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Intensified lentiviral vector perfusion
bioprocessing with a spiral inertial microfluidic
cell retention device

Alexander Bevacqua, abc Fuguo Liu,cd Jianzhu Chence and Jongyoon Han *abf

Scalable production of cell therapy doses relies on inexpensive, efficient production of gene delivery

vectors, such as lentiviral vectors, in HEK293 cell culture. Intensified perfusion processes improve the

volumetric productivity of cell culture by continuously supplying nutrients, oxygen, and media to cells while

removing harmful metabolites, thereby enabling higher producer cell densities. Membrane filter-based cell

retention devices commonly used in perfusion bioprocessing can experience significant clogging and

fouling over long-term processes, which leads to the undesired retention of lentiviral vectors in the filter

matrix. In this work, we used spiral microfluidic technology as a cell retention device to continuously

harvest lentiviral vectors and remove metabolic waste from HEK293 cells in a bioreactor running high cell

density perfusion cultures. With the spiral microfluidic device, we performed four perfusion culture runs

with maximum cell densities between 15 × 106 and 25 × 106 cells per mL, achieving up to seven days of

continuous lentiviral vector production and lossless harvesting with maximum, unconcentrated, functional

titers on the order of 108 transducing units (TU) per mL. These production titers are competitive with other

bioprocessing approaches in industry and academia. The highest cell-specific productivity (over 50 TU per

cell per day) and cell-specific yields of our study (over 80 TU per cell) were achieved when using spiral

device-mediated perfusion bioprocessing to cultivate cells and then transferring the cells to a shake flask

environment with daily media replacement to generate lentiviral vectors.

1. Introduction

Lentiviral vectors (LVs) are engineered retroviruses capable of
efficiently delivering a gene of interest, or transgene, into
target cells. They are valuable tools for the development and
large-scale manufacturing of cell therapies, offering efficient
and stable gene delivery of a transgene to the host genomes
of dividing and non-dividing cells.1 LVs have been used to
design cell therapy formulations across both in vivo and
ex vivo therapeutic modalities, targeting lung, brain, and eye
tissues in the former, and targeting T cells, natural killer

cells, and stem cells in the latter.2 Clinical applications of cell
therapies and lentiviral vectors are growing, as evidenced by
the rising number of clinical trials involving LV-based
formulations, and their long-term success will depend on the
reliable, high-titer production of LVs.2

Depending on the tissue target and modality, the LV dose
can range from 106 to 1011 transducing units (TU) of functional
virus particles.2 For Chimeric Antigen Receptor (CAR)-T ex vivo
therapies, the dose size is on the order of 109 TU.2,3 Typical
production functional titers range from 106 to 108 TU mL−1,
with cell-specific productivities generally lower than 10 TU per
cell per day, depending on the production strategy. To achieve
higher titers and cell-specific productivities, optimizing the
upstream process and LV harvest is necessary. This includes cell
line selection, plasmid design, transfection strategy, culture
media formulation, and bioreactor operation. Innovations,
including suspension cell lines,4 stable producer cell lines,4 and
intensified perfusion processes,5,6 have led to high production
titers and, in turn, lower production costs.2,5

Suspension-adapted cell lines can be cultured in stirred-tank
bioreactors and can be scaled to hundreds of liters, whereas
adherent cell lines have limited scalability.2 While lentiviral
vectors are conventionally produced by transient transfection of
plasmid DNA, stable producer cell lines possess all of the
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components needed for LV production, and its trigger is often
controlled by an inducible gene switch.4,7 In addition to
eliminating the need to generate large quantities of
transfection-grade plasmid DNA for transient transfection, the
production titers with stable producer cell lines have lower
batch-to-batch variability than those produced by transient
transfection.8 Suspension-adapted stable producer cells can be
cultivated in stirred-tank bioreactors with intensified perfusion
bioprocessing to achieve higher cell densities and increase cell-
specific productivity. To accomplish this, a cell retention device
is used to simultaneously remove waste and harvest products as
they are generated, while retaining cells in the bioreactor. The
continuous harvesting of viral vectors from culture and storage
at 4 °C is particularly advantageous because LVs are fragile to
pH, salt concentration, and shear stress, with an approximate
half-life of 3 to 18 hours at 37 °C.6,9

Hollow fiber filter-based systems, currently used as cell
retention devices for perfusion culture, include tangential flow
filtration (TFF), alternating tangential flow (ATF) filtration, and
tangential flow depth filtration (TFDF). These cell retention
devices, however, are challenging to use for viral vector
harvesting due to membrane fouling and the undesired
retention of dead cells and products in the filter over long
production periods and harvests.6,10 These drawbacks lead to
increases in transmembrane pressure across the filter over
time.3,5 One of the most significant bottlenecks in vector
manufacturing is the loss during recovery from host cell culture
supernatant, with vector recoveries ranging from 30% to 80%
depending on the downstream processing strategies involved.11

Despite these challenges, filtration-based cell retention devices
are commercially mature, with a wide range of products tailored
for various bioreactor scales.5 Consequently, they represent the
current industry standard in existing biomanufacturing
workflows.

Spiral microfluidic technology is a label-free, membraneless,
and continuous particle-separation strategy that has previously
been used as a cell retention device in perfusion culture and for
the clarification of Chinese hamster ovary (CHO) cells for
antibody production.10,12–14 Clogging is virtually impossible
with this device, since the channel sizes are much larger than
the cells. The spiral cell retention device also has the unique
ability to avoid membrane fouling and separate dead cells and

cell aggregates from the main culture.15 When adapted to
lentiviral vector perfusion bioprocessing in Fig. 1, the spiral
microfluidic device receives cell culture fluid into the inlet at
the spiral's center. Human embryonic kidney 293 (HEK293) cells
(∼18 to 21 μm in diameter) travel along the spiral and are
hydrodynamically focused along the spiral's inner wall to the
inward outlet, while the LVs (∼80 to 120 nm in diameter)16 are
randomly dispersed and relatively unaffected by inertial
focusing, so they can be harvested through the outward outlet.

