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Abstract

Background Stable Chinese hamster ovary (CHO) cell line development depends on efficient recovery and
expansion of monoclonal populations after single-cell cloning (SCC). Early-stage clones, however, are typically
expanded under static microplate conditions before transfer to suspension culture, creating a physiological dis-
continuity that can delay adaptation and obscure differences in clone performance. Here, we evaluated C.NEST, a
pneumatic microplate mixing system, as a strategy for improving early CHO-K 1 clone expansion and facilitating
transition to suspension culture.

Results Benchmark studies showed that pneumatic microplate mixing improved culture performance compared
with static culture and supported shake-flask-like growth. Operating-window studies in 24-well plates showed
higher viable cell densities under pneumatic mixing while generally maintaining high viability, with the response
depending on inoculation density and mixing intensity. In clone-level validation studies, pneumatic-mixing pre-
culture was associated with faster subsequent suspension adaptation. In an integrated SCC workflow demonstra-
tion, pneumatic mixing shortened microplate expansion by 3 days and reached the fed-batch production stage
7 days earlier than the corresponding static workflow. Among the eight clones advanced to production, 96-well
relative titer was positively correlated with final fed-batch titer under pneumatic mixing (Spearman’s p=0.7857,
P=0.0279), while the static workflow showed a weak negative, non-significant correlation.

Conclusions Early pneumatic mixing in microplates improves clone expansion and facilitates transition from
static SCC culture to suspension culture, thereby accelerating progression through CHO cell line development.
Among the selected clones advanced to production, the observed correlation pattern was consistent with greater
preservation of clone ranking under the tested pneumatic-mixing conditions.

Keywords Cell line development - Single-cell cloning - Microplate mixing - Pneumatic agitation -
Suspension adaptation
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Background

Chinese hamster ovary (CHO) cells remain the dominant mammalian host for producing recombinant therapeutic
proteins because of their adaptability to suspension culture, capacity for complex post-translational modification,
and long history of regulatory acceptance [1-3]. In stable cell line development (CLD), single-cell cloning (SCC)
is routinely used to isolate monoclonal populations and support downstream requirements for cell-line consis-
tency, productivity, and product quality [4, 5]. Despite its routine use, SCC remains operationally constrained by
the slow recovery and expansion of single-cell-derived clones during the earliest stages of development [5, 6].

A typical SCC workflow begins in static high-density microplates and proceeds through sequential expansion
into larger-scale culture formats before transfer to shaking suspension systems such as TubeSpin bioreactors or
shake flasks [5, 7]. This progression creates a mismatch between the static microenvironment used for early clone
recovery and the dynamic suspension conditions used later in development. During this transition, clones often
show variable recovery, prolonged lag phases, and inconsistent growth kinetics [5, 7]. These effects can delay
scale-up and may also distort clone ranking if poor adaptation obscures the intrinsic productivity of otherwise
promising clones [6, 8].

Static microplate culture is vulnerable to local heterogeneity in oxygen availability, nutrient distribution,
metabolite accumulation, and evaporation-associated effects [9]. Because these formats provide little convective
mixing, early-stage clones may experience microenvironments that differ substantially from those encountered
after transfer into suspension culture [7, 9]. Although active microplate and microscale bioreactor systems can
improve mass transfer, many rely on vessel-level agitation or are less compatible with standard plate-based han-
dling and imaging workflows [10]. Introducing controlled mixing while preserving conventional microplate for-
mats could therefore improve continuity between early clone expansion and later suspension-based development.

C.NEST is a pneumatic microplate agitation platform for standard microplate formats. A specialized lid gener-
ates alternating suction and expulsion cycles that drive within-well medium circulation while the plate remains
stationary, thereby avoiding orbital shaking of the plate. This design promotes convective mixing while minimiz-
ing splashing, cross-well contamination, and uneven liquid movement, and it remains compatible with routine
plate handling, incubation, and monitoring during early-stage clone expansion.

Here, we evaluated whether pneumatic microplate mixing could improve early microplate expansion and
reduce the transition between static clone outgrowth and subsequent suspension culture. We first benchmarked a
prototype pneumatic mixing system against static plate and shake-flask cultures and then established operating
conditions for early 24-well expansion. We further examined clone growth, viability, productivity, suspension
adaptation, and alignment with shake-flask performance. Finally, we incorporated pneumatic mixing into an inte-
grated SCC workflow to evaluate its effects on workflow duration and downstream clone performance.

