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ABSTRACT: For the process of transient transfection (TTF),
DNA is often transported into the cells using polyplexes. The
polyplex uptake and the subsequent transient expression of the
gene of interest are of great importance for a successful
transfection. In this study, we investigated a 3D-printed micro-
fluidic system designed to facilitate direct TTF for suspension of
CHO−K1 cells. The results demonstrate that this system achieves
significantly better results than the manual approach. Furthermore,
the effect of both post-transfection incubation time (t) and
temperature (T) on polyplex uptake was explored in light of the
membrane phase transitions. Attention was paid to obtaining the
highest possible transfection efficiency (TFE), viability (V), and
viable cell concentration (VCC). Our results show that transfection output measured as product of VCC and TFE is optimal for t =
1 h at T = 22 °C. Moreover, post-transfection incubation at T = 22 °C with short periods of increased T at T = 40 °C were observed
to further increase the output. Finally, we found that around T = 19 °C, the TFE increases strongly. This is the membrane phase
transition T of CHO-K1 cells, and those results therefore suggest a correlation between membrane order and permeability (and in
turn, TFE).

■ INTRODUCTION
Many modern biopharmaceuticals are produced via stable gene
expression using stable transfected mammalian cells.1 Un-
fortunately, stable transfection is a time-consuming process−
which renders it far from ideal in many cases.2 An intriguing
potential alternative production mechanism is found in the
process of transient gene expression (TGE). To achieve TGE,
cells need to be transfected transiently, which is a much faster
and significantly more flexible method that is already being
used to produce biopharmaceuticals, albeit (to date) only in
relatively small quantities.2 The use of TGE with suspension
mammalian cells, such as Chinese hamster ovary (CHO) or
human embryonic kidney (HEK) cells, is of particular interest
since suspension cell cultures are easily scalable and these cell
types can produce biopharmaceuticals with human-like post-
translational modifications.3,4

For transient transfection (TTF)�hereinafter referred to as
transfection (TF)�different TF reagents can be utilized.5 In
this work, the commonly used TF reagent linear polyethyle-
nimine (PEI) with 25 kDa was investigated.6 PEI and DNA
form a polyplex, which can then be readily taken up by the
cells.7 Although it is important to note that free PEI can
actually have a cytotoxic effect.7 For this reason, homogeneous
mixing during TF is absolutely essential, so that the DNA and

PEI form polyplexes quickly and PEI does not remain in a free
state within the solution for very long.5

In seeking to solve that problem, we decided to explore
whether a 3D-printed microfluidic system might be well-suited
to ensure both quick and thorough mixing of these three
components. For this reason, we integrated a micromixer (in
particular a so-called HC mixer) into the microfluidic system
in order to achieve homogeneous mixing of the three
components at low flow rates with low shear stress for the
cells.8 3D printing enables rapid prototyping, which means that
the structures and parts being utilized can be quickly and
individually adapted within a short time, in order to respond to
results that are observed in the laboratory.9

In addition to the TF method, the time (t) of the following
post-transfection incubation phase (during which the poly-
plexes are taken up by cells) is also of critical importance. In
order to be taken up by cells, polyplexes must cross cell
membranes via the vesicle-based methods of clathrin- or
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caveolae-mediated endocytosis.7,10,11 Which endocytosis path-
way is actually utilized depends on the size of the respective
particle in question,12 and these two uptake routes differ in
both their speed and their transfection efficiency (TFE)�
which is a measure of successful TF with subsequent TGE.7,11

In adherent Henrietta Lacks (HeLa) cells and adenocarci-
nomic human alveolar basal epithelial (A549) cells, only
caveolae-mediated uptake escapes the lysosomal destination
and can thus become TF effective.11,13 Unfortunately, there is a
trade-off: this uptake pathway is significantly slower−which is
why the post-transfection incubation period during which the
polyplexes are being taken up is of crucial importance. In other
experiments, it has already been shown that a longer post-
transfection incubation time up to 4 h at 37 °C achieves the
highest TFE with a polymer (PPI-123) and human
doxorubicin-resistant breast adenocarcinoma cell line (MCF-
7/ADR).14 Similarly, an optimal post-transfection incubation
time of 3 h at 37 °C was determined for adherent A549 cells
with linear PEI of a molecular weight of M = 25 kDa.11

In addition, it has been intensively covered in the relevant
literature that transport processes over the cell membrane can
be mechanistically interpreted as a function of the phase state
of the lipid membrane.16 Accordingly, the distribution of the
transport proteins to the different phases plays a decisive
role.16 The phase state of the lipids correlates with a number of
observable parameters (including bending stiffness, perme-
ability, membrane viscosity, as well as membrane thickness and
area), and it can be influenced by a variety of factors (for
example, by cholesterol levels, salt content, or the presence of
an electric field).17−22 Moreover, it has been shown that
various transport processes for smaller molecules as well as
nanoparticles depend on the phase state (or lipid order) of
lipid and plasma membranes for both synthetic liposomes22,23

and also biological membranes.24 One of the most important
factors influencing the phase state of lipid membranes is
temperature (T).17,25−27 While the phase transition of
synthetic one or two component liposomes is limited to a T
range of just a few degrees,17 biological cells display a markedly
broader phase transition range as well as a noticeable scattering
of the phase state between individual cells, even under the
same external conditions.17,28