In this study, we integrated spiral microfluidic technology
with a conventional bioreactor setup for lentiviral vector
perfusion bioprocessing. We produced LVs from a
suspension-adapted, inducible, HEK293 stable lentiviral
vector producer cell line in perfusion culture and used spiral
microfluidic cell retention technology to remove metabolic
waste, cultivate cells, and harvest LVs from the main culture
vessel. Since the spiral microfluidic device offers a
membraneless option that does not clog, experience fouling,
or lose significant amounts of product to matrix entrapment,
the titers we achieve with the device are competitive with
other benchmarks, making spiral microfluidics a feasible
option for LV intensification at various volume scales.

2. Experimental methods
2.1 Media formulations

There are two medium formulations primarily used during the
bioprocessing runs. Non-inducing medium is used before the
lentiviral vector production phase and refers to Hycell-Transfx-H
(Cytiva) supplemented with 4 mM L-glutamine, surfactant
Kolliphor P188 0.1% v/v media (Sigma-Aldrich, USA), and 1% v/
v penicillin–streptomycin (Thermo Fisher Scientific, USA).
During the lentiviral vector production phase, inducing medium
is perfused to the bioreactor, which is Hycell-Transfx-H (Cytiva)
supplemented with 4 mM L-glutamine, surfactant Kolliphor
P188 0.1% v/v media (Sigma-Aldrich, USA), 1% v/v penicillin–
streptomycin (Thermo Fisher Scientific, USA), 110 μg mL−1

cumate (Sigma-Aldrich, USA), and 12 nM coumermycin A1
(Santa Cruz Biotechnology, USA). One day post-induction, 7 mM
of sodium butyrate (Sigma Aldrich, USA) is also added into the
inducing medium.

Fig. 1 A picture of a polydimethylsiloxane (PDMS) spiral microfluidic cell retention device used to maintain perfusion cultures of HEK293 cells.
The inlet stream originates from the center of the spiral, and the separation junction divides incoming flow into the retentate stream (inward outlet
of the spiral) and the product harvest stream (outward outlet of the spiral).

Lab on a Chip Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

0/
20

26
 6

:5
7:

53
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6lc00029k


2370 | Lab Chip, 2026, 26, 2368–2379 This journal is © The Royal Society of Chemistry 2026

2.2 Cell culture

A HEK293 producer clone engineered to generate LV-CMV-GFP
lentiviral vectors following the addition of cumate and
coumermycin (a gift from Dr. Aziza P. Manceur of the National
Research Council Canada) was thawed from storage in liquid
nitrogen and centrifuged at 300g for 5 minutes at room
temperature. The supernatant is discarded, and the cells are
resuspended in non-inducing media. The cells are cultured in
non-inducing media in 125 mL to 500 mL shake flasks at 37 °C
in a 5% CO2 atmosphere at 135 rotations per minute (rpm) on
an orbital shaker (19 mm orbit) until they are used for
inoculation in the bioreactor. Once the cell density in the
bioreactor exceeded the target cell density in a run, a 10 mL
solution of cumate and coumermycin in non-inducing media
was added to the bioreactor to raise the concentration of
inducer molecules in the bioreactor to 110 μg mL−1 cumate and
12 nM coumermycin instantaneously. Immediately after adding
this 10 mL solution, the media feed was switched to inducing
media for the days to follow. One day post-induction, sodium
butyrate was added to the bioreactor to a final concentration of
7 mM and maintained at this concentration for the remaining
duration of the experiment. LV titer improves when
supplemented with sodium butyrate one day post-
induction.7,17–19 It is hypothesized that this titer enhancement
occurs because sodium butyrate acts as a histone deacetylase
inhibitor, facilitating transcription and leading to higher
expression of Gag, Rev, and VSV-G.7

2.3 Spiral microfluidic device preparation

The PDMS spiral cell retention device, illustrated in Fig. 1, is
prepared using a 10 : 1 volume mixture of PDMS to Sylgard
184 (curing agent) in a negative mold of the device.10 The
mixture is degassed in a vacuum chamber for up to 30
minutes. Curing is done for 2 hours at 65 °C. A biopsy punch
tool with a 4 mm diameter is used to create the inlet and
outlet holes in the device. A 1 minute plasma treatment is
used to bond the PDMS slab to a glass slide. Curing is done
for 2 to 6 hours at 65 °C, and then the device is ready to use.

2.4 Bioreactor preparation and batch mode

The perfusion culture assembly is illustrated in Fig. 2(a).
Briefly, an Applikon MiniBio 500 bioreactor controlled using
the Applikon my-Control bioreactor system is connected to a
harvest bottle, a medium bottle (with either non-inducing
media or inducing media depending on the stage of the
culture), the spiral microfluidic device, a bottle containing
Antifoam C Emulsion (Sigma Aldrich, USA) in DI water, and a
bottle with sodium bicarbonate base (for pH control), all
using Masterflex tubing (L/S 13, L/S 14, and L/S 16 sizes).
Three peristaltic pumps are used to control the spiral
microfluidic device's input flow rate Qinlet, the spiral
microfluidic device's harvest flow rate Qharvest, and the cell
culture medium flow rate Qmedia. Gas cylinders with air, O2,
and CO2 are attached to the Applikon my-Control bioreactor
system. The bioreactor's sensors, such as the pH and dO2

sensors, are then calibrated. The entire assembly, excluding
the peristaltic pumps, is then autoclaved as a closed system
in a gravity sterilization cycle. The bioreactor is inoculated at
a target viable cell density of 0.35 × 106 (0.35 million per mL,
M mL−1). The stirring rate, pH, dissolved oxygen percentage
(dO2), and temperature are controlled and recorded via the
Applikon my-Control system and the Lucullus PIMS software,
respectively. The starting setpoint values are 500 rpm stirring
rate, pH 7.1, 60% dO2, and 37 °C. The stirring rate is
increased in increments of 50 rpm to minimize cell
aggregation, within a range of 500 to 700 rpm. The three
primary sample sources of the perfusion culture are
illustrated in Fig. 2(a): bioreactor, harvest line, and harvest
bottle. A photograph of part of the perfusion culture setup is
shown in Fig. 2(b) to illustrate the connection between the
bioreactor and the spiral device and to compare their sizes.