Methods
Cell lines and maintenance culture

Suspension-adapted CHO-K1 and monoclonal antibody-expressing CHO-K1Q cell lines (QuaCell Biotechnol-
ogy) were used in this study. Both cell lines were maintained in 125 mL shake flasks (Thermo Fisher Scientific,
4115-0125) containing EX-CELL CD CHO Fusion medium (Merck, 14365 C) at a 20 mL working volume.
Cultures were maintained at 37 °C, 5% CO-, and 150 rpm on an orbital shaker. Routine passaging was performed
every 3—4 days by reseeding cells at 3 x 10° cells/mL. Viable cell density and viability were measured using 0.4%
Trypan Blue Stain (Gibco, 15250-061) with a FACSCOPE B Cell Counter (Curiosis, South Korea).
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Pneumatic microplate mixing system and culture conditions

Pneumatic microplate mixing was performed using the C.NEST system (Leadgene Biosolutions, Taiwan) with
standard 96-well (Corning, 3599) and 24-well (Greiner Bio-One, 662102) plates fitted with the corresponding
pneumatic mixing lids (Leadgene Biosolutions, Taiwan). The system comprises four independently operated
incubation chambers equipped with temperature, humidity, and CO. monitoring and UV light for chamber ster-
ilization (Fig. 1a, b). The pneumatic lid contains airflow ports, a lid chamber, and fluidic structures that transmit
pneumatic pressure changes into individual wells (Fig. 1c and Supplementary Table 1). During the suction phase,
liquid is drawn upward through the fluidic structure, whereas during the expulsion phase, liquid is driven down-
ward and redistributed within the well (Fig. 1d). Repeated cycling promotes vertical medium circulation without
orbital movement of the plate. The plate-lid assembly was placed on the plate holder together with a sterile water
reservoir to maintain humidity during culture (Fig. 1e).

Cultures were maintained at 37 °C and 5% CO.. Working volumes were 200 pL per well for 96-well plates and
1,400 pL per well for 24-well plates. Static control plates were maintained in a humidified incubator under the
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Fig.1 Overview of the C.NEST pneumatic microplate mixing culture system. (a) C.NEST system. (b) Scheme of the incuba-
tion chamber and environmental control components. (¢) C.NEST pneumatic lid design showing airflow ports, a lid chamber,
and fluidic tube structures. (d) Illustration of pneumatic suction and expulsion phases that generate vertical medium circula-
tion within each well. (e) Scheme showing the lid-plate assembly and its placement on a plate holder with a sterile water
reservoir to maintain humidity during culture
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same environmental conditions. Plate and chamber positions were randomized among comparative conditions to
minimize potential positional bias.

The tested mixing-cycle settings were selected to span the operational range of pneumatic mixing intensities
evaluated for the respective plate formats. For subsequent workflow studies, 50 s/cycle was used for 96-well
expansion as a comparatively gentle mixing condition, whereas 10 s/cycle was used for 24-well expansion based
on the operating-window experiments, which showed enhanced cell expansion while generally maintaining high
viability. These settings represent operating conditions established for the cell lines, working volumes, and culture
conditions evaluated in this study and should not be interpreted as universally optimal across all cell densities,
media formulations, or process conditions. During routine culture monitoring, no visible foaming or persistent
bubble accumulation was observed in either 96-well or 24-well pneumatic-mixing cultures under the operating
conditions used in this study.

Viable cell density and viability were monitored every 3—4 days. For benchmark experiments, doubling time
and protein fold change were calculated according to Egs. 1 and 2, respectively.

Doubling time = % (1)
s ()
(N, and N, are the viable cell densities at time points t; and t,, respectively.)
15
Fold change = }71 2

(P, and P, are the protein yields on day 1 and at a certain time point, respectively.)
k a determination

k | a was determined by the gassing-out method using the C.NEST system configured for dissolved oxygen
monitoring [11]. Briefly, culture medium was added to the dissolved oxygen sensing plate (Leadgene Biosolu-
tions, Taiwan), which was then fitted with the corresponding mixing lid and mixed until dissolved oxygen satu-
ration was reached. The dissolved oxygen signal was calibrated to 100%, after which oxygen was depleted by
nitrogen sparging and then restored by switching back to air. Dissolved oxygen was recorded over time during the
reoxygenation phase at defined time intervals. The instantaneous rate of oxygen transfer was described by Eq. 3.

¢ _ kya (100 — Cr) 3)
dt
(C, is the local dissolved oxygen concentration at time t, and the saturated dissolved oxygen concentration is
normalized to 100%. k; represents the mass transfer coefficient, and a represents the gas-liquid exchange area per
unit of liquid volume.)
Assuming constant k; ¢ and a constant saturated dissolved oxygen concentration, Eq. 3 is integrated to give
Eq. 4. & a is then determined from the linearized oxygen-transfer relationship during the reoxygenation phase.

“

kpa (t, —t;)) =In ( 100 = €1,y )

100 — Cp,

(Cy, and C;, are the local dissolved oxygen concentrations at time points t; and t,, respectively.)
Assessment of evaporation-associated volume loss and edge effects

Evaporation-associated edge effects were evaluated in 96-well and 24-well plates containing sterile PBS (200 and
1,400 pL per well, respectively) over a 3-day incubation under either a standard incubator or pneumatic-mixing
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conditions. For pneumatic-mixing culture, 96-well plates were operated at 50 s/cycle and 24-well plates at 10 s/
cycle, with a sterile water reservoir placed in the chamber to maintain humidity. Evaporation was quantified from
the change in liquid volume relative to the initial volume according to Eq. 5. Wells were classified as corner,
edge, or center wells, and percentage volume loss after 3 days was compared between standard incubator and
pneumatic-mixing conditions within each positional group. PBS was used as a defined, cell-free test solution to
isolate evaporation-associated volume loss from cell-dependent or medium-composition effects during the short-
duration plate-culture interval relevant to the workflow.

