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A B S T R A C T

Sterile manufacturing (fill & finish) of biologic drug products involves critical operations like freezing/thaw-
ing, mixing, filtration, and filling. These processes must be well characterized to understand their impact on
product quality. While single-use systems offer efficiency and flexibility, they also introduce challenges
related to aseptic handling and material compatibility with biological formulations. For the unit operation
“mixing”, equipment configurations vary, each with distinct advantages and limitations. In this study, we
systematically compared the performance of two single-use mixing systems using drug substance bottles,
equipped with a top-mounted impeller (TMM), a novel bottom-mounted impeller (BMM), and a conven-
tional magnetic stirrer (MS). Mixing efficiency, measured by changes in conductivity reported as dissolution
time, was evaluated across scale-up parameters, including container size, fill volume, and impeller tip speed.
Dissolution time was dependent on mixer type and inversely correlated to tip speed and impeller diameter/
bottle diameter ratio. BMM and TMM showed consistently lower dissolution times and less challenges com-
pared to MS, which showed insufficient mixing quality for some configurations. Mechanical stress during
mixing was assessed using a model protein, with results corroborated through computational fluid dynamics
(CFD) simulations. Mechanical stress was dependent on mixer type and fill volume and lead to adverse prod-
uct quality impact of the model protein, which became less pronounced with higher fill volume. The adverse
impact on product quality was generally higher and more variable when using the MS than with the BMM.
These findings provide formulation and process development scientists with data-driven guidance for select-
ing appropriate mixing technologies for biologic drug manufacturing and scaling-up processes.

© 2026 The Authors. Published by Elsevier Inc. on behalf of American Pharmacists Association®. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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Introduction

Single-use (disposable) bioprocessing materials are routinely used
for manufacturing across biopharmaceutical industry. Integration of
such systems across various stages of biopharmaceutical production,
particularly in fill-finish operations, offer several advantages. These
include the elimination of cleaning and sterilization-in-place proce-
dures and their associated validation, reduced risk of cross-
contamination, and enhanced operational flexibility through plug-
and-play capabilities that may enable faster batch changeovers and
hence, prolonged production times.1 Multi-use materials, with stain-
less steel being often traditionally used, bears some additional disad-
vantages compared to single-use systems such as potential
interaction of the material/formulation with metal surfaces, including
potential risk of metal leachables or subsequent oxidation risks.2

However, disposable systems also present challenges. They must
undergo rigorous evaluation to meet regulatory requirements,
including extractables/leachables, and potential contaminations such
as by endotoxin and particulate must be minimized and controlled.
Furthermore, their functionality, product compatibility, and integrity
must be thoroughly assessed and validated.1 However, single-use
materials contribute significantly to contaminated (plastic) waste,
hence options for circularity in its use or alternative materials are
required.3

Sterile drug product manufacturing (fill & finish) of biological drug
products involves multiple unit operations, typically comprising
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thawing (of drug substance), pooling, potentially final formulation/
dilution, homogenization (mixing) in mixing vessels or containers,
(bioburden reduction and sterile) filtration, filling, stopper setting,
possibly capping, and visual inspection as well as AQL (acceptable
quality level) inspection. Each of these unit operations’ process
parameters must be characterized and their impact on critical quality
attributes (CQAs) must be assessed.4

Mixing is a critical unit operation. It may include dissolution of
formulation excipients, and/or pooling of different final or partially
formulated drug substance solutions followed by mixing in a respec-
tive container. Mixing needs to ensure homogeneity of the com-
pounded material (solution) by eliminating any potential gradients of
concentrations of any component (excipient or active substance(s)) -
whilst maintaining product quality. Optimal mixing processes target
a homogenous mixture at minimal process time, causing minimal
mechanical stresses to the product with no or negligible product
quality impact. For example, different mixer types such as Rushton
turbines, pitched-blade impellers, and marine-blade impellers can
generate different mechanical stress, depending on their design.5 Rel-
evant testing of mixing hence includes both the homogeneity (e.g., by
testing a surrogate parameter like API, excipient concentration or
osmolality) as well as potentially impacted CQAs. For biologics such
as antibodies or recombinant proteins, this typically includes protein
content (concentration), aggregates (oligomers/multimers), (protein-
aceous) precipitation (visible and sub-visible particles, possibly sub-
micron particles) and turbidity/opalescence.6

