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An evaluation is presented, demonstrating evidence that process
equipment related leachables (PERLs) from single-use systems
(SUS) pose low risk for gene and cell therapy applications. It is
shown that available SUS extractables data can serve as a basis for
the extractables and leachables assessment in cell and gene
therapy (CGT) applications. However, exposure estimation and
toxicological evaluation tools need improvement. Thus, a model-
ing concept was developed to calculate PERLs in the liquid phase
and adsorbed on the therapeutic cells under dynamic process
conditions. The model revealed PERL exposure levels to patients
and cells which were significantly lower compared to those
obtained by conventional assessment methods. Additionally, the
effect of PERLs on human cells were screened with a high-
throughput cell-painting assay using a U2OS human cell line. It
was shown, that out of a range of 45 commonly found extractables
only 4 compounds influenced any of the 579 cell features analyzed.
Since modeled PERL exposures to cell-based medical products is
low and because SUS are sufficiently biologically inert, they are
suitable as production environment for therapeutic cells.

1. Introduction

The following article summarizes a
presentation from the ATMP-track
of the GMP-Pharma Congress held
on the 29th of Mar 2023 at the Rhein-
Main-Congress-Center in Wiesbaden
(Germany). It summarizes challeng-
es and highlights possible solutions
to dedicated questions associated
with an extractables and leachables
assessment in the cell and gene ther-
apy area.

Cell and gene therapy (CGT)
products offer new treatment op-
tions and enormous hope for pa-
tients around the world. Yet along
with this promise come new and

unique challenges for the qualifica-
tion of the products and the respec-
tive production processes. The evalua-
tion of process equipment-related
leachables (PERLs) from single-use
systems (SUS) is one example, where
some uncertainties exist on how to
properly qualify the process equip-
ment. [1,2] Unequivocal authorities
demand extractables and leachables
(E&L) assessment of materials in
the manufacturing stream contact-
ing a drug substance and drug prod-
uct. [3,4,5] The methodologies on
extractables testing and assessment
for SUS in biopharmaceutical pro-
duction, e.g. for the manufacturing
of protein-based products like

mAbs, are well developed.[6,7,8,9]
However, several differences be-
tween CGT and traditional biophar-
maceutical manufacturing requires
to challenge and revise the methods
commonly used for safety assess-
ments of extractables and PERLs.
[10]

CGT manufacturing relies heavily
on SU devices and assemblies due to
the high flexibility of use, ensuring
at the same time product sterility
and safety. [11] From sample collec-
tion to cell expansion and patient
delivery, CGT drug products contact
a variety of SU devices and assem-
blies at virtually every stage. These
include bioprocess storage and
media bags, filters, bioreactors, con-
nectors, tubing and fittings. [1] In
addition, the trend towards smaller,
fully enclosed systems – for example
SU isolators – to produce drug prod-
ucts for personalized treatments
(autologous therapy) means that
surface-to-volume ratios are rela-
tively high compared to traditional
biopharmaceutical drug production.
This increases the chance, that
PERLs, migrated out of the SUS,
have an impact on the process per-
formance, the product quality, or
the patient health.

In cell-based ex vivo gene thera-
pies (fig. 1), the cells themselves are
the product. Since cells are living
entities, PERLs that accumulate in
the liquid phase or on the cells
themselves can negatively impact
cell characteristics and viability, as
well as its critical quality attributes
(CQA). Eventually resulting in lower
product yields, reduced therapeutic
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and PERLs from CGT products. The
differences between traditional bio-
pharmaceutical and CGT manufac-
turing processes raise important
questions to which extent existing
extractables data, exposure calcula-
tion methods, toxicological and bio-
compatibility data and assessment
methods can be applied to CGT ap-
plications (fig. 2).