For endocytotic uptake pathways, both membrane tension as
well as the curvature of the membrane required for particle
uptake must be taken into consideration.29 It, therefore, stands
to reason that there could also be a link between particle
uptake rates and the thermodynamic state of the membrane
when it comes to polyplex uptake. In fact, several publications
have already suggested the existence of a link between the state
of order of the cell membrane and certain endocytosis uptake
pathways.23,30−33 If this is the case, then for TF it could
presumably be shown that a higher T (i.e., 37 °C vs 4 °C) has
a higher uptake rate from polyplexes out of PPI-123 polymer
and adherent MCF-7/ADR cells.14

The phase state of lipid membranes−especially the lipid
order−can be determined using solvatochromic fluorescent
dyes (such as Laurdan), which incorporates into the
hydrophobic part of the lipid bilayer15,17,29 and then emits
light of different wavelengths depending on the dipolar
relaxation of its environment.34,35 Since the different phase
states display different relaxation behaviors, this allows to infer
the state of the membrane;35 or, put in more concrete terms,
after UV excitation, the emission maximum is located around λ

= 440 nm in the ordered phase, and around λ = 490 nm in the
disordered phase.36

Taking all of this into consideration, in this work, we set out
to investigate whether improved mixing using a 3D-printed
microfluidic TF system shows improved TFE and increased
viability (V) when compared to the manual process. In
addition, we also sought to focus on how best to optimize the
biophysical factors of post-transfection incubation time (t) and
temperature (T), in order to facilitate the uptake of polyplexes
within this microfluidic system. Relatedly, we also investigated
whether the membrane phase transition had any bearing on
what we determined to be the optimal conditions for T.

■ EXPERIMENTAL METHODS
Microfluidic Design and Fabrication. The developed

microfluidic system for direct TF contains 3 inlets−for the
cells, DNA, and PEI, respectively−as well as an outlet for the
transfected cells (Figure 1). The system is designed in such a

way that first DNA and PEI solutions from two channels are
combined in one, and then the cell suspension is added to this
channel. The entire suspension is then passed through an
integrated HC mixer, where all components are homoge-
neously mixed together in less than 1 s under low shear stress.8

The integrated passive HC mixer operates according to the
split-and-recombine mechanism. The volume flow is separated
and mixed again, and this is repeated several times.8

The microfluidic system was designed with SolidWorks
(Dassault Systems Deutschland GmbH, Stuttgart, Germany),
and it was then 3D-printed by using a high-resolution MultiJet
3D printer (ProJet MJP 2500 Plus, 3D Systems, Rock Hill, SC,
USA). VisiJet M2S-HT90 was used as the printing material
and VisiJet M2 Sup as the heat-labile support material. The
used printing material is a high-temperature-resistant biocom-
patible plastic (polyacrylate) that can be autoclaved for
sterilization.37

After the printing process was complete, the printing plate
was incubated for 10 min at −18 °C to remove the
microfluidic system from the plate, and then it was transferred
to a heat steam bath in an EasyClean unit (3D Systems, Rock
Hill, SC, USA) for 45 min to remove the support material. The
parts were then placed in a 65 °C paraffin oil bath (CarlRoth,
Karlsruhe, Germany) for 30 min and rinsed several times with
the hot oil in an ultrasonic bath (Elma Schmidbauer GmbH,
Singen, Germany). After that, the parts were incubated in an
ultrasonic bath (Bandelin electronic, Berlin, Germany) with
detergent (1% (v/v) Fairy Ultra Plus, Procter and Gamble,

Figure 1. Microfluidic transfection system. Illustration of the 3D-
printed microfluidic system with an integrated HC mixer.
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CT, USA) for 30 min at 65 °C. This water-detergent mixture
was flushed through the microfluidic channels and replaced
until there was no more oil residue observed in the runoff.
Afterward, the system was flushed with water (Arium Sartorius
Stedim Biotech GmbH, Göttingen, Germany) until there was
no detergent residue observed, either. Finally, the microfluidic
system was connected with tubing and connectors and then
sterilized via autoclaving for 30 min at 121 °C (Systec VX-150,
Systec GmbH, Linden, Germany).
Cell Culture. For this study, a CHO-K1 cell line was used