Nakach et al. assessed mixing time by systematically varying stir-
rer speed, fill volume, and mixing duration by using a NaCl surrogate
solution. They also investigated the impact of mechanical stress dur-
ing mixing, using an IgG1 monoclonal antibody formulation in square
disposable vessels (Levmixer� systems from Sartorius Stedim) at
multiple scales (4−650 L). They established a correlation for mixing
time under turbulent flow, showing that mixing time decreases with
increasing rotation speed and that, at high Reynolds numbers, the
product of mixing time and rotation speed remains mostly constant.
However, for a given vessel, mixing time increased with increasing
filling volume. To assess potential protein degradation, a lab-scale
stress test was conducted under corresponding turbulent stress but
extended mixing duration (4 h). No impact on product quality,
including increase of protein aggregates, subvisible and submicron
particles, changes in protein concentration, and osmolality, were
reported, and a large-scale verification run under worst-case indus-
trial conditions confirmed these findings.4

Gikanga et al. investigated four different bottom-mounted mixers
and evaluated how their mechanism and design impacted drug prod-
uct quality using a monoclonal antibody formulation. They assessed
changes in product quality by measuring size variants (high molecu-
lar weight formation), particle counts, and turbidity, as well as exam-
ining the effect on process performance, particularly sterile filtration
after mixing (filter clogging due to proteinaceous particles). The
study found that mixers designed to operate without physical contact
between the impeller and the bearing, such as those with magnetic
levitation, were the most favorable, resulting in fewer particles. In
contrast, mixers with contact or narrow clearances between the
impeller and bearing had increased particle counts, whilst no protein
aggregation or fragmentation was detected by other methods. The
authors speculated that the particles were generated due to the con-
tact between the bearing and the impeller. Subsequently, they fur-
ther developed a small-scale screening model using two types of
magnetic stir bars, one representing contact and the other non-con-
tact, which validated their hypothesis about the impact of contact of
bearing and impeller on particle formation with less particles gener-
ated for the magnetic stirrer with less contact.7

Gikanga et al. elucidated the mechanistic pathways underlying
particle formation in mAb formulations during mixing processes
employing specific types of BMM, presented in a comprehensive
review.8 Lysozyme inactivation and aggregation in a stirred-reactor
(top-mounted Rushton turbine) was evaluated by Colombi�e et al.
They found the inactivation kinetics to follow a first order kinetic (for
concentrations between 0.1 and 0.8 mg/mL), for a set of stirring speed
range, whereas they detected that the inactivation constant is pro-
portional to the power input by the impeller.9

Hydrodynamic conditions in biologic processing systems have
been increasingly assessed by using computational fluid dynamics
(CFD) to evaluate the potential impact on protein stability. Ladner et
al. assessed shear induced by bottom-mounted magnetic stirrers in
monoclonal antibody formulations using flow-analysis, created by
CFD. They evaluated local shear exposure, as well as the pathway of
fluid through critical mixer regions, whereas they found that mixer
designs minimizing physical contact between moving components,
reduced particle formation and improved product quality.10 Kreit-
mayer et al. has shown CFD-based and experimental data assessing a
single-use bioreactor, evaluating mixing time, flow behavior, vortex
formation, turbulence dissipation and hydrodynamic stress for differ-
ent operating conditions. They were able to characterize mixing
behavior, namely vortex formation and local stress environments in
single-use systems with non-classical geometries.11 However, hydro-
dynamic parameters, as well as shear stress simulations, are not suffi-
cient for explaining protein instability, as this is a interaction of
multiple stress mechanisms, typically referred to as ’mechanical
stress’.12 Therefore, there is a need to complement CFD-based charac-
terization with experimental assessments such as particulate matter
to analyze the impact of mixing systems on protein stability11