Vo —V;
o

Evaporation (%) =

X 100 (5)
(V, is the initial liquid volume, and V, is the liquid volume after incubation time t.)

Evaluation of cross-well liquid transfer during pneumatic mixing

Cross-well liquid transfer was evaluated in a 24-well plate using a checkerboard layout of alternating wells con-
taining 1,400 pL of either ddH-0 or 0.2% Trypan Blue solution. Plates were cultured in C.NEST with a pneu-
matic mixing lid at 37 °C and 5% CO: under continuous mixing at 10 s/cycle. They were assessed under two
conditions: repeated manual lid opening during a 3-hour culture period, with the lid opened at 15-min intervals,
and long-term continuous mixing for 14 days. For ODs¢s measurement, 200 pL of solution was collected from
each well and from the moat. Each sampled well was measured in duplicate, and each 96-well readout plate was
scanned three times. A Trypan Blue dilution standard curve was generated in parallel and used to define the detec-
tion threshold for dye transfer. Corrected ODsos values were obtained by subtracting the ddH-O blank from each
measurement.

Single-cell seeding and early clone expansion

Single-cell seeding was performed using the UP.SIGHT system (CYTENA, Germany), enabling automated cell
dispensing and image-based monoclonality confirmation [12]. Cells were dispensed into 384-well plates (Corn-
ing, 3680) containing 50 uL Cellvento® 4CHO-C Cloning Medium (Merck, 14390 C) per well. Plates were incu-
bated under static conditions at 37 °C and 5% CO-, and clone outgrowth was monitored by confluency using the
CloneSelect Imager (Molecular Devices, USA).

Single-cell deposition and image-based monoclonality confirmation were completed at the 384-well stage
before pneumatic mixing was introduced. Clones remained under static conditions during initial single-cell out-
growth, and pneumatic mixing was applied only after established single-cell-derived populations were transferred
to the 96-well expansion stage. Accordingly, subsequent mixing and expansion did not alter the documented evi-
dence supporting single-cell derivation.

TubeSpin adaptation culture

In validation studies, 96 clones per workflow were screened in 96-well plates, and higher-titer clones were
advanced at subsequent stages, with 24 clones selected for 24-well expansion and the top 8 clones by relative
titer transferred to TubeSpin bioreactors (TPP, 87050) at a 10 mL working volume for suspension adaptation.
Cultures were maintained in EX-CELL CD CHO Fusion medium at 37 °C and 5% CO: with agitation at 150 rpm
on an orbital shaker. Viable cell density and viability were measured 3, 7, and 10 days after transfer to TubeSpin
culture, corresponding to workflow days 24, 28, and 31.
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Suspension adaptation and antibody production

The integrated SCC workflow was evaluated using a single recombinant production model, anti-PD-L1-express-
ing CHO-K1Q cells.

After 12 days of static culture following single-cell seeding in 384-well plates, wells exceeding 30% confluency
were ranked by relative titer. The top 192 clones were allocated between the two workflow arms, with 96 clones
entering static 96-well screening and 96 entering pneumatic-mixing 96-well screening. Identical advancement
criteria were applied independently within each arm: 24 higher-titer clones were selected for 24-well expansion,
followed by advancement of the top 8 clones by relative titer to suspension adaptation and fed-batch production
in 125 mL shake flasks. No randomly selected or deliberately lower-performing clones were followed through
the complete workflow. Thus, the fed-batch population was progressively enriched for clones exhibiting higher
relative titer at preceding stages. During suspension adaptation, cultures were maintained in EX-CELL CD CHO
Fusion medium at 37 °C and 5% CO- with agitation at 150 rpm on an orbital shaker. For the antibody production
phase, cells were cultured for 14 days in Dynamis AGT Medium (Gibco, A26175-01) supplemented with 1%
(v/v) Anti-Clumping Agent (Gibco, 01-0057DG) and maintained at 37 °C and 8% CO: under the same agitation
conditions. Cell Boost 7a/7b solutions (Cytiva, SH31026.01 and SH31027.01, respectively) were added accord-
ing to the manufacturer’s instructions. Glucose solution (200 g/L in ddH20; Merck, G7021) was supplemented as
needed to maintain an adequate carbon source.

Anti-Clumping Agent was used only during shake-flask fed-batch production and was not added during
96-well or 24-well pneumatic-mixing culture. Its inclusion was part of the fed-batch production protocol and was
not introduced in response to foaming, aggregation, or cell clumping observed during the preceding microplate-
expansion stages.