2.5 Perfusion mode

Three days after inoculation, perfusion mode begins by operating
the three peristaltic pumps (Fig. 2(a)). Qinlet is set to 6 mL min−1

for the cell retention device, since it must be sufficiently fast to
maintain proper inertial focusing of cells into the retentate stream,
but slow enough to avoid significantly reducing cell viability.

The perfusion rate, measured in vessel volumes per day
(VVD), was adjusted throughout the run from 0.5 to 1 VVD.

VVD ¼ Qmedia

V vessel

where Qmedia is the volumetric flow rate of media added to the

bioreactor, which is equal to the volumetric flow rate harvested
from the bioreactor, written on a ‘per day’ basis, and Vvessel is
the working volume of the bioreactor (for the Applikon MiniBio
500, we use 350 mL).

The cell-specific perfusion rate (CSPR) is the perfusion
rate divided by the viable cell density in the bioreactor.

CSPR ¼ VVD
VCDBioreactor

where VVD is the perfusion rate and VCDBioreactor is the viable

cell density in the bioreactor.
The VVD was progressively increased over the course of the

cell growth phase, while accounting for the cell densities and
metabolite concentrations measured daily with the FLEX2 Cell
Culture Analyzer (Nova Biomedical, USA), an appropriate CSPR,
and an effective spiral device harvest flow rate. The harvest flow
rate (Qharvest) is proportional to the VVD. Therefore, the harvest

ratio
Qharvest

Qinlet

� �
, which is usually set to 1/15 or lower for spiral

microfluidic technology to maintain high cell focusing
performance, depends on the Qinlet and the VVD.

Each day, cell density measurements are recorded from the
bioreactor and the harvest bottle. The harvest bottle is replaced
daily. Once lentiviral vector production is onset, the perfusion
rate is set to 1 VVD (0.24 mL min−1) across all experiments for
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each day of LV harvest. Cell density measurements are taken
from the bioreactor, harvest line, and harvest bottle from that
point onward.

2.6 Post-induction perfusion bioreactor and pseudo-perfused
shake flask

In perfusion culture runs 1 and 2, once the total cell density
exceeded 15 M mL−1, half of the bioreactor volume (175 mL

of cells) was transferred to a glass shake flask (referred to as
the pseudo-perfused shake flask), and the remaining 175 mL
of cells stayed in the bioreactor. Both the perfusion
bioreactor and the shake flask were filled back to 350 mL
with a final concentration of 110 μg mL−1 cumate and 12 nM
coumermycin. Once the dilution and induction are complete,
the perfusion bioreactor is operated continuously at 1 VVD
(with inducing media) and the pseudo-perfused shake flask
was resuspended once daily with inducing media (effectively

Fig. 2 (a) A simplified schematic illustrating the perfusion culture assembly with the spiral microfluidic cell retention device in an external loop
connected to the bioreactor. Cell culture fluid is continuously pumped into the microfluidic cell retention device and split into two streams. The
product harvest stream is downstream of the outward outlet of the spiral device, which contains a cell-free viral vector solution that accumulates
in the harvest (at 4 °C). Harvest line samples are instantaneous samples taken from the liquid drops that are currently falling into the bottle. Harvest
bottle samples are time-averaged samples of the liquid accumulating over the previous 24 hours. The retentate stream is downstream of the
inward outlet of the spiral device, and it contains HEK293 cells and viral vectors. The volumetric flow rates of the peristaltic pumps are as follows:
Qinlet = 6 mL min−1 and Qmedia = Qharvest = 0.12 to 0.24 mL min−1, depending on the perfusion rate. (b) A photograph of the perfusion culture
assembly with the spiral microfluidic device acting as a cell retention device.
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operating at 1 VVD). The pseudo-perfused shake flask was
maintained at 37 °C in a 5% CO2 atmosphere and agitated at
135 rpm with an orbital shaker (19 mm orbit). Sodium
butyrate treatment in both vessels was the same as described
above. Consequently, the perfusion bioreactor and pseudo-
perfused shake flask are now set up to originate from the
same high-VCD, spiral device-mediated cell population,
undergo the same induction strategy, have an equal working
volume, and experience the same perfusion rate of 1 VVD. LV
generation in the perfusion bioreactor facilitates a
continuous harvest of product into the refrigerated harvest
bottle and a lower average residence time of LVs at 37 °C,
which may lead to lower rates of thermal degradation
compared to the daily batch exchange of the pseudo-perfused
shake flask. This advantage is balanced by the intermittent
exposure of cells to elevated shear stresses needed for spiral
microfluidic cell retention, which is absent in the pseudo-
perfused shake flask condition.

2.7 Lentiviral vector collection and functional titer
measurements

Following induction of the perfusion bioreactor (and pseudo-
perfused shake flask, if applicable), samples are withdrawn
from the bioreactor, harvest line, harvest bottle, and pseudo-
perfused shake flask. Generally, the bioreactor and pseudo-
perfused shake flask had far higher cell densities than the
harvest line and harvest bottle samples, but for operational
consistency, all samples were centrifuged at 300g for 5
minutes and filtered through a 0.45 μm surfactant-free
cellulose acetate (SFCA) filter (Corning, USA). These lentiviral
vector samples were stored at −80 °C.