and cultivated in CHO-TF medium (Xell AG, Bielefeld,
Germany), which was supplemented with 8 mM L-glutamine
(Sigma-Aldrich Chemie GmbH, Steinheim, Germany) in a 5%
CO2 humidified atmosphere at 37 °C (Heracell vios 160i CO2
incubator, Thermo Fisher Scientific Inc., Waltham, USA).
Cells were grown at 120 or 180 rpm, with a cultivation volume
of 25 or 12.5 mL in 100 mL shake flasks featuring baffles
(ROTILABO, Carl Roth GmbH + Co. KG, Karlsruhe,
Germany) with ventilation screw caps (DURAN with ePTFE
membrane, Carl Roth GmbH + Co. KG, Karlsruhe, Germany),
or in 50 mL bioreactor tubes (CELLSTAR, Greiner Bio-One
GmbH, Frickenhausen, Germany) with a cultivation angle of
45° on an orbital shaker (CO2 Resistant Shaker, Thermo
Fisher Scientific Inc., Waltham, USA) with a diameter of 19
mm. The cells were inoculated with 0.3 × 106 cells/mL and
split every 3−4 days.
Transient Transfection. The TF process was started, at

the earliest, 3 passages after thawing and 24 h before TF the
cells were diluted to 1.5 × 106 cells/mL. TF was performed
using 25 kDa linear PEI (Polysciences, Inc., Warrington, USA)
and an enhanced green fluorescent protein (eGFP) plasmid
(pDSG-103-eGFP, 5828 bp, IBA Lifesciences GmbH,
Göttingen, Germany), with the following final concentrations:
cells 20 × 106 cells/mL; PEI 64 μg/mL, eGFP-plasmid 24 μg/
mL. The cells were centrifuged for 5 min at 300g before being
resuspended in the appropriate volume of 37 °C prewarmed
CHO-TF (containing 8 mM L-glutamine) and then shaken for
30 min at 180 rpm in a bioreactor tube in the incubator.

For the TF process, syringes were loaded with the solutions
of PEI, DNA (2 mL syringes), and cell suspension (20 mL
syringe). The cell suspension was filled into a syringe together
with a stir bar to ensure that thorough mixing of the cells was
preserved. All syringes were placed into a custom-made holder
on a syringe pump and connected to the microfluidic system
(for a photo of the real setup, see Figure S1 in the Supporting
Information). All solutions were pumped through the micro-
fluidic transfection system using a syringe pump to produce an
accurate mixing ratio via the integrated HC mixer.8 The
transfection was performed at a flow rate of 0.5 mL/min
(syringe diameter 20.21 mm, resulting flow rate of 0.735 mL/
min) with the following volumes of the prepared solutions:
Cell suspension 9.6/1.36 mL; DNA and PEI each 2.2/0.32 mL
(comparison manual vs microfluidic/temperature-dependent
experiments). The controls were also injected using this
method−but instead of PEI and DNA solutions, only the
medium was dispersed into the system. The TF of the manual
sample was performed by first adding the DNA, followed by
the PEI, drop-by-drop, and while also simultaneously swirling
the culture itself. Three replicates were created for each
sample.
The post-transfection incubation phase was performed in

airtight 15/2 mL (comparison manual vs microfluidic/
temperature-dependent experiments) tubes or for experiments
without oxygen limitations in 15 mL tubes with membrane cap
and round-bottom (TPP Techno Plastic Products AG,
Switzerland) under a biosafety cabinet at room temperature
T = 22 °C (comparison transfection methods) or in the
temperature control system at a certain temperature (temper-
ature depending experiments). Cells were mixed by using small
stir bars and a stirrer. After the post-transfection incubation
period, cells were diluted 1:25 with prewarmed and gassed (37
°C and 5% CO2) CHO-TF medium with 8 mM L-glutamine
and cultivated analogously to standard cultivation (see section
“Cell Culture”). The time after TF and post-transfection
incubation phases started with the dilution in the cultivation
phase. Within the cultivation phase, samples were taken at 0,
24, 48, and 72 h to determine viability (V), viable cell

Figure 2. Schematic illustration of the individual steps from TF, post-transfection incubation, and cultivation to off-line analysis. During the TF
step, the cells (mixed with a stir bar), DNA, and PEI were all pumped through the microfluidic TF system and into the incubation system.
Afterward, the cells were stirred and incubated for a designated time at controlled and designated temperature. In the next step, the cells were
diluted 1:25 with cell culture medium and then cultivated up to 72 h. Every 24 h the VCC, V, TFE, and LDH concentrations were measured
(Created with Biorender.com).
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concentration (VCC), transfection efficiency (TFE), and
lactate dehydrogenase (LDH) concentration, and to determine
the calculated transfected cell concentration (TFCC).
The TF process with the microfluidic system and the

following steps are shown in Figure 2.
For the "time-dependent post-transfection incubation

temperature profile” experiments, we used different “sym-
metric” and “asymmetric” T profiles. For the symmetric T
profiles (Figure 3A), a baseline temperature (B) was used for