With new single-use mixing systems becoming available, the cur-
rent challenges and limitations of different mixing systems need to
be assessed. In the present study, we compared the mixing perfor-
mance and mechanical stress and its impact on product (surrogate)
quality of different single-use systems in bottle configurations, a top-
mounted mixer (TMM), a novel bottom-mounted mixer (BMM), and
a standard magnetic stirrer (MS). Mixing performance was assessed
by dissolving sodium chloride (NaCl) in water and monitoring con-
ductivity for a variety of bottle sizes, fill volumes, and process param-
eters. Differences in mechanical stress resulting from mixing and its
impact on product quality were evaluated using a lysozyme surrogate
solution. Enzyme inactivation rates and precipitation were assessed
depending on the mixers’ dimensional characteristics, fill volume
and rotational speed. To elucidate significant process parameters for
mixing performance and mechanical stress, experimental results
were fitted with multilinear models. Experimental findings from the
mixing performance and mechanical stress testing study were fur-
ther complemented using CFD simulations.

Materials and methods

Material

Mixer set-up
A bottom-mounted mixer (BMM) and top-mounted (TMM) mixer

(M4SB and M4ST from the Mixed4SureTM line, SaniSure, Camarillo,
CA) were compared to a magnetic stirrer (MS) in a PharmaTainerTM
set-up (SaniSure, Camarillo, CA) in the 0.5, 2, 5, and 20 L format,
whereas for the TMM only 5 and 20 L configurations exist, which
were tested. For all mixers, bottles were available of either polycar-
bonate (PC) or polyethylene terephthalate (PET). Mechanical stress
tests used only PC bottles, while mixing performance tests employed
either PC or PET bottles.

As seen in Fig. 1, the BMM consists of a four-blade impeller (mix-
ing head), which is centrally mounted and coupled via a shaft bear-
ing, and the impeller is made to operate in a range of 200−600 rpm.
The TMM features a large, bar-style impeller, including a baffle. The
MS was a cylindrical stir bar with rounded ends without a ring. The
bottle’s main body is roughly rectangular with four rounded corners,



Fig. 1. Real-life pictures of mixers and corresponding schematic pictures of the tested bottles in their corresponding set-up. From left to right: (A) Magnetic stirrer in a
PharmaTainerTM, (B) bottom mounted mixer (Mixed4SureTM, M4SB) and (C) top mounted mixer (Mixed4SureTM, M4ST).
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tapering to a circular neck. The mixers themselves were all magneti-
cally coupled with suspended mixing devices. All experiments were
executed on a magnetic stirrer plate (IKA RET basic, Staufen DE), with
the function to set the speed (in 5 rpm intervals) and the temperature
(with one decimal place as precision for settings).

Surrogate solutions
Mixing performance experiments were executed by adding 10 g

sodium chloride ≥ 99.0 %(NaCl) (Sigma Aldrich, St. Louis, MO) to 1 L
Milli-Q water.

Product quality assessments of a model protein following
mechanical stress testing was performed using a lysozyme (Thermo
Scientific, Waltham, MA) solution at a concentration of 0.1 mg/mL.
The model protein was chosen due to its known sensitivity towards
mechanical stress, following lysozyme inactivation. Lysozyme was
formulated in a surrogate solution consisting of a 0.1 M phosphate
buffer pH 6.2 (NaH2PO4 H2O and Na2HPO4 from Merck, Darmstadt,
DE), with the addition of 0.04 % Polysorbate 80 (PS80) (J.T. Baker, Rad-
nor, PA), based on Colombi�e et al., who tested lysozyme inactivation
in a stirred-reactor.9

Methods

Mixing performance

Mixing performance was evaluated as summarized in Table 1,
where we tested three different mixers: BMM, MS and TMM in four
different bottles with different nominal fill, fill volumes, and at differ-
ent speeds. Table 1 further lists fill volume to nominal fill volume
ratio, the tip speed (p * impeller diameter * rotational speed), and the
dimension of the impeller and the bottle, respectively. The tip speed
is defined as the tangential velocity of the impeller at the tip and it is
a function of RPM and diameter of the impeller.13 As the vessels are
not cylindrical but identical in geometry, an equivalent diameter was
used as an approximation to enable the calculation of characteristic
mixing parameters. All bottle dimension parameters are listed in the
supplement, in Table S1.