Jurkat cells were cultured at 37 °C in a 5% CO2 atmosphere
in Gibco Roswell Park Memorial Institute (RPMI) 1640 Medium
(Thermo Fisher, USA). RPMI 1640 was supplemented with 10%
v/v fetal bovine serum (FBS), 2 mM L-glutamine, and 1% v/v
penicillin–streptomycin. Jurkat cells (0.5 × 106 viable cells in a
500 μL volume) were transduced in 24-well plates in the
presence of 10 μg mL−1 polybrene and centrifuged at 1000g for
1 hour at 37 °C. The plates are then transferred to an incubator
held at 5% CO2 and 37 °C. 24 hours post-transduction, 500 μL
of fresh RPMI 1640 supplemented with 10% v/v FBS, 2 mM
L-glutamine, and 1% v/v penicillin–streptomycin is added to
each well. 60 hours post-transduction, the cells were
resuspended in phosphate-buffered saline (PBS) containing 1%
bovine serum albumin (BSA) and DAPI for live/dead staining.
Data were acquired on the FACSymphony A3 flow cytometer (BD
Biosciences, USA) with FACSDiva software, where GFP
expression was detected with the BB515 channel, and DAPI
fluorescence was collected with the BV421 channel.

Untransduced Jurkat cells, heat-killed untransduced Jurkat
cells, and an LV standard are included in the assay as
controls used for the gating strategy. Heat-killing of cells for
their respective controls is done on a heat block set to 70 °C
for 10 minutes. Further analysis was done using FlowJo v10
(BD Biosciences, USA). Live single cells were gated based on

forward scatter, side scatter, and DAPI, and GFP+ cells were
quantified within this population. Details on the gating
strategy are shown in Fig. S1. A Poisson distribution is used
to describe the relationship between GFP+ percentage and
multiplicity of infection (MOI) (shown in Fig. S2) and to
calculate the functional titer.20 More details on the
calculations are available in the SI.

2.8 Measuring spiral device performance

The device's performance is evaluated quantitatively with two
metrics: the cell retention efficiency, which measures how
adequately the spiral microfluidic device is sorting cells to
the retentate stream (inward outlet), and the titer ratio, which
is the quotient of the product titer in the harvest stream
(outward outlet) and the product titer in the device's feed
stream or the bioreactor.10

Cell retention efficiency on day i is defined as:

CREi ¼ 100% − TCDHarvest Bottle;i

TCDBioreactor;i

where TCDHarvest Bottle,i is the total cell density in the harvest

bottle on day i and TCDBioreactor,i is the total cell density in
the bioreactor on day i.

Titer ratio on day i is defined as:

TRi ¼ titerHarvest Line;i

titerBioreactor;i

where titerHarvest Line,i is the functional titer in the harvest line on

day i and titerBioreactor,i is the functional titer in the bioreactor on
day i.

2.9 Cell-specific LV productivity and yield

Equations for cell-specific productivity and cell-specific yield
are adapted from the works of Coronel et al.21 and Klimpel
et al.,5 with simplifying assumptions. Since all vector harvests
are done at 1 VVD and measurements are done daily, the
formula used by Klimpel et al. for cell-specific productivity
on day i of perfusion culture can be streamlined to:

qLV;i ≅
titerBioreactor;i − titerBioreactor;i−1
� �þ titerHarvest Bottle;i

1
2 VCDBioreactor;i þ VCDBioreactor;i−1
� �

where qLV,i is the cell-specific productivity (TU per cell per day)

on day i, titerBioreactor,i is the functional titer in the bioreactor on
day i, titerBioreactor,i−1 is the functional titer in the bioreactor on
day i − 1, titerHarvest Bottle,i is the functional titer in the harvest
bottle on day i, VCDBioreactor,i is the viable cell density in the
bioreactor on day i, and VCDBioreactor,i−1 is the viable cell density
in the bioreactor on day i − 1.

Cell-specific productivity is estimated based on the
process parameters between one day and the next. Since LVs
are known to degrade within 24 hours at 37 °C,5 there is a
relatively short time window during which the LVs can be
harvested and stored at 4 °C.
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Cell-specific yield estimates the total vector yield produced
and harvested per cell:

QLV;i ≅
Xi

j¼indD

qLV; j

where QLV,i is the cell-specific yield (TU per cell) up until and

including day i, qLV, j is the cell-specific productivity (TU per
cell per day) on day j, and indD is the day of induction.

2.10 Computational fluid dynamics modeling and
hydrodynamic regime

Fluid flow and inertial focusing simulations were performed in
version 6.3 of COMSOL Multiphysics. These models were used
to describe the hydrodynamic conditions experienced by
producer cells as they travelled through the device. 0.5 VVD
conditions were simulated (6 mL min−1 inlet flow rate and 0.12
mL min−1 harvest flow rate). The hydrodynamic regime of the
spiral device, the perfusion bioreactor, and the pseudo-perfused
shake flask are quantified using the Reynolds number. Specific
calculations are available in the SI. The equation for Reynolds
number in a bioreactor and a shake flask is adapted from the
work of Dinter et al.22