the first hour of incubation. A second T (P) was then applied
for 20 min, followed by a 20 min relaxation at the baseline
temperature T. This sequence was repeated three times before
incubation was resumed at the baseline temperature T until the
four h incubation period was completed. The asymmetric
(asym) T profile (Figure 3B) was also held for 60 min at T = B,
followed by 5 min of T = P, followed by 15 min at T = B.
These temperature variations were repeated 6 times. The
remaining incubation time was completed at T = B. The
following applies to the exemplary designation 22S40: 22
stands for the base temperature B = 22 °C, 40 for a peak
temperature P = 40 °C, and S represents the sample (vs C for
control). The time sequence of all T profiles can be found in
Supporting Information Figure S2.
Off-Line Analytics. The VCC and V of the cells were

analyzed using a trypan blue-assay-based Cedex cell counter or
LUNA-II (Cedex HiRes, Roche Diagnostics GmbH, Man-
nheim, Germany, or Logos Biosystems, South Korea). To
determine the TFE, 10,000 events were measured using a flow
cytometer (BD Accuri C6, Becton Dickinson, NY, USA, or
Cytoflex, Beckman Coulter, USA). A 488 nm OD1 filter was
used in the flow cytometer for the experiments with different
temperatures and temperature profiles.Out of the living
population, the GFP-expressing cells were observed and
counted under duplet discrimination. To prepare the cells
for flow cytometry, they were centrifuged at 300 g for 5 min
and then resuspended in phosphate-buffered saline (PBS).
Subsequently, to calculate TFCC, the determined TFE was
multiplied by the measured VCC. In addition, for the samples
used to assess T optimization, LDH activity−which results
from cell damage−was analyzed using a photometric Cedex
Bio Analyzer (Roche Diagnostics GmbH, Mannheim,
Germany).
Determination of the Temperature-Dependent Mem-

brane Order. The generalized polarization (GP) measure-
ments used to measure the membrane order as a function of T

were carried out spectrometrically, using a custom-made setup
that has previously been presented by Far̈ber and West-
erhausen.17 In a 500 μL reaction tube, surrounded by an
aluminum block, cell suspensions were analyzed optically
during constant gentle mixing by a magnetic stirrer to avoid
sedimentation. Over the range of T = −30 to 90 °C, the T was
then regulated using a Peltier element with a corresponding
Pt100 sensor placed in the cell suspension. The Laurdan-
stained sample was excited at 360 nm by an ultraviolet LED
with a UV bandpass, and the band-stop-filtered emitted light
was passed to the spectrometer through an optical fiber
(without focusing or any other optical components in the
beam path). Across the entire T range, samples were scanned
in T increments of ΔT = 1 K at a rate 2 K/minT

t
d
d

= . Protein
denaturation above T = 40 °C may have an influence on the
membrane order and fluorescence spectra of the first upscan;
we therefore only evaluated the reversible results of the
downscans from T = 90 °C to T = −30 °C.17
To prepare the samples, the cell suspension was brought up

to the desired concentration of 20 × 106 cells/mL via
centrifugation (5 min, 300g) and subsequent resuspension in
medium, after using a semiautomated cell counter (LUNA-II,
Logos Biosystems, South Korea). The samples were then
stained using 1% Laurdan solved in dimethyl sulfoxide
(DMSO) (stock concentration 1 mg/mL) and incubated for
t = 2 h at T = 37 °C on a shaker at 120 rpm. After that, the
samples were centrifuged once again, and then resuspended in
the same manner as mentioned above, in order to minimize
background fluorescence of unbound Laurdan. For determin-
ing the phase state of the membrane, the GP value was
calculated based on the two intensity values (I) at wavelengths

λ = 440 nm and λ = 490 nm using the relation GP I I
I I

( )
( )

440 490

440 490
= +

.17,36,38

■ RESULTS AND DISCUSSION
In the following section, the order−disorder phase transition of
the used CHO cells is first presented. Second, the transfection
efficiency (TFE) is studied using conventional manual mixing
of the components (cells, DNA, and PEI) and the presented
microfluidic approach. Third, TF for various but constant post-
transfection incubation T is shown. Finally, the trade-off
between viability (V) and TFE is investigated and optimized
by time-dependent post-transfection incubation temperature
profiles. These results are discussed in light of membrane state-
dependent permeability.
Phase Transition of CHO-K1 Cells. Figure 4 shows the

generalized polarization GP as a function of T as the mean of
three independently prepared samples of CHO-K1 cells. In
addition, Figure 4 also shows the derivative of GP with respect
to T. The resulting peak indicates the position and width of the
T range with the strongest change in phase state and thus
membrane order. Here, the transition T is about Tm = 19 °C −
a comparable value as shown for other cell lines, as, e.g., HeLa
cells.17 Recently, it was shown for HeLa cells that the
membrane order and the permeability of the plasma membrane
correlate.24 Thus, in the following sections, where we quantify
transfection, we also discuss T effects against the background
of the membrane phase transition of CHO cells.
Transfection Efficiency Employing a Manual and a