Antibody titer measurement

Titers of anti-PD-L1 antibody were measured using the FQUANT Fc Titer Assay (CYTENA, Germany) accord-
ing to the manufacturer’s instructions. Culture supernatants were loaded onto Fc-specific assay plates, and fluo-
rescence intensity was measured to obtain FQUANT single values. For validation studies and other intermediate
workflow assessments, these values were used as relative titer readouts to compare clone performance. For the
benchmark experiments and for samples collected at the end of fed-batch culture, absolute titer (mg/L) was cal-
culated using a standard curve generated from serial dilutions of an anti-PD-L1 antibody stock solution (1 mg/
mL) and reported as the final antibody concentration. Cell-specific productivity (qP; pg/cell/day) was calculated
from measured absolute titer values according to Eq. 6.
B-R

-2 ~ Xt X
(P, and P, are the antibody concentrations at time points t; and t,, respectively. The integral of viable cell con-
centration (IVCC) was estimated by the trapezoidal method, where X,,; and X, are viable cell densities at the

corresponding time points.)
Statistical analysis

All statistical analyses were performed using GraphPad Prism version 8.0.1 (GraphPad Software, USA). Experi-
mental replication was defined according to the design of each study. Benchmark experiments were performed as
three independent experimental runs using separately prepared cultures in separate culture vessels or plates, and
one-way ANOVA followed by Tukey’s multiple-comparisons test was used.

For the 24-well operating-window experiments shown in Fig. 3 and Supplementary Fig. 4, each mixing condi-
tion was evaluated on a separate plate containing all tested initial seeding densities, with four replicate wells per
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seeding density. Two-way ANOVA was performed using initial seeding density and mixing condition as factors,
followed by Dunnett’s multiple-comparisons test comparing each pneumatic-mixing condition with the static
control within each seeding density. Because each mixing condition was represented by one plate, these analyses
reflect well-level variability and do not account for between-plate variability.

For clone-rank analysis, Spearman rank correlation was used to assess the association between early-stage rel-
ative titer and final fed-batch titer among the eight clones advanced to production in each workflow. Figures 4 and
5 represent clone-level observations from one SCC campaign; individual clones were therefore not interpreted as
independent campaign-level biological replicates. Data are presented as mean+s.d. where appropriate. Statistical
significance was defined as follows: *: P<0.05; **: P<0.01; ***: P<0.001; ****: P<0.0001.

Results
Characterization of oxygen transfer and operational performance during pneumatic microplate mixing

We first evaluated oxygen-transfer performance across plate formats, working volumes, and pneumatic mixing-
cycle settings to define operating conditions for microplate culture. The volumetric oxygen mass transfer coef-
ficient, k& a, is a key parameter for characterizing oxygen transfer from the gas phase to the liquid phase and is
commonly used in bioprocess scale-up and culture-condition optimization [13]. In microplate systems, mixing
intensity, working volume, airflow characteristics, and medium composition can all influence 4 a [9]. Because
mixing cycle time is a directly adjustable operating parameter of the pneumatic mixing system, we assessed four
settings: 5, 10, 30, and 50 s per cycle. Each cycle consisted of a suction phase followed by an expulsion phase and
was repeated continuously during operation. The 50 s/cycle condition represented the gentlest setting, comprising
25 s of suction and 25 s of expulsion, whereas shorter cycle times produced more frequent mixing. These settings
corresponded to reciprocal mixing rates ranging from 0.20 to 0.02 s,

Across both 96- and 24-well formats, &; a increased with increasing mixing rate, indicating that more frequent
pneumatic cycling enhanced oxygen-transfer capacity (Table 1). This trend was observed across the tested plate
formats. At a given mixing rate, higher working volumes also produced higher &; a values under the tested con-
ditions (Table 1). Together, these results show that oxygen-transfer performance can be modulated by adjusting
mixing cycle time and working volume, providing a practical basis for selecting operating conditions for subse-
quent clone-expansion experiments.

Because pneumatic mixing increases medium movement and gas exchange relative to conventional static incu-
bation, we next evaluated evaporation-associated volume loss and positional edge effects. Wells were grouped as
corner, edge, or center wells and compared between a standard humidified incubator and the pneumatic-mixing
system. After 3 days, percentage volume loss in 96-well plates did not differ significantly between conditions
across corner, edge, or center regions (Supplementary Fig. 1a). In 24-well plates, percentage volume loss in
corner and center wells was likewise similar between conditions. Edge wells showed greater cumulative vol-
ume loss under pneumatic mixing than in the standard incubator (3.4+0.5% versus 2.3+0.3%, respectively;

Table 1 k;a comparison across C.NEST well formats and working volumes

24-well plate 96-well plate
Mixing speed Mixing rate (s™!) 1.4 mL 1.0 mL 0.2 mL
(s/cycle)
5 0.20 8.40 7.98 -
10 0.10 5.21 3.00 2.67
30 0.03 2.69 2.25 1.85
50 0.02 2.04 1.58 1.31

* — not tested; 0.2 mL was outside the working volume range evaluated for the 24-well plate
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Supplementary Fig. 1b). Because the 3-day assessment was designed to reflect the short-duration pneumatic-
mixing stages used in the present workflow, these data indicate that evaporation-associated volume loss remained
limited over the relevant operating interval, while also highlighting the need to monitor edge wells.

We also evaluated whether pneumatic mixing could introduce cross-well or well-to-moat liquid transfer. In a
supplementary dye-transfer assay, corrected ODsos values from dye-free wells and moat samples remained below
the detection threshold during repeated lid opening and during 14 days of continuous mixing (Supplementary
Fig. 2), supporting preservation of well isolation under the tested operating conditions.