3. Results and discussion
3.1 Enabling high cell density perfusion cultures

We present results from one of the four perfusion culture runs
using the spiral microfluidic cell retention device in Fig. 3. The
other three supporting runs are summarized in Fig. S3–S5. In
Fig. 3(a), we present time-series data of the total cell density and
cell retention efficiency of the bioreactor vessel during a
perfusion culture. Each perfusion culture run is characterized
by an upward trend in cell density, called the cell growth phase,
followed by a downward trend in cell density during the
lentiviral vector production phase. Generally, cell density rises
initially post-induction, but a prolonged decline begins within
two days post-induction (dpi) as the cells commit to vector
generation. In run 1 (Fig. 3(a)), the cell density in the bioreactor
reached 17.9 M mL−1 with log-phase cell growth. Half of the
bioreactor's volume was transferred to a shake flask (referred to
as the pseudo-perfused shake flask), and both vessels were
induced to generate LVs at the same time (Fig. 3(b)), which were
each perfused at 1 VVD. We report a similar outcome in run 2
(reaching 18.0 M mL−1; Fig. S3(a)), in which production was
split between the perfusion bioreactor and the pseudo-perfused
shake flask to compare their LV outputs. Runs 3 and 4 (Fig. S4
and S5) did not have pseudo-perfused shake flask conditions,
and their bioreactors had peak cell densities of 15.3 M mL−1

and 25.3 M mL−1, respectively.
The cell retention efficiency of the spiral microfluidic device

throughout the process is typically 96 to 99% (Fig. 3(a)), but on
days when the cell density in the bioreactor is high (over 20 M
mL−1, see run 4 in Fig. S5(a)) or there is significant dead cell
clumping seen in the channels (from lentiviral vector

production) which would disrupt the inertial focusing, the cell
retention efficiency can be lower. In Table 1, the spiral cell
retention device's mean retention efficiency and the lowest one-
day retention efficiency are reported. The cell densities
measured in the harvest bottle and harvest line were negligible
when compared with the cell densities in the perfusion
bioreactor. Fig. S6 compares the cell densities of all sample
sources (bioreactor, harvest line, harvest bottle, and pseudo-
perfused shake flask if applicable).

To support our experimental cell retention results, flow
through the spiral device was studied with a computational
fluid dynamics (CFD) model. The maximum simulated fluid
velocity in the channel was 1.2 m s−1 and the pressure
difference from the device inlet to the outlet was 110 kPa.
Spatial profiles of velocity and pressure are presented in Fig.
S7(a) and (b). The flow was characterized as within the
laminar regime, with a Reynolds number of 245.1 and a Dean
number of 24.7 to 37.1 (details in the SI), suggesting a
controlled inertial focusing of cell-sized particles towards the
inward outlet. A particle-tracing simulation of 150 cell-sized
particles (20 μm in diameter) through the device was
performed to substantiate this and it shows all particles
inertially focusing near the inner wall of the spiral and
exiting through the retentate stream (Fig. S7(c)). The Dean
vortices that contribute to the inertial focusing of cells are
presented in Fig. S7(d) and (e).

3.2 High-titer production of lentiviral vectors

Once lentiviral vector production is initiated with the addition
of cumate and coumermycin, samples are withdrawn from the
bioreactor, the harvest line, and the harvest bottle. Additionally,
in runs 1 and 2, samples are withdrawn from the pseudo-
perfused shake flask. The functional titers reported between 1
and 5 days post-induction for run 1 are shown in Fig. 3(b). The
highest functional titers were observed 2 to 3 days post-
induction for all four runs. The pseudo-perfused shake flask
had the highest titer of all the sample sources in runs 1 and 2
(Fig. 3(b) and S3(b)). This suggests that the shear stress imposed
on cells by the spiral device may be disadvantageous for
lentiviral vector production, and that it is best to pursue only
the cell growth phase with the spiral microfluidic cell retention
device. Cell clarification could then be performed with the same
spiral device. Nevertheless, the maximum functional titers
achieved in the perfusion bioreactor, on the order of 107 to 108

TU mL−1 with the spiral cell retention device, are still
competitive with the state of the art (see Table 3). Run 4, despite
having the highest cell density, had the lowest functional titer
(Fig. S5(b)). This was likely due to the cell density plateauing
and entering the stationary phase. It would have been more
advantageous to begin lentiviral vector production during log-
phase growth, as observed in runs 1, 2, and 3.

The onset of perfusion mode with the spiral device and
the onset of lentiviral vector production led to observable
changes in the bioreactor's process parameters. For instance,
the concentration of nutrients and metabolites in the
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Fig. 3 Perfusion culture run 1. (a) Time-series data of the total cell density of HEK293 cells in the bioreactor and cell retention efficiency of the
spiral microfluidic device. The plot is annotated with the vessel volumes per day (VVD) perfusion rate, whether the cultures are in perfusion mode
or batch mode (by convention, days in batch mode are labeled as negative numbers), the time point when lentiviral vector production was
initiated, and when samples were drawn and frozen at −80 °C to be titered later. Once the target cell density was achieved, half of the bioreactor
volume was transferred to a shake flask, and both vessels were simultaneously induced, filled back to the working volume of 350 mL and then
maintained at 1 VVD (as indicated by *). (b) Functional unconcentrated viral titer measurements at multiple sample sources during the lentiviral
vector production phase. Functional titers (infectious particles) are in transducing units per mL (TU mL−1) and are calculated using a Jurkat T cell
infection assay. Bioreactor samples are taken from a syringe port attached to the main culture vessel; harvest line samples are taken directly from
the fluid exiting the outward outlet; and harvest bottle samples are taken from the bottle where fluid from the outward outlet has accumulated
over the past 24 hours. (c) Concentrations of L-glutamine, ammonium, glucose, and lactate in the bioreactor. (d) Average cell diameter in the
bioreactor and the pseudo-perfused shake flask. (e) Cell-specific productivity and viability in the bioreactor. (f) Titer ratio, represented as the
quotient of the functional titers measured in the harvest line and the bioreactor. (g) Cell-specific productivity (TU per cell per day) of the perfusion
bioreactor and pseudo-perfused shake flask. Perfusion bioreactor: peak cell-specific productivity of 13.92 TU per cell per day at 2 dpi, cell-specific
yield of 30.1 TU per cell. Pseudo-perfused shake flask: peak cell-specific productivity of 31.56 TU per cell per day at 2 dpi, cell-specific yield of
80.14 TU per cell. (h) Air and oxygen sparging rate to the bioreactor.