Microfluidic Approach. For the first comparison of TF
methods, the TFE, V, VCC (viable cell concentration), and

Figure 3. Presentation of time-dependent post-transfection incuba-
tion temperature profiles. Exemplary temperature profiles for
symmetrical (A) and asymmetrical (B) post-transfection incubations.
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TFCC (calculated transfected cell concentration) of the
microfluidic and manual TF are determined under conditions
that could be easily implemented with post-transfection
incubation at room temperature (T = 22 °C). The microfluidic
transfection was performed with the microfluidic transfection
system, the manual transfection via pipetting, and the control
was performed only with medium without DNA and PEI (see
“Experimental Methods”).
Figure 5 shows V, TFE, VCC, and the TFCC using both

methods for up to 3 days after TF. Immediately following TF,
no difference was observed in VCC (see Figure 5A) between
the samples and the control (0.86−0.98 × 106 cells/mL). After
24 h, a decrease of VCC was seen in both the manual (0.20 ×
106 cells/mL) and the microfluidic samples (0.62 × 106 cells/
mL). Within 72 h, VCC increased most rapidly in the control
(9.20 × 106 cells/mL), less in the microfluidic sample (3.81 ×
106 cells/mL), and least of all within the manual sample (0.94
× 106 cells/mL).
By contrast, as shown in Figure 5B, V is already slightly

reduced compared to the control immediately after TF using
both methods. This is followed by a sharp V drop after 24 h to
V = 84% (microfluidic) and V = 41% (manual). While the
microfluidic transfected cells recover to V = 91% after 72 h, the
manually transfected samples only reach V = 70%.
The TFE is shown in Figure 5C. After just 24 h, there is a

clear difference between the manually prepared (TFE = 38%)
and microfluidically prepared (TFE = 52%) samples. By the
final time point of 72 h, the TFE had risen to TFE = 49%
(manual) and TFE = 63% (microfluidic), respectively.
The product TFCC out of TFE and VCC is shown in Figure

5D. 24 h after transfection, the microfluidic sample already
reached a 4-fold TFCC compared to the manual sample
(TFCC = 0.32 vs 0.08 × 106 cells/mL). This increases to 5.3
times in the course of cultivation after 72 h (TFCC = 2.4 vs
0.45 × 106 cells/mL).

Detailed data on TFE, V, VCC, and TFCC as functions of
post-transfection incubations between t = 1−4 h can be found
in the Supporting Information (Figure S3). In sum, almost all
values (TFE, V, VCC, and TFCC) at post-transfection
incubation times of t = 1−4 h are higher for the microfluidic
samples than for the manual ones. Only the TFE with a post-
transfection incubation time of 1 h for the microfluidic samples
is lower than the manual sample with 1 h incubation time. In
addition, only a minor influence on the post-transfection
incubation time was observed for both of the TF methods.
The decrease in V and VCC after 24 h might be explained

by the toxic effects of free-state PEI.5,39,40 During TF, the cells
come into contact with the PEI, and as a result, the V and VCC
decrease. During cultivation, the cells begin to divide again,
which is why V and VCC both increase. However, a significant
difference was observed between the microfluidic and manual
samples−so it can be assumed that the homogeneous mixing
(see Experimental Methods “Microfluidic Design and Fab-
rication”) in the microfluidic system can reduce the toxicity
effect.
In summary, the microfluidic TF system achieves signifi-

cantly better results than the manual method. In the following
investigations, this method is applied to answer the question of
whether the post-transfection incubation temperature and the
phase state of the cell membrane play an important role in TF
and polyplex uptake. For this purpose, it was examined at
which post-transfection incubation temperature the trans-
fection works best and how this correlates with the order of the
cell membrane (compare Figure 4).
Transfection under Variation of the Post-Trans-

fection Incubation Temperature. Here, we study the
influence of various but constant post-transfection incubation
(in the following only incubation) T (T = 18, 22, 28, 34, 37
and 40 °C), including the physiological temperature T = 37 °C

Figure 4. Temperature-dependent generalized polarization of CHO-
K1 cells. Black squares: GP as a function of temperature for CHO
cells (mean and standard deviation of N = 3 independent
measurements). Red line: smoothed GP (T). Blue line: First
derivative of the averaged GP (T) with respect to temperature. The
data show that the membrane order is high at lower temperatures and
changes to an increasingly disordered state with increasing temper-
ature. The fastest change in order of the membrane is at a temperature
of T = 19 °C (peak of the derivative of GP with respect to
temperature).