It is important to note that the minimal fill volume for the BMM
does not fully submerge the mixer head, while minimal fill volume
for the MS and TMM were always setup in a way that the mixer
remained fully submerged. As the minimal fill volume for TMM was
higher than for BMM, BMM and MS, setups with the minimal fill vol-
ume considering the TMM were also evaluated. The level of submer-
gence can be seen in Fig. 2.

Mixing performance was evaluated assessing the dissolution of
NaCl, by monitoring the (increase in) conductivity, as a function of
time. NaCl was added into a defined amount of water yielding a con-
centration of 10 g/L of NaCl, using a funnel. To monitor the dissolu-
tion process of the NaCl (until no visible traces of NaCl remained and
conductivity remained stable), conductivity was recorded every 10 s
using the conductivity probe InLab 731 − ISM, four-pole graphite
cell, with integrated temperature sensor (Mettler Toledo, Columbus,
OH), which was calibrated before each use. A 10 s sampling interval
was selected because mixing and dissolution occurred on the scale of
several minutes, ensuring that all relevant changes in conductivity
were appropriately captured. Temperature was reported between
21 °C and 25.5 °C. The conductivity probe was positioned close to the
bottle wall and in the upper region of the working volume, with the
sensing element fully submerged but placed as far as possible from
the impeller. This location was selected to minimize flow disturbance



Table 1
Mixer test set-ups for mixing performance studies.

Mixer Nominal fill [L] Fill volume [L] Rotational speed [rpm] Tip speed [m/s] Bottle diameter [mm] Impeller diameter [mm] Impeller height [mm]

BMM 0.5 0.1/0.25/0.5 200/600 0.3/1.0 86.0 31.8 23.6
2 0.25/1/2 136.3
5 0.43/2.5/5 0.5/1.5 186.5 48.3 36.3
20 1.12/10/20 273.2

MS 0.5 0.1/0.5 0.3/1.0 86.0 30.3 6.04
2 0.25/2 136.3
5 0.43/5 0.5/1.5 186.5 50.8 10.0
20 1.12/20 273.2

TMM 5 1.5/5 130/400 186.5 76.2 25.4
20 4.5/20 80/240 273.2 127.0

Three different mixer types were compared: Magnetic stirrer (MS) vs. bottom-mounted mixer (BMM) vs. top-mounted mixer (TMM), in four different bottles sizes with nominal fill
volumes between 0.5 and 20 L, at different fill volumes/fill volume/nominal fill volume ratios, and at different speed (rpm) and tip speed (m/s), respectively. Dimensions of the bot-
tle, as well as from the impeller are listed. The mixing performance was evaluated using minimal and maximal fill volume (additionally mid-fill volume for BMM) as well as mini-
mum and maximum rotational/tip speed. The minimal fill volume tested was based on recommendations by the supplier. Rotational speed was adjusted to have comparable values
of tip speed, which was calculated as the product of impeller diameter, rotational speed and p. Bottle dimensions and calculated parameters used for further analysis can be found
in the Supplement, Table S1.

Fig. 2. Experimental design for assessing mechanical stress for different mixers including bottom mounted mixer (BMM), magnetic stirrer (MS) and top mounted mixer (TMM). (A)
Tip speed = 1.0 m/s and (B) 1.6 m/s (2.4 m/s for TMM). For configuration (A) 1−5 the following minimal fill volumes were used: (A1, A2) 0.05 L; (A3) 0.123 L; (A4, A5) 0.217 L. For
configurations (B) 1−5 the following minimal fill volumes were used: (B1, B2) 0.217 L; (B3, B4, B5) 1.5 L corresponding to the minimal fill volume of the TMM.
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caused by the probe itself and to capture the region where concentra-
tion changes were expected to occur last (worst case). The probe was
mounted in a fixed vertical orientation throughout all experiments.
The dissolution time was defined as the time at which the conductiv-
ity signal first entered and subsequently remained within § 5 % of its
final steady-state value. This criterion was applied separately to each
individual experimental trace, as described by Nienow et al.14 A sche-
matic of the experimental design can be seen in the supplement, in
Fig. S1.