2. Extractables data

Today extractables data for SUS
are frequently available in qualifica-
tion documents from SU suppliers,
some of them are even published in
the scientific literature. [12,13,14,15,
16,17] They are commonly resulting
from standardized extraction studies
conducted at 40 °C with defined sur-
face to volume ratios (6/1 cm2/mL
and 1/1 cm2/mL) and different but
defined solvent systems (pure EtOH,
EtOH/water 50 %, water, low and
high pH). [18,19,20,21] Typical con-

tact times are 24 h, 21 days or
70 days. Sometimes data is available
for both, short and long extraction
times but even some data for entire
extraction kinetics or rinsing studies
are reported. [22,23] Notably, today
some suppliers of SUS are able to
provide comprehensively elucidated
extractables profiles for their SUS,
can scale the data for devices of any
size and combine them for assem-
blies. [24] Such data allow to link the
qualitative extractables information
with physiochemical properties and
to compare the quantitative informa-
tion with toxicological data as re-
quired in safety assessments.

Extractables data from standard-
ized tests are suitable to be used in
safety assessments if the extraction
conditions are exaggerated over the
in-use conditions.[6] CGT manufac-
turing requires physiological condi-
tions, that means process tempera-
ture will not exceed 40 °C and pH
ranges are close to neutral. Surface
to volume ratios are commonly low-
er than in extractables studies. For
CGT mainly aqueous serum and se-
rum free media and buffered aqu-
eous process fluids are used, apart
from dimethyl sulfoxide (DMSO)
which is used as cryo-preservative
in concentrations of up to 10 %.
However, since aqueous DMSO solu-
tions are weak solvents for typical
extractables permits to use extract-
ables data from extraction with 50 %
aqueous or pure EtOH as surrogates
in safety assessments. Thus, one can
state that extractables profiles for
SUS obtained in standardized tests,
are in principle appropriate to be

Figure 1: In cell-based CGT, donor cells are taken, isolated, manipulated ex vivo and administered back to the patients. Sampling, ex-
vivo manipulation and application of the product rely on disposable SUS but lacking a dedicated downstream purification (all figures
provided by the authors / Sartorius Stedim Biotech).

Figure 2: Workflow of an extractables assessment and the 3 challenging questions
regarding an appropriate extractables assessment in CGT.

efficacy, and an increased risk to pa-
tient health. [1] To mitigate these 
risks, a safety assessment must con-
sider both the therapeutic cells and 
the liquid in which the cells are sus-
pended. In addition, appropriate 
biocompatibility tests for cells used 
in CGT are required to detect possi-
ble detrimental effects of PERLs on 
the cells manipulated ex vivo. [1] 
Available toxicity test data and bio-
compatibility tests are only partially 
applicable to cell-based therapeu-
tics. [1,10]

In CGT applications, there is es-
sentially no dedicated downstream 
purification other than a few wash 
steps. Notably, downstream pro-
cesses for protein-based products 
are very efficient in removing impur-
ities including PERLs, resulting in 
highly purified drug substances. [9] 
As a result, patient exposure to 
PERLs is usually very low. In con-
trast, because of the need to pre-
serve cell integrity, there are few op-
portunities to remove impurities
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used in safety assessments of CGT
applications. Additional test, such
as DMSO extractions are not re-
quired. [25]

3. PERL exposure
in CGT applications

The accurate estimation of PERL ex-
posures to host cells – or therapeu-
tic cells – to cell products and ulti-
mately to patients is essential, in or-
der to be compared with PERL
thresholds and limits.[26] Depend-
ing on the assessment objective,
these thresholds and limits can be
EC50-values, for the evaluation of ef-
fects on cells, permitted daily expo-
sure (PDE) values for the evaluation
of patient safety for identified com-
pounds and threshold of toxicol-
ogical concern (TTC) for uniden-

tified compounds, respectively. Al-
gorithms for extrapolating SUS
extractables data to exposure data
under static in use conditions are
available and their applicability was
recently shown.[22,24,27] These
methods allow to scale and combine
extractables data including a tem-
perature adjustment. However, CGT

manufacturing is characterized by
dynamic conditions, making an ex-
posure estimation challenging. The
distribution of PERLs between the
liquid and the plastic phase must
additionally consider the temporal
distribution of PERLs between the
liquid and suspended cellular phase.
Accurately factoring in the cell

n Table 1

Processes relevant to establish a digital twin model for a perfusion bioreactor ( fig. 3) and their
mathematical description.
Process Description Mathematical description Remark