Figure 5. Results of microfluidic and manual TF. Control (gray),
microfluidic (black), and manual (red). TF with 4 h post-transfection
incubation time at 22 °C over 0−72 h. A: VCC, B: V, C: TFE, and D:
TFCC. The symbols represent mean values of N = 3 experiments,
while error bars represent the standard deviation. *, ** and ***
represent P-values of <0,05, <0,01, and <0,001. The full data for the
statistical analysis can be found in Supporting Information Table S1.
The experiment clearly shows that the microfluidic approach achieves
better results for all key parameters and ultimately in respect to
TFCC.
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on TFE, V, VCC, TFCC, and LDH using microfluidic TF with
a 4 h post-transfection incubation time (Figure 6). In addition,
controls were also incubated over the whole T range at T = 18,
37, and 40 °C. The LDH data are shown in the Supporting
Information (Figure S4).

The VCC (Figure 6A) shows that the cell concentrations of
the controls are, in each case, above the values of the
corresponding transfected samples. However, it can also be
clearly seen that after 72 h, the controls exhibited markedly
lower VCC at increased post-transfection incubation T. For
the transfected samples after 72 h, the VCC was increasingly
lower at higher T, with a particularly remarkable difference
observed between the T = 18 and 22 °C samples (about a
factor of 2 after 72 h). The TF with post-transfection
incubation above T = 34 °C does not lead to a relevant
increase in VCC within the first 72 h.
The V (Figure 6B) of all samples (T = 18−37 °C) and

controls (T = 18, 37, or 40 °C) was notably higher (between
80 and 100%) throughout the whole cultivation time than that
of the 40 °C sample at the beginning (which was initially 78%
and dropped to 32% during cultivation after 72 h). Looking
even more closely at the results after 72 h, the controls at T =
18 and 37 °C and the sample T = 18 °C have the highest V. In
total, the V decreases in all samples and controls with
increasing T. However, it should be noted that the control at T
= 40 °C also has a V comparable to samples at T = 22 and 28
°C.
The LDH concentrations show a very similar picture (mirror

image) as the viability data (see Supporting Information Figure
S4). The LDH concentration increases with increasing
temperature after 0 h in both controls and samples. For all
controls and samples, except the T = 40 °C sample, the LDH
concentration remains approximately constant or even
decreases during cultivation. In the T = 40 °C sample,
however, the values continue to increase during cultivation
from 165 to 1226 nU/cell.
The TFE is shown in Figure 6C. For T = 18 °C during post-

transfection incubation, the TFE is almost negligibly low. For a

post-transfection incubation at T = 22 °C, already after 24 h
TFE reaches values of about 50% and increases slightly over
the next 2 days to TFE ≈ 60%. In the T range from T = 28 to
37 °C, all samples show a comparable value of TFE ≈ 63% and
slightly increase over the whole cultivation time to TFE ≈ 75−
79%. For T = 40 °C, TFE 24 h after transfection is about TFE
≈ 24% and increases steeply to TFE ≈ 69% after two further
days of cultivation.
The TFCC for all samples at T = 18−37 °C increased

clearly over the cultivation time (Figure 6D). For the sample T
= 40 °C, the TFCC increases only slightly within 72 h (0.056−
0.074 × 106 cells/mL). However, the increase in TFCC over
the cultivation time diminished with increasing temperature;
for example, sample T = 18 °C showed an increase of 6.5
times, whereas sample T = 40 °C showed only an increase of
1.3 times.
Since the results are most evident after 72 h, Figure 7 shows

the results of VCC, V, TFE, and TFCC after 72 h depending

on the post-transfection incubation T (the data after 24 and 48
h are shown in the Supporting Information Figures S5 and S6).
The V and VCC as a function of T clearly show that these
quantities diminish with the increasing T, whereas the TFE
increases with rising T up to T = 37 °C and then decreases
again at T = 40 °C. In the case of TFCC, an increase up to T =
22 °C and then a decrease up to T = 40 °C can be observed.
Regarding TFCC, a local maximum is apparent around T = 22
°C, which is close to the phase transition of the CHO cells.
In summary, it can be stated that post-transfection

incubation temperature T certainly exerted a considerable
direct influence on the individual metrics outlined above. The
TFE increased markedly with increasing T up to T = 37 °C,
which suggests that the cells were better able to carry out the
active endocytosis process at higher T. In addition, the samples
but especially the controls demonstrated a decrease in VCC
and V at higher T, including temperatures in the physiological
range (T = 37 or 40 °C), which suggests not only that
transfection at higher T has an influence on cells but also that
the method of transfection exerts an additional influence. Due
to the selected method, oxygen limitation may occur as no

Figure 6. Results of TF with different post-transfection incubation
temperatures. Microfluidic TF with a 4 h post-transfection incubation
time at different temperatures over 0−72 h. A: VCC, B: V, C: TFE,
and D: TFCC. The symbols represent mean values, while error bars
represent the standard deviation.