Mechanical stress testing

Table 2 shows the set-ups which were assessed to evaluate the
mechanical stress and its impact on product quality in different mixer
types. We evaluated three different mixers: BMM, MS and TMM in
three different bottle sizes, with different fill volumes and at different
rotational speeds. Additionally, the tip speed (calculated from impel-
ler diameter and rotational speed) and the bottle, respectively impel-
ler, dimensions are listed. As the vessels are not cylindrical but
identical in geometry, an equivalent diameter was used as an approx-
imation to enable the calculation of characteristic mixing parameters.
The setup of the experiments, including the level of impeller submer-
gence, are displayed in Fig. 2.

To assess the differences in mechanical stress generated by differ-
ent mixer types, 0.1 mg/mL lysozyme was used as a model protein, in
a formulation buffer containing 0.04 % polysorbate 80. The formula-
tion was filled into the bottle, which was placed on a magnetic stirrer
plate and heated to 72 § 2 °C, based on the study of Colombi�e et al.9

To note, local temperature fields for each mixer type were not mea-
sured. While the bulk fluid was maintained at 72§ 2 °C and no signif-
icant thermal gradients were expected, we acknowledge that local
variations may exist. This assumption of nominally isothermal



Table 2
Mixer set-ups for mechanical stress testing.

Mixer Nominal fill [L] Fill volume [L] Rotational speed [rpm] Tip speed [m/s] Bottle diameter [mm] Impeller diameter [mm] Impeller height [mm]

BMM 0.5 0.05 600 1.0 86.0 31.8 23.6
MS 30.3 6.0
BMM 2 0.123 136.3 31.8 23.6
TMM 5 1.5 2.4 186.5 76.2 25.4
BMM 1.6 48.3 36.3
MS 50.8 10.0
BMM 0.217 48.3 36.3
MS 50.8 10.0
BMM 400 1.0 48.3 36.3
MS 50.8 10.0

Three different mixer types were compared to each other: Magnetic stirrer (MS) vs. bottom-mounted mixer (BMM) vs. top-mounted mixer (TMM in three different bottles sizes
(0.5 vs. 2 vs. 5 L). Mechanical stress was evaluated using minimal fill volume and maximal rotational speed. The dimensions of bottles and impellers are listed, as well as tip speed,
which is calculated from impeller diameter and rotational speed. Bottle dimensions and calculated parameters used for further analysis can be found in the Supplement, Table S1.
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conditions needs to be considered when interpreting the relative
effects of different mixing configurations. Once the temperature was
reached, the mixing process was started, and the experiment was
performed for a period of four hours. Twelve samples were taken
over four hours, by using a long stainless needle and a one milliliter
syringe. Fill volume was adjusted prior to the experiment, by consid-
ering sampling volume, to never fall below the minimal volume (as
specified by the manufacturer) for each mixer. A control setup was
done in the PharmaTainerTM, replicating each experimental condition
and processed under identical conditions, but without agitation. The
mean of three replicate control setups was used as the final control
value. The samples were stored at 2 − 8 °C in crimped 2R glass vials
until measuring the concentration, purity, and activity of lysozyme.
Stability of the samples until time of analysis was verified with refer-
ences stored in the same manner.

Concentration and purity measurements (for mechanical stress testing
experiments)

The concentration and purity of lysozyme in the formulation after
mechanical stress testing was determined with high-performance
liquid chromatography (HPLC) (Agilent 1200, Santa Clara, CA) using a
reverse-phase (RP) column (XBridge Peptide BEH C18 Column)
(Waters, Milford, MA). The previously established method of Liao et
al. was used, where a 50 mL sample of the enzyme solution was
applied to the C18 column, which was set to 25 °C and eluted at a
flow rate of 0.5 mL/min.15 A gradient of acetonitrile (ACN) (0.1 % tri-
fluoroacetic acid, TFA) in water, using the procedure described by
Liao et al. was applied and the concentration was detected at a wave-
length of 220 nm.15 A calibration curve was run with every sequence,
using concentrations from the limit of detection (LOD) up to 1 mg/
mL. Remaining lysozyme concentration in the samples was calculated
by using the calibration curve. As described by Colombi�e et al., the
inactivation rate of lysozyme in a mixer follows first-order kinetics.9