PERLs present in the SUS
plastic phase

Determined from long contact
time extractables data if not
known [22]

PERL dissolved in the liquid
phase

PERL equilibrium condition at
plastic-liquid interface and at
t = ∞, respectively

Migration of PERL from
(or into) plastic phase

Ficks 1st and 2nd law describe
migration of PERLs in plastic
phase & trough interfaces
[22,28,29]

Flow through the system kQ = Q/Vl, the perfusion rate

PERL adsorption on therapeu-
tic cells

Assuming a reversible and in-
stantaneous adsorption of
PERLs on the cells

Growing number and weight of
biomass (therapeutic cells)

Assuming a logistic growth
function (Verhulst type)

* From standardized extractables experiments

Figure 3: Scheme of a model perfusion bioreactor with 6 relevant processes for digital
twin development to estimate PERL concentration.
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cellular phase, i.e., the biomass,
dccell/dt. And with that, giving ac-
cess to relevant exposure data for
patients and the ex vivo manipu-
lated cells over the entire process
time. The development of a digital
twin of a bioreactor can be divided
into 3 steps, which are briefly de-
scribed in the following.

In a first step, processes respon-
sible for the temporal development
of the PERL concentration in the dif-
ferent phases of the bioreactor (i.e.,
dcl,diss/dt and dccell/dt) are identi-
fied. For a perfusion bioreactor at
least 6 relevant processes can be
identified and are schematically
presented in fig. 3.

In a next step, these processes
need to be expressed as mathemati-
cal equations, which describe their
temporal development, their inter-re-
lation and eventually the equilibrium
conditions of the system (table 1).
For establishing the virtual perfusion
bioreactor, a system with complete
cell retention is considered here.

In a third step the mathematical
descriptions of the processes are
combined in a differential equation,
which allows to maintain the mass
balance. It can be generically written
as:

In case of a perfusion bioreac-
tor, sources for PERLs are the
amount of PERLs entering the
system with the inflow and the
PERLs released from the different
components of the SUS. Sinks for
PERLs are the potential migration
of PERLs into SU components,
the absorption of PERLs on the
biomass and the terminal sink of
PERLs with the outflow. Further
sinks can be degradation reac-
tions or, in case of a bioreactor
also metabolization of PERLs, but
these processes are not consid-
ered in the example presented
here. To establish the digital twin,
the above equations (table 1) are

n Table 2

Overview on relevant input data required to set up a model calculating exposure for 2,4-DtBP in a
perfusion bioreactor.
Required data Source of parameter and/or data Abbreviation Values for example
Surface of SUS (contacting process
liquid)

Technical drawing Sp 1,200 cm2

Volume or weight of SUS Technical drawing or weighing Vp 48 cm3

Thickness of SUS, max. diffusion length
(perpendicular to interface)

Technical drawing zp 0.04 cm

Volume of process liquid Process parameter Vl 1,400 cm3

Cultivation time Process parameter t 22 days
Perfusion rate Process parameter kQ 0.075/h
Initial 2,4-DtBP concentration in the
plastic of the SUS

Extractables studies or empirical data [22] cp,0 104 µg/cm3

2,4-DtBP conc. in liquid phase, t = 0 Empirical process related data cl,0 0.2 µg/mL
2,4-DtBP conc. in inflow Empirical process related data cl,in 0.2 µg/mL
Diffusion coefficient of 2,4-DtBP
in plastic phase

Literature, experimental data, or
estimation methods [22,29,31]

Dp 3 · 10–10 cm2/sec

2,4-DtBP partition coefficient between plastic
and liquid phase

Derived from extractables data,
or via estimation methods [22,32,33]