Prototype pneumatic mixing benchmarks against static and shake-flask cultures

To benchmark the effect of pneumatic microplate mixing on culture performance before applying the C.NEST
platform to clone-development workflows, we first evaluated a prototype mixing system based on the same
pneumatic mixing principle [14]. The prototype pneumatic mixing system was evaluated in a 24-well microplate
format and compared in parallel with static 24-well microplate culture and conventional shake-flask culture as
alternative formats for early cell expansion (Fig. 2a). Over 3 days of culture, the pneumatic mixing condition
supported progressively greater cell growth than static plate culture (Fig. 2b). By day 3, its expansion profile
approached that of shake-flask culture and yielded significantly higher viable cell numbers than static plate cul-
ture (Fig. 2b). Endpoint analysis showed no statistically significant differences between the pneumatic mixing
condition and shake-flask culture in doubling time or protein yield, whereas both conditions outperformed static
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Fig. 2 Benchmarking of pneumatic microplate mixing against static plate and shake-flask culture. (a) Experimental design
for comparison of the pneumatic mixing condition with static microplate culture and conventional shake-flask culture. (b)
Viable cell expansion under the pneumatic mixing condition, shake-flask culture, and static plate culture over 3 days. (¢, d)
Doubling time (¢) and protein yield (d) measured at the end of the culture period. Data are presented as mean=+s.d. (n=3
independent experiments). N.S.: not statistically significant. **: P<0.01; ***: P<0.001. Statistical comparisons were per-
formed by one-way ANOVA followed by Tukey’s multiple-comparisons test
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plate culture (Fig. 2¢, d). These data show that pneumatic microplate mixing can support culture performance
comparable to shake-flask culture during early expansion.

We next performed the same parallel comparison in a 96-well microplate format over 5 days of culture. Viable
cell density under the pneumatic mixing condition was comparable to that in shake-flask culture, with both condi-
tions significantly exceeding static plate culture (Supplementary Fig. 3a). Viability remained above 80% in both
the pneumatic mixing condition and shake-flask culture at the end of culture, whereas static plate culture declined
to approximately 60% (Supplementary Fig. 3b). Doubling time and fold change in protein yield likewise showed
superior performance of the pneumatic mixing condition and shake-flask culture relative to static plate culture
(Supplementary Fig. 3c, d). Together, these results indicate that pneumatic mixing can confer suspension-like
growth characteristics across both 24-well and 96-well microplate formats. Based on these benchmarking results,
subsequent experiments were conducted with the finalized C.NEST system to optimize mixing conditions and
assess its use in clone expansion, TubeSpin adaptation, and accelerated SCC workflows.

Pneumatic mixing improves early 24-well expansion and defines an operating window

To define practical operating conditions for introducing pneumatic mixing during early clone expansion, we com-
pared 24-well cultures under static conditions and pneumatic mixing at 50, 25, or 10 s per cycle across a range
of initial seeding densities. After 3 days of culture, viable cell densities were similar among conditions at the two
lowest seeding densities, whereas all three pneumatic-mixing conditions showed higher mean viable cell densi-
ties than static culture from 1 x 10° cells/mL upward (Fig. 3a). The separation became more pronounced at higher
inoculation densities, and the 10 s/cycle condition produced the highest mean viable cell densities at 5% 10°
and 1x10° cells/mL. At 1 x10° cells/mL, the 10 s/cycle condition increased the Day 3 VCD from 1.87 x 10° to
3.70 x10¢ cells/mL, corresponding to an approximately 98% increase relative to static culture. Cell viability
remained generally high across conditions. At the highest initial seeding density, the gentler 50 and 25 s/cycle
conditions maintained higher mean viability than static culture, whereas viability under the 10 s/cycle condition
was comparable to the static condition (Fig. 3b).

A similar comparison extended to day 4 showed that pneumatic mixing continued to support higher viable cell
densities than static culture, particularly from 1x10° cells/mL upward (Supplementary Fig. 4a). At the highest
inoculation densities, however, stronger mixing was accompanied by a modest reduction in viability, most nota-
bly under the 10 s/cycle condition (Supplementary Fig. 4b). Together, these findings indicate that the benefit of
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Fig. 3 Effect of pneumatic mixing on 24-well culture performance across initial seeding densities. (a) Viable cell density
after 3 days of culture under static conditions or pneumatic mixing at 50, 25, or 10 s per cycle. (b) Cell viability under the
same conditions. Data are presented as mean=s.d. of four replicate wells per seeding density. Statistical comparisons were
performed using two-way ANOVA with initial seeding density and mixing condition as factors, followed by Dunnett’s
multiple-comparisons test comparing each pneumatic-mixing condition with the static control within each seeding density.
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pneumatic mixing depends on both inoculation density and culture duration and support the use of tunable mixing
conditions during early clone expansion.