Therefore, the collected concentration data for each setup were trans-
formed to a logarithmic scale, and the slope of the linear fit was con-
sidered as the inactivation rate for the corresponding setup. Purity
was assessed by integrating areas (A) of pre- and post-peaks relative
to the total chromatographic area. In addition, the fraction of protein
precipitated was calculated as 1 − (A total, 4h/A total,0) and all solutions
were visually inspected for particles. Precipitated fraction of the pro-
tein was fitted against the inactivation rate with a single-phase expo-
nential saturation model, constrained to reach the maximum
inactivation rate at full precipitation.

Protein activity measurements (for mechanical stress testing
experiments)

Lysozyme activity was defined as the ability to decrease the absor-
bance at 450 nm by 0.001 per minute during the catalytic hydrolysis
of a 2 mg/mL Micrococcus lysodeikticus suspension. This reaction was
conducted at 37 °C in a 0.1 M phosphate buffer (pH 6.2). The
EnzCheckTM assay (Thermo fisher Scientific, Waltham, MA) was used,
which involved preparing a DQ lysozyme substrate and creating dilu-
tions of known lysozyme concentrations within the range of 1
−15.9 U. The mixtures were incubated at 37 °C for 30 min, protected
from light. Fluorescence was measured using a SpectraMax iD5 plate
reader (Molecular Devices, San Jose, CA) at an excitation/emission
wavelength of 485/530 nm. Lysozyme activity was calculated by
using the calibration curve adjusted for the dilution factor.

Statistical analysis

Data analysis was performed using JMP 18.0.0 (Cary, NC). For both
the mixing performance and mechanical stress experiments, multiple
linear regression models were built using the Fit Model platform. The
relevant response variables were treated as interdependent variables,
and the input parameters as independent variables. Interaction terms
were initially included to assess potential parameter interactions, but
were removed if found non-significant to improve model fit. Model
performance was evaluated using 5-fold cross-validation. To mini-
mize multicollinearity, Variance Inflation Factors (VIF) were moni-
tored (targeting VIF < 5), and parameters were selected accordingly.
All graphs were generated using OriginPro 2023 (Northampton, MA).

To identify significant parameters influencing mixing perfor-
mance, a regression model was created with dissolution time as the
response variable. The following parameters were included as predic-
tors: mixer type, nominal fill, fill volume, fill volume-to-nominal fill
ratio, tip speed (p £ impeller diameter £ rotational speed), and dim-

peller/Dbottle ratio (impeller diameter divided by bottle diameter).
Mixer type and bottle size/nominal fill were treated as categorical
variables; all other variables were continuous.

A square root transformation was applied to the dissolution time
to reflect the diffusion-controlled nature of the process, consistent
with the Noyes-Whitney equation (Eq. (1)):

dm
dt

¼ A � D
l
� Cs � Cbð Þ ð1Þ

With dm/dt is the solute dissolution rate (kg*s�1), m the mass of dis-
solved material (kg), t the dissolution time (s), A the surface area of
the solute particle (m2), D the diffusion coefficient (m2*s�1), l the
thickness of concentration gradient (m), Cs the surface saturated con-
centration of solute particle (kg/mol*L�1) and Cb the concentration in
the bulk solution (kg/mol*L�1).16

For the mechanical stress experiments, a separate regression
model was developed to evaluate factors influencing the lysozyme
inactivation rate. The same set of parameters was used as predictors
as for the previous model. Given that inactivation under mechanical
stress is often influenced by hydrodynamic forces in a nonlinear fash-
ion, a reciprocal transformation was applied to the inactivation rate
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to linearize the relationship. This approach is analogous to classical
enzyme kinetics (e.g., the Lineweaver−Burk plot), where reciprocal
transformations are used to represent inverse relationships between
reaction rate and substrate concentration.17