Kp/l 13

2,4-DtBP partition coefficient between
liquid phase and biomass

Estimated based on experimental
data [30,34]

KD 0.02 L/g

Biomass ratio for t = 0→ 20 days Growth functions or empirical process
related data

mbio/Vl 1–50 g/L

growth, media and/or reagent addi-
tions, washing steps and perfusion 
flow rates adds complexity to expo-
sure estimation required in CGT. 
Furthermore, a direct measurement 
of PERLs as trace contaminants ad-
sorbed on cells or dissolved in the 
liquid phase is extremely difficult if 
not impossible.

An alternative to analytical test-
ing is to model the interaction of 
PERL with cells in silico using so 
called “digital twins”. Digital twins 
are IT systems allowing to virtually 
simulate physical, chemical, and 
biological processes in SUS. They 
are a reduction of real world-sys-
tems to those elements and pro-
cesses which are relevant for an an-
ticipated evaluation. A digital twin 
of a perfusion bioreactor is sche-
matically presented in fig. 3. The an-
ticipated output of such a virtual 
perfusion bioreactor is the temporal 
development of the PERL concen-
tration in the liquid phase, dcl,diss/dt 
and adsorbed on the suspended
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– in a last step – translated into
a computer program, which al-
lows to numerically solve Eq. 1.

In table 2 the required model in-
put data and their sources are
summarized. It includes data like
the SUS dimension and geometry,
but also process information, such
as run time, perfusion flow rate
and temperature. These data can
be easily and accurately obtained,
as they are given in technical
drawings of the SUS or are quali-
fied process parameters. The initial
PERL concentration in the polymer
is either known, can be deter-
mined with an in-polymer analysis,
or is calculated from extractables
data. Diffusion and partition coeffi-
cients for the PERL can be found
in the literature, calculated with
estimation methods, or be derived
from experimental data, e.g., ki-
netic extractables studies. For the
cellular phase, in table 1, a logistic
growth function is suggested, in
this case the parameters for this
function need to be included. It
should be noted that other growth
functions or even empirical data –

including such from on-line meas-
urements – can be used in such
models. Irrespectively of the used
growth function, an adsorption
coefficient for PERL on the cells is
required. This parameter can so
far only be obtained from dedi-
cated experiments. [30]

In fig. 4 modelling results for
the extractables 2,4-Di-tert-butyl-
phenol (2,4-DtBP) in a virtual per-
fusion bioreactor are shown. The
respective model utilizes the
parameters given in table 2 and
predicts the concentration devel-
opment of 2,4-DtBP in the liquid
phase and adsorbed on the cells
over 22 days.

With this model, it was possible
to closely replicate the CGT produc-
tion environment and forecast how
the concentration of a potential

PERL varies over time in both, the
liquid phase and adsorbed to the
cells. The PERL concentration,
which would be conventionally used
as exposure value in an E&L safety
assessment, considers only the equi-
librium concentration of the PERL
in the bioreactor without biomass
and without flow (calculated from
extractables data with Eq. 1 and 2 in
table 1 and data from table 2) (see
Eq. 2 below).

By additionally considering the
presence of the biomass – still with-
out perfusion – the maximum expo-
sure concentration under equilib-
rium conditions for liquid and cel-
lular phase can be calculated with
the Eq. 2 and 5 in table 1 and data
from table 2, respectively (see Eq. 3
and Eq. 4 below).