Lab on a ChipPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

0/
20

26
 6

:5
7:

53
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6lc00029k


Lab Chip, 2026, 26, 2368–2379 | 2375This journal is © The Royal Society of Chemistry 2026

bioreactor had three distinct phases, shown in Fig. 3(c). First,
during batch mode, without the addition of media via the
media inlet or the removal of waste via the spiral device, the
concentrations of L-glutamine and glucose lowered, and the
concentrations of ammonium and lactate increased. During
the cell growth phase, prior to induction, the VVD was
controlled to maintain relatively stable metabolite
concentrations. Once lentiviral vector production began, 1
VVD was maintained for consistency between the LV harvests
of each run. One consequence of this was that L-glutamine
and glucose levels were increased, whereas ammonium and
lactate production were reduced, and those metabolites
exited through the spiral device's outward outlet as waste.
Average cell diameter remained stable in run 1 throughout
the cell growth phase (Fig. 3(d)) but decreased during the LV
production phase. Runs 2, 3, and 4 showed stable or slightly
decreasing cell diameters prior to LV production, followed by
sharp reductions in cell size after LV production began (Fig.
S3(d)–S5(d)). In contrast, the average cell diameter of cells in
the pseudo-perfused shake flask stayed the same pre- and
post-induction, likely due to the gentler conditions. Another
important parameter, the cell-specific perfusion rate (CSPR),
was controlled to maintain constant nutrient and metabolite
concentrations during the cell growth phase by adjusting the
VVD as cell density increased (Fig. 3(e)). In all runs, the CSPR
rose following the onset of LV production, since the high
VVD was used exclusively to harvest LVs, not to promote cell
growth. Cell viability dropped within the first day of
perfusion mode as well, likely due to the higher shear
experienced by cells in the spiral device compared with the
bioreactor vessel. Once the cells are induced, they maintain
roughly constant cell viability, with a precipitous drop in
viability four days post-induction, which is more clearly seen
in the longer harvests of runs 3 and 4 (Fig. S4(e) and S5(e)).
Lastly, the air sparging rate over time follows a similar
pattern to the bioreactor's cell density. Notably, in Fig. 3(h),
once the cells are divided between the bioreactor and a
pseudo-perfused shake flask and then induced at 192 hours
post-inoculation, the cells commit to LV production and
consume less oxygen.

3.3 Titer and cell-specific productivity comparison with shake
flasks

Filtration membranes have a reputation for reducing product
recovery over time due to the buildup of cell debris and cells
on the membrane during a perfusion culture. Since spiral
microfluidics does not rely on membranes, we expect product
loss to be negligible. We also expect that the functional titers

taken each day from the bioreactor and the harvest line
would be equal, since the spiral device does not inertially
focus vector particles due to their smaller size relative to
cells, and the outward outlet is large enough to expect a
lossless harvest. The bioreactor and harvest line are reflective
of the status of the perfusion culture (an instantaneous
measurement at 37 °C), whereas measurements from the
harvest bottle are time-averaged (past 24 hours).

During the seven-day continuous LV harvest from the
350 mL perfusion bioreactor in run 3 (Fig. S4(b)), 6.59 ×
1010 TUs were recovered from the bioreactor, and the
functional titers recorded in the bioreactor and the harvest
line during this time are similar, suggesting that the spiral
microfluidic cell retention device is capable of a high titer
ratio over long continuous production periods. Previous
studies researching antibody harvesting have given
alternative names describing titer ratio, such as antibody
recovery efficiency10 and product sieving.23 In the former,
they achieve an antibody recovery efficiency of
approximately 100% and a total yield of 263 mg of IgG1,

10

suggesting a lossless recovery of valuable biopharmaceutical
products from perfusion culture. Tran et al. report similar
lentiviral vector functional titers between the perfusate and
bioreactor samples with a TFDF-mediated perfusion
culture.6

In Fig. S4(f), for run 3, the titer ratio is ∼100% for 5 of the
7 days of collection, which suggests a sustained, lossless
capture of LVs. On average, the titer ratio is 108.1% for this
run. The other three perfusion cultures have run-averaged
titer ratios of 125.7% (run 1, Fig. 3(f)), 122.7% (run 2, Fig.
S3(f)), and 149.7% (run 4, Fig. S5(f)), which means on
average, the titers measured in the harvest were higher than
the corresponding titers measured in the bioreactor. While
theoretically, it would follow that the titers in the bioreactor
and harvest line should match, the slight favorability of LV
ending up in the harvest may be due to shear-mediated
release of infectious particles as cells travel through the spiral
device. Still, these data suggest that the inertial microfluidic
harvest of LVs has negligible loss.

Furthermore, the cell-specific productivities and yields of
the perfusion cultures (and pseudo-perfused shake flasks if
applicable) reveal the most relevant production periods,
normalized by the total cell count. The maximum cell-
specific productivities listed in Table 2 were all at 2 dpi.
Consistent with the titers observed in the bioreactor and the
pseudo-perfused shake flask, the cell-specific productivities
and cell-specific yields are higher in the pseudo-perfused
shake flask than in the bioreactor (Fig. 3(g)). Similar results
were observed in run 2 (Fig. S3(g)).

