the polymer 
extracts. A similar relation was 
observed for a sensitivity test with Sf9 
cells and Chinese hamster ovary (CHO) 
cells on leachable compounds of single-
use bags (47). Those results further 
solidify our finding that using one 
method or cell line for categorizing a 
material as “compatible” or “cytotoxic” 
does not necessarily lead to a solid 
result. That is in agreement with other 
studies reporting different cell-line–
dependent biological responses to toxic 
substances (48–50).

Limits of the Cytotoxicity 
Determination: In vitro cytotoxicity 
testing measures the cytotoxic effect of 
a material without specifying the cause. 
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The tests cannot explain the reasons for 
an occurred cytotoxicity. But besides the 
established extractables and leachables 
studies, which identify specific 
components, the benefit of cell-culture–
specific tests for an estimation of the 
effect on production cell lines is without 
doubt. Standardized cell culture tests 
would improve the quality of single-use 
equipment (13, 14), but we recommend 
adopting those tests case by case, best 
mimicking exact process conditions. 
Altogether, it becomes apparent that no 
single method conducted on one specific 
cell line is sufficient for the 
categorization of a material as being 
biocompatible or cytotoxic. An 
orthogonal approach is a more 
sophisticated way to determine whether 
a material is suitable for a certain cell 
line in a certain process. The same 
material could lead to different 
assessments in different tests and a 
more realistic determination of the 
cytotoxicity of a material can be made 
by testing with a production cell line.

Orthogonal Testing Is Key
Raw materials for SUS must be 
examined for extractables and 
leachables formation and their potential 
detrimental effect on producing cells 
and on product quality and safety. 
Concluding all results of the different 
cytotoxicity studies described herein, 
even extracts of the same polymer 
acquired from different manufacturers 
lead to different outcomes in different 
cytotoxicity tests. Our findings 
demonstrate the necessity of 
cytotoxicity testing to be performed on a 
cell line, a material, and a 
manufacturing process on a case-by-
case basis. Even polymers commonly 
used for SUS in cell cultures can 
influence growth and viability in a 
specific process. Results will depend on 
the extraction procedure, the choice of 
cytotoxicity detection method (better 
using several methods with orthogonal 
test principles instead of only one), the 
sensitivity of a production cell line, and 
so on. We recommend that if a material 
component is exchanged for another in 
a SUS, then its safety assessment should 
be reviewed. Because we obtained 
different results from different testing 
methods, we conclude that using at least 

two orthogonal testing methods to 
classify polymeric materials is a 
reasonable approach to reduce 
uncertainty.
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