In opposite to this conventual ex-
posure estimation, the model calcu-
lation in fig. 4 returns a significantly
lower 2,4-DtBP concentration in the
liquid phase during the entire culti-
vation time of 20 days, far from ap-
proaching the static equilibrium
concentration. Moreover, the curve
for the liquid phase in fig. 4 shows a
maximum concentration after 1½
days of cultivation with approx.
0.3 µg/mL followed by a declining
2,4-DtBP concentration with time.
With that, the model calculation in-
dicates that the PERL in the liquid
phase is dominated by a dilution or
“wash-out” effect caused by the per-
fusion. Extrapolating the curve in
fig 4 to longer cultivation times, one
can anticipate a concentration of
2,4-DtBP converging eventually to the
inflow concentration of 0.2 µg/mL.
The 2,4-DtBP concentration ad-
sorbed on the cells does not reach
the static equilibrium concentration
and is less than 5 µg/g after 20 days
of cultivation. The 2,4-DtBP concen-

Figure 4: Modeling results of 2,4-DtBP exposure in a CGT perfusion bioreactor to the
liquid phase (blue dashed curve) and the cellular phase (grey dashed curve). The green
sigmoid curve represents a hypothetic cell growth used in this model. The flow is much
higher than release rates of PERLs indicating a strong wash out effect; an accumulation
of PERLS in the liquid and/or cellular phase does not occur.
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tration on the cells is influenced by
the wash out effect as well. Simulat-
ing different cultivation scenarios
lead consistently to similar results:
The media flow rate through the
system is much higher than the re-
lease rates of PERL resulting in a
strong wash out effect and therefore
no accumulation of PERL in the liq-
uid phase nor on the cellular phase
is expected in perfused systems. In-
terestingly, the curves for dissolved
and adsorbed 2,4-DtBP are not syn-
chronized but different in their de-
velopment. This is due to the grow-
ing biomass, modeled here with a
sigmoidal growth function.

Calculations like the above dem-
onstrates: (1) Conventional safety
assessments using equilibrium data
and ignoring the cellular phase is
operating with unrealistic high
PERL exposure values in the liquid
phase, (2) including the cellular
phase in equilibrium calculations,
overestimates the potential expo-
sure for the liquid and the cellular
phase and (3) that even with simple
models a plausible and more realis-
tic PERL estimation in both phases
is possible. Thus, model calculations
can be usefully applied to determine
the PERL exposure in cases where
an analysis is not feasible, for exam-
ple in harvest steps, or – even more
relevant in future – to estimate the
PERL exposure for therapeutic cells
and simultaneously the patient ex-
posure with the therapeutic cells in
CGT. [10]

4. Investigating effects of
PERL in CGT using a high-

throughput cell painting assay

Concerns are associated with PERLs
from SUS eventually reaching a final
product and negatively impact prod-
uct quality and/or patient safety.
In this context patient safety assess-
ment are commonly carried out
following principles analogous to
toxicological assessments of drug
products (DP) impurities. Exposure
values are calculated down to the

daily dose of the DP and compared
with permitted daily exposure (PDE)
values for identified PERL and
threshold of toxicological concern
(TTC) for unidentified PERLs to al-
low for the evaluation of patient
safety (fig. 2). [26]

In the area of cell and gene thera-
py (CGT) this approach is not suffi-
cient and tools are required to pro-
vide a complete picture including
also potential effects of PERLs on the
therapeutic cells manipulated ex
vivo. [1] PERLs can interact with cells
and have the potential to affect many
aspects of cell health, metabolism
and function of cells. [30,35,36] Yet,
metrics such as PDE or TTC are un-
able to evaluate effects on isolated
human cells. PDE and TTC are de-
rived from toxicity tests performed
onmammalian test animals (e.g., rats
or mouses), and non-human cell
lines. Consequently, inter-species
transferability and the transfer of sys-
temic toxicological endpoint to end-
point on a cellular level as required
in CGT is difficult if not impossible.
Available tests for biocompatibility
of SUS that assess only one or a few
end points are not sufficient for CGT
applications. [37,38,39,40,41] They
can easily miss subtle changes in cell
phenotype and are biased towards
specific endpoints.