To further assess how closely pneumatic-mixing culture recapitulated conventional suspension culture, we
compared culture performance in pneumatic mixing and shake flasks using viable cell density and antibody titer
as readouts. Pneumatic-mixing and shake-flask cultures showed a positive correlation for both viable cell density
and antibody titer, with coefficients of determination of R>=0.7563 and R?=0.9298, respectively (Supplementary
Fig. 5a, b). Because these correlations were based on a limited number of tested conditions, the resulting coef-
ficients should be interpreted as preliminary indicators of cross-format association rather than precise estimates
of predictive performance.

Pneumatic mixing enhances clone expansion and subsequent TubeSpin adaptation

Having established that pneumatic mixing supports early expansion, we next investigated whether these benefits
could improve downstream single-cell cloning (SCC) workflows. Clones derived from 384-well static cultures
were advanced through either a conventional static workflow or a pneumatic-mixing workflow before TubeSpin
suspension adaptation (Fig. 4a). In both cases, clones were first cultured for 4 days in 96-well plates and then for
3 days in 24-well plates under their respective static or mixing conditions, after which they were transferred to
TubeSpin on day 21 for suspension adaptation (Fig. 4a). In each workflow, 96 clones entered 96-well screening,
from which higher-titer clones were advanced at each subsequent step, with 24 clones selected for 24-well expan-
sion and the top 8 clones by relative titer advanced to TubeSpin adaptation.
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Fig. 4 Pneumatic-mixing clone expansion improves subsequent TubeSpin adaptation. (a) Scheme of the SCC workflow.
Clones derived from 384-well static cultures were advanced through either a conventional static workflow or a pneumatic-
mixing workflow before TubeSpin suspension adaptation. Higher-titer clones were selected at each stage, with 96 clones
entering 96-well screening, 24 advancing to 24-well expansion, and the top 8 transferred to TubeSpin adaptation. (b) Rela-
tive titer distribution after 4 days of culture in 96-well plates under static or pneumatic-mixing conditions. (¢, d) Viable cell
number (c¢) and relative titer distribution (d) after an additional 3 days of culture in 24-well plates. (e-g) Viable cell densities
on days 24 (e), 28 (f), and 31 (g) during subsequent TubeSpin adaptation. Each dot represents an individual clone within the
indicated SCC workflow. For TubeSpin adaptation, n=8 selected clones per workflow, and the individual clones originate
from the same workflow campaign. Titer values in (b) and (d) represent relative FQUANT readouts used for clone ranking
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After 4 days in 96-well plates, static and pneumatic-mixing conditions showed similar relative titer distri-
butions (Fig. 4b). Following an additional 3 days in 24-well plates, clones expanded under pneumatic mixing
reached higher viable cell densities than static-derived clones while maintaining comparable relative titer dis-
tributions (Fig. 4c, d). Thus, pneumatic mixing improved clone expansion without broadly compromising anti-
body productivity. After transferring to TubeSpin culture, clones from the pneumatic-mixing workflow recovered
more rapidly and reached higher viable cell densities than clones from static pre-culture (Fig. 4e-g). Viability
also recovered more quickly in the pneumatic-mixing workflow than in static culture (Supplementary Fig. 6).
Although static-derived clones eventually recovered after additional passages, their delayed adaptation indicates
that the transition from static to suspension culture imposes a greater recovery burden.

Integrated pneumatic-mixing SCC workflow accelerates progression to fed-batch production

After verifying that pneumatic mixing supports early clone expansion and facilitates suspension adaptation, we
incorporated it into an integrated SCC workflow to assess downstream antibody production (Fig. 5a). After 12
days of static culture following single-cell seeding in 384-well plates, wells exceeding 30% confluency were
ranked by relative titer, and the top 192 clones were transferred into either 96-well static culture or 96-well pneu-
matic mixing culture. In each workflow, 96 clones entered 96-well screening, and the higher-titer clones were
advanced at each subsequent step: 24 clones to 24-well expansion, and the top 8 clones by relative titer were
advanced to suspension adaptation and fed-batch production.

After 4 days in 96-well plates, clones in the pneumatic-mixing workflow showed a broader distribution of rela-
tive titer values, including several high-performing clones (Fig. 5b). Following an additional 3 days in 24-well
plates, clones expanded under pneumatic mixing showed higher viable cell densities and relative antibody-titer
values than clones in the static workflow (Fig. 5¢). Static-derived clones required an additional 3-day expansion
in 6-well plates to increase viable cell density sufficiently for subsequent suspension transfer, whereas clones
expanded under pneumatic mixing reached the required expansion level after the 24-well stage and progressed
directly to shake-flask adaptation.

Following suspension adaptation, both groups were advanced to fed-batch antibody production. Four clones
in the pneumatic-mixing workflow achieved final fed-batch titers above the highest value observed in the static
workflow (Fig. 5d), and the same four clones also showed cell-specific productivity (qP) values above the highest
value observed in the static workflow (Fig. Se). In addition, three pneumatic-mixing clones consistently remained
among the highest-ranked performers across the 96-well, 24-well, and fed-batch stages (Fig. Sb-d), indicating
preservation of relative clone ranking across successive stages. In this single paired SCC workflow demonstra-
tion, the pneumatic-mixing workflow progressed to suspension adaptation 3 days earlier and reached the fed-
batch production stage 7 days earlier than the corresponding static workflow.