Table 1 Spiral device cell retention efficiency during four perfusion culture runs

Run 1 (10 days) Run 2 (9 days) Run 3 (11 days) Run 4 (14 days)

Mean (%) 98.1 97.3 97.9 96.1
Minimum (%) 96.2 94.2 95.5 90.4
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In Fig. 4, a comparison study was conducted to determine
the relationship between initial cell density and vector output
in 30 mL shake flasks. All cell cultures were in log-phase
growth, and initial viable cell densities were artificially set by
resuspending cultures of lower densities. Higher starting cell
densities led to higher (3 dpi) functional titers (Fig. 4(a)).
Additionally, when 3 dpi LV did not undergo a freeze/thaw
cycle, the titers were even higher, exceeding 109 TU mL−1 at
the 15 M mL−1 and 20 M mL−1 starting viable cell densities.
In practice, it is challenging in a manufacturing context to
avoid LV freeze/thaw cycles, but the functional titers of
samples collected at 3 dpi (no freeze/thaw) from this study
are 1.72× to 4.85× higher than those of the 3 dpi LV samples
that did undergo a freeze/thaw cycle. The cell-specific
productivity (Fig. 4(b)) was highest with the ‘20 M mL−1’
starting condition at 24.52 TU per cell per day three days
post-induction and an overall cell-specific yield of 34.2 TU
per cell. As shown in Fig. 4(c), the cell densities observed
match the pattern seen in the perfusion culture runs, where
cell densities rise for one day (or two days at lower starting
cell densities) and then fall during the most productive days.

Since runs 1 and 2 involved the division of bioreactor-
cultured cells between the perfusion bioreactor and a
pseudo-perfused shake flask, their viable cell density at the
time of induction is closest to the ‘7.5 M mL−1’ shake flask
condition of Fig. 4 and could be most closely benchmarked
to that condition. As seen in Fig. 4(b), the cell-specific
productivity of the 30 mL shake flask at 3 dpi is 8.44 TU per
cell per day and the cell-specific yield is 10.64 TU per cell,
which are outperformed by the perfusion bioreactor and
pseudo-perfused shake flask conditions. When comparing
runs 1 and 2 to the ‘20 M mL−1’ condition of Fig. 4, the
pseudo-perfused shake flask condition outperforms, whereas
the bioreactor condition does not.

3.4 Comparative benchmarking and scalability analysis

We compared the LV outputs we achieved with two other
teams using inducible HEK293 producer cell lines for
lentiviral vector generation with perfusion bioprocessing
(Table 3). Here, we highlight run 2, which yielded the highest
total functional particles: 2.62 × 1011 TU from the pseudo-
perfused shake flask and 6.42 × 1010 TU from the bioreactor,
for a combined total of 3.26 × 1011 TU. These results are
comparable to the outcomes of run 1, which yielded 2.15 ×
1011 TU from the pseudo-perfused shake flask and 7.28 ×
1010 TU from the bioreactor, for a combined total of 2.88 ×

Fig. 4 Optimizing conditions for batch LV production. (a) Functional titer,
(b) cell-specific productivity, and (c) viable cell density of 30 mL of
HEK293 cells in shake flasks at different starting viable cell densities with
no media replacement.

Table 2 Maximum cell-specific productivities, cell-specific yields, and total yield of the top-performing runs

Perfusion bioreactor harvest Pseudo-perfused shake flask

Run 1 Run 2 Run 3 Run 1 Run 2

Maximum cell-specific productivities (TU per cell per day) 13.9 16.0 10.6 31.6 50.6
Cell-specific yields (TU per cell) 30.1 27.0 17.6 80.1 84.9
Total yield (TU) 7.28 × 1010 6.42 × 1010 6.59 × 1010 2.15 × 1011 2.62 × 1011
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1011 TU. To take into consideration the different bioreactor
sizes, we normalized total production by the working volume
of the bioreactor, and our results are competitive with other
teams that are using traditional cell retention devices.
Additionally, the processes were all approximately the same
length (288 to 299 hours).

The total TU generated per mL of working volume in the
bioreactor (TUtotal mLbioreactor

−1) in run 2 is comparable to the
results achieved with the acoustic wave separation1 and
tangential flow depth filtration devices.6 Furthermore, the cells
in the pseudo-perfused shake flask, which originated from the
spiral device-perfused bioreactor, produced an even higher total
TUs per mL of the flask's working volume (TUtotal mLbioreactor

−1).
The cell-specific productivity and yields from runs 1 and 2's
pseudo-perfused shake flasks are exceptionally high, likely due
to cell line selection, the simplicity of the GFP transgene
compared to therapeutically relevant transgenes, the upstream
production strategy, and the relatively lossless downstream
processing prior to the transduction of Jurkat cells. The
bioreactor's maximum cell-specific productivity of 16.03 TU per
cell per day at 2 dpi and cell-specific yield of 27.0 TU per cell
(Fig. S3(g)) are also competitive with published production
processes.

Additionally, we used SFCA filters to process all our samples
identically, but a different filter material may have been more
advantageous. For example, harvest bottle samples from run 1
filtered through 0.45 μm polyvinylidene difluoride (PVDF) filters
(Millipore, USA) had functional titers that were 1.14× to 2.01×
higher than their SFCA-filtered counterparts. This suggests that
the titers reported in this work could be even higher with a filter
material optimized for this downstream process.

LV production by cells transferred from the bioreactor to the
pseudo-perfused shake flask was higher than production by
cells remaining in the bioreactor. This is most likely described
by differences in shear exposure between the two production
environments. The Reynolds numbers in the stirred-tank
bioreactor (ranging from 9338 to 13163) and pseudo-perfused