Figure 7. Results of transfection after 72 h as a function of the post-
transfection incubation temperature. Results of microfluidic trans-
fected cells with 4 h post-transfection incubation time at different
temperatures. VCC (blue), V (black), TFE (red), and TFCC (green).
The symbols represent mean values, while error bars represent the
standard deviation.
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oxygen or gas exchange is possible in the selected experimental
setup. In addition, the CHO cells have a higher oxygen
consumption at higher temperatures.41 The observed effects
could therefore also be due to the stress induced by oxygen
limitation. For this reason, this series of experiments was
repeated under identical conditions but using 15 mL cell
culture reaction tubes with membrane lids as post-transfection
incubation vessels. This setup allows for increased air volume
within the vessel, facilitating gas exchange while preserving
sterility. In the following, the results are presented (analogous
to those depicted in Figure 7 of the previous experiment)
without oxygen limitation (see Figure 8). Comprehensive

experimental findings are shown in Figure S7. Furthermore,
Supplementary Figures S8 and S9 (see Supporting Informa-
tion) illustrate the variations in parameters TFE, V, VCC, and
TFCC concerning temperature at 24 and 48 h intervals.
When comparing the results with potential and without

oxygen limitation, it is evident that higher TFE can be achieved
without oxygen limitation (maximum 79% vs 99%). In
addition, higher VCC (max. 3.5 vs 6.20 × 106 cells/mL) and
thus also higher TFCC (max. 0.47 vs 3.38 × 106 cells/mL) can
be achieved without oxygen limitation. When considering
TFCC, the trend with and without oxygen limitation is very
similar−an optimum at T = 22 °C can be observed in each
case. Additionally, a local optimum can be determined at T =
37 °C in the samples without oxygen limitation. However, the
local optimum could only be determined for one of three
replicates. However, the V from the sample at T = 28−40 °C
without oxygen limitation is lower than that in the samples
with potential oxygen limitation. This can be explained by the
increased uptake of polyplexes, which is associated with
increased TFE and TFCC and lower V. In summary, it can be
concluded that potential oxygen limitation only leads to a
reduced uptake of polyplexes, resulting in decreased TFE and

TFCC, and relatively higher V. However, it does not
fundamentally alter the observed results with a potential
oxygen limitation. Furthermore, we measured the pH value
before (pH = 7.45) and after the transfection gassed with 5%
CO2 (pH = 7.26) and not gassed (pH = 7.12) (post-
transfection incubation temperature 37 °C). Since only very
small differences can be observed in the pH value, this should
have no influence on the viability or growth of the cells.
Overall, it can be noted in both cases that the TFE increases

with temperature up to T = 37 °C. This improved uptake of
the polyplexes, and the increased TFE at T = 37 °C, has
previously been described in the literature.14 However, for
production of recombinant proteins/biopharmaceuticals, this
work shows that not only a TFE but also a high VCC should
be achieved. Therefore, in order to determine the optimal post-
transfection incubation T, the VCC, and the TFE must be
included, which in our case was expressed by the TFCC. In
this investigation, the TFCC showed a local maximum around
T = 22 °C. Interestingly, this is in the region of the main phase
transition of the CHO cells−which further suggests that lipid
membrane properties (i.e., those that change most strongly in
the transition regime) actually do contribute to the trans-
fection process. To account for the mismatch between optimal
T for permeabilization/polyplex uptake and V/VCC, in the
following section, we also introduce time-dependent T profiles
during post-transfection incubation to further increase TFCC.
Post-Transfection Incubation at Time-Dependent

Temperature Profiles. Based on the results shown above,
the question now naturally arises as to whether there is a
possibility of combining the advantages of the different T to
achieve both a high VCC and a high TFE, which results in an
even higher TFCC. For example, brief temperature variations
could potentially increase membrane permeability, thereby also
increasing the uptake of polyplexes. For this purpose, a further
experiment was conducted to test the effect of time-varying
post-transfection incubation T.
Two different T profiles entitled “symmetric” and “asym-

metric” where investigated. For both temperature profiles, a
baseline temperature T = B was maintained and switched to a
second peak temperature T = P. For the symmetric profiles,
this was done at equal time intervals for the asymmetric
profiles with longer dwell time at B and only short switches to
P as described above in detail (see Figure 3). The idea of the
asymmetric T profile compared to the symmetric was to see if
only a short heat shock can improve the uptake from the
polyplexes while at the same time, the viability is not affected
much.
In Figure 9, the results of VCC, V, TFE, and TFCC of these

applied profiles (labeled as BSP for transfected samples and
BCP for controls) are shown. The data for LDH are also
shown in Supporting Information Figure S10.
As in the previous experiments, it can be clearly seen from

these results that the controls exhibited both a higher VCC and
a higher V over the entire period of cultivation when compared
with all investigated samples (9A + B). The viability results are
also consistent with LDH measurements in these assays (see
Supporting Information Figure S10). However, there was also
a clear observable difference in VCC between the controls after
72 h: The control 22C40 had the highest VCC, followed by
the 37C22 and 22C40 asym and then again followed by the
40C22 and 37C40 with notably lower VCC. From these
results, it can indeed be concluded that the different T shifts