Moreover, for SUS used in CGT,
demonstration of the absence of any
effect to the cells is a reasonable
technical requirement. Researchers
and process engineers implicitly ex-
pect, that the process equipment
they are using is generally inert and
does not influence their experimen-
tal work and desired processes in
any unforeseeable way. [42]

To address these shortcomings,
the authors partnered with the Max
Planck Institute (MPI) in Dortmund
to assess PERLs’ impact on living
cells using a high throughput cell
painting assay (HT-CPA, fig. 5). [10]
HT-CPA is an unbiased phenotypic
profiling technique that multiplexes
six fluorescent dyes to analyze as
many as 1,700 features on a cell-by-
cell basis using automated high-con-

tent cell imaging and analysis with
an approved profiling methodology
(https://cellprofiler.org/). [43,44] The
MPI database can link 579 cell fea-
tures out of the list of 1,700 features
with a known effect, associated with
a chemical entity. [45] The HT-CP
assay provided a powerful and sen-
sitive means to detect stimulating
and detrimental effects using only a
small number of cells and a low
amount of extract.

45 known extractables were se-
lected from the ExSim database and
subjected to the HT-CPA (table 3).
[24] The tested substances range
from plastic antioxidants and their
typical degradation product to an
antistatic agent, plasticizers, photo-
initiators and polymer monomers
and oligomers.

The test substances were chosen
based on the following criteria:
(1) The substance was unambigu-
ously identified in extractables tests
on SUS conducted in the last years;
and (2) the substance should have a
sufficient water solubility, to allow
application in a biological test sys-
tem. The compounds were applied to
the cells in concentrations of 10–
50 µM which corresponds to 0.7–
23.7 µg/mL, respectively. Addition-
ally, we took two SUS extracts ob-
tained from standard extractables
tests, namely a sterile filter and a
tube, extracted with pure EtOH and
EtOH 50 % over 24 h and 21 days at
40 °C respectively. The results of the
HT-CPA can be summarized as fol-
lows:
• 41 out of the 45 selected ex-
tractables and both SUS ex-
tracts (table 3) did not show
any effect on any of the 579 cell
features above the defined
threshold.

• Only 4 out of the 45 selected ex-
tractables had a measurable effect
on any of the cell features above
the defined threshold (table 4).
The observed
weak effects on histone deacetyl-
ase, DNA synthesis, and choles-
terol homeostasis, were consistent
with previously reported negative
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biocompatibility effects of these
compounds. [36,46]

• Only one compound, the antistatic
agent N-Lauryl-diethanolamine
showed a significant detrimental
effect on cell growth (table 4),
which was unreported so far.

5. Conclusion

Our investigation into extractables
data, digital twins, and HT-CPA
technologies shows promising re-

sults. PERL exposures can be plausi-
bly modeled using existing extract-
ables information, and the impact of
PERL on human cells can be evalu-
ated in a fast and cost-effective way.
The dynamic modeling approach
calculates significantly lower PERL
exposure values than static equilib-
rium-based calculations or worst-
case assumptions. The findings also
provide reassurance that SUS are
well-suited for CGT applications
and potentially detrimental com-
pounds can be confidently identi-

fied. This allows SUS suppliers to
avoid them for SUS manufacturing
and consequently eliminate them as
potential leachables in CGT biopro-
cesses. In the long term, the infor-
mation gained can be used to in-
form the manufacturers of SUS to
further improve compatibility with
CGT applications. HT-CPA was
identified as a powerful tool for
screening and investigation of ef-
fects of PERLs on human cells. It
could be shown that 41 out of 45
common extractables did not show

Figure 5: Workflow of the high throughput cell painting assay for studying effects of PERLs on human cells.

n Table 3

Overview on the extractables substances and the two SUS extracts tested with the HT-CPA.
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any effect in the HT-CPA. On the
other hand, HT-CPA identified 4
compounds – out of the 45 – which
were partially known as potentially
detrimental to cells. Together, these
results demonstrate the sensitivity
of the HT-CP assay to detect poten-
tial “trouble-makers” and support
the conclusion that SUS are in gen-
eral sufficiently biologically inert
and therefore well-suited for use in
CGT applications.
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