shake flask (77569) are both representative of the turbulent
hydrodynamic regime. Giese et al. determined that shear rates
in 50 mL to 1000 mL shake flasks range from 20 s−1 to 2000 s−1,
with shear rates rising with higher orbital rotation speeds,
larger flask volumes, and smaller filling volumes.24 We
calculated an effective shear rate of 127 s−1 to 213 s−1 in the
perfusion bioreactor, using scaling relationships and constants
adapted from the relevant literature.22,24,25 Based on
comparisons with Giese et al.'s work,24 for our culture
conditions, we expect the pseudo-perfused shake flask's
effective shear rate to be on the same order of magnitude as the
perfusion bioreactor. The particle tracing simulation for the
spiral cell retention device (Fig. S7(c)) estimates a 0.6 second
residence time of cells with each pass through the device. We
computed an effective shear rate of 8642 s−1 through the device,
which is higher than the 4000 s−1 to 6000 s−1 shear rates
observed with TFDF operation.26 Since the bioreactor's
operating volume is 350 mL and the inlet flow rate is 6 mL
min−1, the entire bioreactor's operating volume, on average, is
transited through the spiral microfluidic device once every 58.3
minutes, even though the period of high shear exposure is brief.
Since the shear rates between the two vessels are within the
same order of magnitude, and the shear rate within the spiral
device is significantly higher, it is likely that the elevated shear
rate from the spiral device on cells during lentiviral vector
production is not the optimal choice among the options
investigated, although its performance metrics are still
competitive with existing strategies in Table 3. A stability study
conducted by Perry et al. shows that lentiviral vectors are stable
up to shear rates of at least 105 s−1 while maintaining stable
functional titers,27 which is 11.5× higher than the effective shear
rate we report. This suggests that the cells, rather than the
lentiviral vectors, are mainly affected by the elevated shear rates.
The calculations for all Reynolds numbers and shear rate values
reported can be found in the SI.

The PDMS spiral microfluidic devices used to conduct this
work are relatively inexpensive to produce (<$5), especially

Table 3 Comparison of the process parameters from LV production in the perfusion bioreactor and the pseudo-perfused shake flask following cell
growth in the perfusion bioreactor, and alongside the results of two other bioprocessing teams using inducible HEK293 producer cell lines generating
LV encoding a GFP transgene

Parameter
Run 2
(bioreactor)

Run 2 (pseudo-perfused
shake flask)

Klimpel et al.,
2023 (ref. 1)

Tran and Kamen,
2022 (ref. 6)

Bioreactor nominal volume (mL) 500 — 5000 3000
Bioreactor working volume (mL) 350 350 4500 2000
Cell retention device Spiral microfluidics — Acoustic wave

separation
Tangential flow
depth filtration

Transgene GFP GFP WAS-T2A-GFP GFP
Total functional particles
harvested (TU)

6.42 × 1010 2.62 × 1011 6.36 × 1011 3.9 × 1011

TUtotal mLbioreactor
−1 1.83 × 108 7.49 × 108 1.41 × 108 1.95 × 108

Maximum TU mL−1 7.06 × 107 4.42 × 108 2.41 × 107 1.2 × 108

Maximum TU per cell per day 16.03 50.55 1.48 7
Vector generation time (hours) 72 72 234 96
Total culture time (hours) 288 288 299 288
Inoculation density (M mL−1) 0.35 Originates from

run 2 bioreactor
1 0.35
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compared to conventional cell retention technologies. The
studies highlighted in Table 3 were completed with stable
producer cell lines. Teams producing lentiviral vectors
generated by triple transfection in suspension-adapted
HEK293T cell culture also have functional titers on the order of
107 to 108 TU mL−1.28,29 In one study, a one-liter batch
production led to titers ranging from 8.2 × 107 TU mL−1 to 3.7 ×
108 TU mL−1 two days post-transfection,28 while in a different
study with a larger working volume of 5.5 L, the reported titer
was 1.5 × 107 TU mL−1 four days post-transfection.29 These titer
values will vary depending on the specific cell line, the plasmids
used, the transfection efficiency, and the process scale.

Filtration-based cell retention devices scale to various
bioreactor sizes by increasing membrane surface area, and this
is supported by an extensive ecosystem of commercially
available, validated products. In contrast, this study described
the use of a single spiral device accepting an input flow rate of 6
mL min−1 with a harvest stream of 0.12 mL min−1 to 0.24 mL
min−1, depending on the perfusion rate. Scaling this technology
to larger bioreactors would rely on spiral device parallelization,
where multiple plastic spiral microfluidic devices are stacked on
top of one another to divide an input flow rate across many
layers,13 resulting in a flow rate of 6 mL min−1 per spiral. For
example, to use 20 spirals in a cell retention device, the input
flow rate would be 120 mL min−1, and the harvest flow rate
would range from 2.4 mL min−1 to 4.8 mL min−1, depending on
the perfusion rate. With sufficiently large-diameter tubing
attached to the inlet and outlet ports of the device, we would
expect comparable shear rates for the cells as they travel
through either the PDMS spiral device or the stackable plastic
spiral device. In this work, we sterilized the perfusion culture
assembly as a closed system with the spiral device attached,
whereas with a stackable plastic spiral microfluidic device, the
unit would need to be gamma-irradiated for sterilization and
the remainder of the assembly autoclaved separately.

4. Conclusion

Using a PDMS spiral microfluidic cell retention device, we were
able to achieve cell densities between 15 × 106 and 25 × 106 cells
per mL and induce the cells to generate lentiviral vectors to
achieve an estimated recovered, unconcentrated, functional LV
yield on the order of 1010 TU per 350 mL bioreactor vessel, with
peak productivities typically occurring two days post-induction
and reaching functional titers on the order of 108 TU mL−1. On
average, the spiral device maintained >97% cell retention
efficiency during these perfusion cultures. When cells are
cultivated in the perfusion bioreactor and divided evenly
between the bioreactor at 1 VVD and a pseudo-perfused shake
flask with daily media replacement (effectively, 1 VVD as well),
the pseudo-perfused shake flask's titers outperformed those of
the bioreactor (yielding 1011 TU per 350 mL shake flask). The
titer ratio of the spiral device was, on average, above 1,
suggesting slight favorability of the lentiviral vectors to travel
through the outward outlet of the spiral device, and therefore
lead to a lossless recovery of vectors that is competitive with

other bioprocessing teams. Our top three bioreactor runs
achieved cell-specific yields of 17.6 to 30.1 TU per cell, and the
two pseudo-perfused shake flasks achieved over 80 TU per cell.
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