To quantify preservation of clone ranking, Spearman rank correlation was calculated between early-stage rela-
tive titer and final fed-batch titer among the eight clones advanced to production. In the pneumatic-mixing work-
flow, 96-well relative titer showed a strong positive correlation with final fed-batch titer (Spearman’s p=0.7857,
P=0.0279, n=8), whereas the static workflow showed a weak negative, non-significant correlation (p = —0.4286,
P=0.2992, n=8). At the 24-well stage, the pneumatic-mixing workflow showed a positive association with final
fed-batch titer that did not reach statistical significance (p=0.7143, P=0.0576, n=8), whereas the static work-
flow showed a weak negative, non-significant correlation (p =—0.2143, P=0.6191, n=38).

Discussion
Early clone expansion remains a practical bottleneck in CHO cell line development because the static micro-

plate conditions used during single-cell cloning differ substantially from the dynamic suspension environments
required during later scale-up and production [5, 6, 15, 16]. In this study, pneumatic microplate mixing improved
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Fig. 5 Integrated pneumatic-mixing SCC workflow improves clone expansion and downstream antibody production. (a)
Scheme of the integrated SCC workflow comparing pneumatic-mixing expansion with conventional static expansion. After
single-cell cloning in 384-well plates, clones were advanced through 96-well and 24-well screening based on relative titer,
with 96 clones entering 96-well screening, 24 advancing to 24-well expansion, and the top 8 advanced to suspension adapta-
tion and fed-batch production. Pneumatic mixing cultures progressed directly from 24-well mixing culture to shake-flask
adaptation, whereas static cultures underwent an additional 6-well stage before suspension adaptation. (b) Relative titer
of clones after 4 days of culture in 96-well plates under static or pneumatic-mixing conditions. (¢) Viable cell density and
relative antibody titer after an additional 3 days of culture in 24-well plates. (d, e) Final fed-batch titer (d) and cell-specific
productivity (qP; e) after 14 days of production culture. Clones highlighted in the red box denote the three clones that con-
sistently remained among the highest-ranked performers across the 96-well, 24-well, and fed-batch stages. Titer values in
(b) and (c¢) represent relative FQUANT readouts used for clone ranking; final fed-batch titer in panel d represents absolute
antibody concentration (mg/L). Each dot represents one individual clone within the single SCC workflow campaign

early expansion, facilitated subsequent suspension adaptation, and shortened progression through the tested SCC
workflow while remaining compatible with standard microplate formats. These findings support the use of con-
trolled early-stage mixing as a workflow-engineering strategy for reducing the transition between static clone
outgrowth and later suspension culture.

The benchmark and engineering-characterization experiments established that pneumatic mixing could sup-
port growth behavior approaching that observed in shake-flask culture while providing tunable oxygen-trans-
fer performance in both 96- and 24-well formats. The & a measurements showed that oxygen-transfer capacity
could be modulated through mixing-cycle time and working volume. However, the present experiments were not
designed to determine whether static cultures were oxygen-transfer limited or whether increased oxygen transfer
was the principal mechanism underlying improved expansion. Pneumatic mixing may simultaneously influence
oxygen transfer, nutrient and metabolite distribution, cell suspension, and microscale concentration gradients,
and the relative contribution of these effects remains to be determined.

B BMC BMC Biotechnology



https://doi.org/10.1186/512896-026-01234-x Article in Press

The operational assessments also supported the feasibility of applying pneumatic mixing during the short
microplate-expansion stages used in this study. The evaporation experiment was intentionally conducted over 3
days because the pneumatic-mixing stages in the workflow lasted approximately 3—4 days. PBS was used as a
defined, cell-free surrogate to isolate physical volume loss associated with the incubation and mixing environ-
ment. Under these conditions, cumulative volume loss remained limited, although 24-well edge wells showed
somewhat greater evaporation than static-incubator controls. Absolute evaporation may nevertheless vary with
medium formulation and should be reassessed for substantially longer culture durations or different media sys-
tems. Similarly, corrected ODsos values remained below the detection threshold during both repeated lid opening
and 14 days of continuous mixing, supporting preservation of well isolation under the tested conditions.

No visible foaming or persistent bubble accumulation was observed during routine 96- or 24-well pneumatic-
mixing culture, and cell viability remained generally high. Nevertheless, dedicated quantitative measurements
of air-liquid interfacial stress, protein aggregation, or shear-associated cell damage were not performed. These
parameters should therefore be examined in future studies, particularly for extended operation, alternative
medium formulations, or more shear-sensitive cell lines.

The operating-window experiments further showed that the biological response depended on inoculation den-
sity, culture duration, and mixing intensity. Pneumatic mixing increased viable cell density most clearly at inter-
mediate-to-high starting densities, whereas stronger mixing at the highest density and longer culture duration was
associated with modest reductions in viability. These findings support the use of tunable mixing conditions rather
than a single universally optimal setting. The observed growth and titer trends also showed positive association
with shake-flask performance, although these correlations were based on a limited number of tested conditions
and should therefore be interpreted as preliminary indicators of cross-format alignment rather than precise esti-
mates of predictive performance.