Figure 8. Results of transfection after 72 h as a function of the post-
transfection incubation temperature without oxygen limitation.
Results of microfluidic transfected cells with 4 h post-transfection
incubation time at different temperatures. VCC (blue), V (black),
TFE (red), and TFCC (green). N = 3. The symbols represent mean
values, while error bars represent the standard deviation. The results
of the TFCC for all samples were analyzed for significance in
comparison to the sample at T = 22 °C. * represents a P-value of
<0.05, n.s. indicates no significance (see Supporting Information
Table S2).
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alone affected the growth of the cells. This should be taken
into consideration when discussing the samples.
In the samples, a clear difference in the VCC and V became

evident after 72 h (Figure 9A+B). The samples showed both
an increase in VCC and V, along the order 40S22, 37S40/
37S22, 22S40 asym, and 22S40. With the TFE (Figure 9C),
however, all samples had a TFE ≈ 55% after 24 h. Only the
40S22 had a lower value, with a TFE of ≈ 48%. All TFE values
increased in the course of cultivation, especially that of the
40S22 sample so that after 72 h, all samples were at a TFE ≈
75%. The TFCC (Figure 9D) is comparable with TFCC ≈
0.22 × 106 cells/mL for all samples after 24 h. During the
course of cultivation, TFCC increases differently within all
samples resulting in the following after 72 h: 22S40 had the
highest TFCC of 1.85 × 106 cells/mL, followed by 22S40 asym
(1.15 × 106 cells/mL), 37S22 and 37S40 (0.66 × 106 cells/
mL), and finally 40S22 (0.25 × 106 cells/mL). Overall, an
improved TF can thus be observed in terms of TFCC at
temperature profiles of 22S40 and 22S40 asym. Considering
both samples, 22S40 showed a higher TFCC, from which it
can safely be assumed that longer times at higher temperature
(3 × 20 min vs 6 × 5 min) led to a further improved uptake of
the polyplexes.
Comparison of sample 22S40 with the 22 °C cell sample

from the previous experiment (with potential oxygen
limitation) shows that the short-term temperature increases
in the middle part of the post-transfection incubation period
can clearly increase the TFE (from 60 to 78% after 72 h)
without simultaneously inducing major long-term losses in cell
viability (times over 48 h). Accordingly, such a T profile could
actually improve the success of TF compared to TF at a fixed
T, by combining the respective advantages of post-transfection
incubation at different T. Here, this variation led to an increase
of TFCC of ΔTFCC = +78%, as compared to the baseline
post-transfection incubation T.

■ CONCLUSIONS
The uptake of polyplexes is critical within TF�, which is why
the type of TF used, as well as the t and T parameters of the

post-transfection incubation phase (during which the poly-
plexes are taken up), are all factors of great importance that
should be carefully evaluated and considered. In addition to
assessing TFE, we also recognized the significance of key
parameters such as V and VCC, thus identifying TFCC (TFE
× VCC) as an essential factor to consider. Within the scope of
this work, it is shown that the microfluidic system developed
for TF yields significantly better results in terms of VCC, V,
TFE, and TFCC than a manual process.
We further investigated various constant incubation temper-

atures T and nonconstant temperature profiles T(t) during the
post-transfection incubation phase. Regarding the post-trans-
fection incubation at constant T, our data demonstrate an
optimum of TFCC at T = 22 °C. Moreover, our findings
revealed that potential oxygen limitation diminishes VCC,
TFE, and consequently, TFCC, while also enhancing V due to
decreased polyplex uptake. Nonetheless, the presence of
oxygen does not alter the correlation between the post-
transfection incubation temperature and the TFCC optimum.
Employing additional short phases of increased T (3 times T =
40 °C for 20 min) during the post-transfection incubation
phase, we were able to increase TFCC even further (by
ΔTFCC = +78%) as compared to the treatment at T = 22 °C
(with potential oxygen limitation). Interestingly, this T
optimum is close to the determined center temperature of
the membrane order phase transition Tm of the CHO cells.
This could be an indication that, particularly near the phase
transition region, the nonlinearities in mechanical membrane
properties have an impact on transport processes (such as
endocytosis in the TF). This observation opens up fascinating
new directions for investigations at the interdisciplinary
interface between biophysics, cell culture technology, and
biomedicine, for example, to improve drug-delivery approaches
by controlling membrane permeability or to optimize trans-
fection processes and the production of pharmaceutical
products.
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