The present comparisons demonstrate a benefit of introducing controlled mixing relative to static microplate
culture, but they do not establish that the biological effect is unique to pneumatic actuation. Part of the observed
advantage may arise more generally from maintaining cells in a dynamic, suspension-compatible environment
before transfer to conventional suspension culture. This distinction is important because alternative microscale
bioreactors and agitated microplate systems also improve mixing and mass transfer [11]. Pneumatic mixing dif-
fers operationally in that liquid circulation is generated within a stationary standard microplate, which may be
advantageous for early SCC workflows requiring compatibility with conventional plate handling, imaging, and
clone-tracking procedures. Direct comparison with alternative microplate-agitation approaches will be required
to determine which benefits are specific to the pneumatic mechanism.

The workflow studies suggest that improved early expansion translated into faster downstream progression. In
the single paired SCC campaign evaluated here, clones expanded under pneumatic mixing reached sufficient cell
density for direct transfer from 24-well culture to shake-flask adaptation, whereas static-derived clones required
an additional 6-well expansion stage to increase viable cell density and cell number before suspension transfer. As
a result, the pneumatic-mixing workflow progressed to suspension adaptation 3 days earlier and to the fed-batch
production stage 7 days earlier than the static workflow. Because these values derive from one independent SCC
campaign, they should be interpreted as workflow-specific observations rather than statistically established effect
sizes across independent CLD campaigns.

The additional 6-well stage in the static arm was therefore not an arbitrary experimental difference but a
practical consequence of insufficient expansion after static 24-well culture. Nevertheless, because the two arms
experienced different pre-adaptation histories, the downstream comparison remains a workflow-level comparison
rather than an isolated test of mixing intensity. Notably, even after the static arm received this additional expan-
sion period, the pneumatic-mixing workflow included four clones with final absolute titers and four clones with
gP values above the respective maxima observed in the static workflow, showing that higher downstream perfor-
mance was observed even after the static arm received an additional expansion period.

The clone-rank analysis further clarified the relationship between early screening and downstream perfor-
mance. Among the eight clones advanced to fed-batch production, 96-well relative titer was positively correlated
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with final fed-batch titer in the pneumatic-mixing workflow (Spearman’s p=0.7857, P=0.0279), while the
static workflow showed a weak negative, non-significant correlation (p = —0.4286, P=0.2992). At the 24-well
stage, the pneumatic-mixing workflow showed a positive correlation that did not reach statistical significance
(p=0.7143, P=0.0576), while the static workflow showed a weak negative, non-significant correlation (p =
—0.2143, P=0.6191). These data were consistent with greater preservation of clone ranking under the tested
pneumatic-mixing conditions; however, the workflow-specific correlation coefficients were not formally com-
pared, and the analysis was restricted to an enriched subset because the clones entering fed-batch production
had already been selected according to early relative titer. Therefore, the analysis does not establish predictive
accuracy across the original unscreened clone population.

The integrated production workflow was demonstrated using a single anti-PD-L1-producing CHO model, and
broader generalization will require validation across additional host backgrounds, recombinant molecules, media,
and production conditions. In addition, although the 96- and 24-well pneumatic-mixing formats were used in
separate experimental workflows in Figs. 4 and 5 and showed consistent qualitative behavior, a dedicated inter-
plate or inter-chamber reproducibility study with predefined quantitative acceptance criteria was not performed.
Such characterization will be important for future higher-throughput implementation.

Culture-process engineering represents one route to accelerating CLD, whereas complementary strategies act
directly on host-cell growth and production phenotypes through metabolic, transcriptional, or genetic engineer-
ing [17-20]. These approaches are complementary rather than competing and may ultimately be combined to
accelerate clone recovery, expansion, and downstream development.

Overall, the present study supports controlled pneumatic microplate mixing as a practical strategy to improve
early CHO clone expansion and reduce the discontinuity between static clone outgrowth and later suspension
culture. Its principal advantages in the tested workflow were improved early expansion and faster transition to
suspension culture, while the observed correlation pattern was consistent with greater preservation of clone rank-
ing among selected high-performing clones. Further validation across independent SCC campaigns, additional
production models, and alternative agitation technologies is needed to define the generalizability and mechanism
of these effects.

Conclusions

This study demonstrates that controlled pneumatic microplate mixing can improve the efficiency and continuity
of early CHO clone development. Across platform characterization, benchmark comparisons, operating-window
definition, clone-level validation, and an integrated SCC workflow demonstration, pneumatic mixing supported
stronger early expansion, facilitated suspension adaptation, and enabled earlier progression to production-rele-
vant stages. Among the selected clones advanced to production, the observed correlation pattern was consistent
with greater preservation of clone ranking under the tested pneumatic-mixing conditions. Future studies across
additional cell lines, molecules, media systems, and production modes will be needed to define the broader utility
of the approach. Overall, pneumatic microplate mixing provides a practical strategy to improve early CHO clone
expansion and reduce the discontinuity between static clone outgrowth and later suspension-based bioprocessing.
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