Computational fluid dynamics (CFD) simulations

CFD simulations were performed using the SolidWorks Flow Simu-
lation software, Professional 2023 SP4.0 with Flow Simulation 2023
SP4.0 (Dassault Syst�emes, Waltham, MA) analyzing (shear) dynamics
in the mixing systems. The computational domain consists of the
entire internal volume of the bottle, including the liquid and air
phases. The model integrated a liquid domain representing water
and a free-surface air boundary to capture surface interactions. To
simplify the simulations, water was modeled at 21 °C (viscosity:
0.001002 Pa¢s, density: 998.2 kg/m3), with gravity applied at
−9.81 m/s2 in the negative z-direction. Standard atmospheric condi-
tions were used; all walls were defined as adiabatic with no-slip
boundary conditions.

Transient simulations were run with a base time step of 0.02 s.
Adaptive time-stepping was used to maintain numerical stability.
Simulations were evaluated at 30 s, which refers to the simulated
physical time. This duration was selected as a fully developed vortex
was established within this time, and extending simulations beyond
30 s did not result in further qualitative changes in flow structure.
The mesh was a Cartesian grid with adaptive refinement, typically
consisting of » 50,000 elements. This cell count refers to the entire
internal domain (air and liquid), with local mesh refinement applied
to the fluid region and the impeller vicinity. Higher mesh densities
were evaluated but introduced numerical instability without improv-
ing accuracy. Mesh refinement studies were conducted over a range
of approximately 4000 to 100,000 cells; finer meshes frequently led
to solver instability or crashes, and the final mesh density was
selected as a balance between numerical stability and result robust-
ness. SolidWorks does not output detailed mesh quality metrics, but
the grid strategy aligned with best practices for this system type. Tur-
bulence was modeled using the standard k−e model with 2% turbu-
lence intensity and a characteristic length scale of 0.0686 in. The
same turbulence model and parameters were applied consistently
across all simulated cases; solver settings were not varied between
configurations. Convergence was achieved when residuals stabilized
within 10⁻⁵ to 10⁻⁶, as defined by the solver. In addition, key output
quantities exhibited stable plateau behavior over time.

The key output parameter evaluated from the CFD simulations
was shear stress (Pa), representing the force exerted per unit area
within the fluid. Post-processing outputs included shear distributions
visualized as color-mapped contour plots, and velocity vector fields
illustrating flow patterns and mixing dynamics within the fluid
domain. Rotating components were handled using a local rotating
reference frame, which provides time-averaged solutions for impel-
ler-driven flows. We used a RANS (Reynolds-Averaged Navier
−Stokes) turbulence model, which efficiently captures mean flow
patterns and shows shear characteristics underlining our studies. As
RANS resolves only averaged fields, detailed turbulent structures and
fluctuation related quantities are not directly represented. We there-
fore show results which characterize large-scale mixing behavior
rather than fully resolved turbulence, which we deem appropriate to
compare the data generated in this work. To assess the flow regime
and support interpretation of CFD results, Reynolds numbers were
calculated for each mixing condition. Reynolds numbers were calcu-
lated using the standard stirred-tank formulation and shall be seen
as comparative indicators of flow intensity. Because the bottle geom-
etry and impeller designs differ from classical cylindrical vessels, the
absolute regime boundaries (laminar vs. turbulent) should be inter-
preted with caution. In this context, we intend that Reynolds number
primarily serves to support relative comparisons between operating
conditions regarding the same system rather than defining precise
flow regimes. In general, the Reynolds number (Re), is a dimension-
less parameter commonly used to characterize fluid flow, and the
extended version of Re for impellers (Reimp) is defined as the following
equation (Eq. (2)):

Reimp ¼ r � N � D2

m
ð2Þ

Where r is density of the liquid (water for simplicity
purposes = 1000 kg/m3), N the speed of the impeller, D the diameter
of the impeller and m the viscosity of the fluid under mixing opera-
tion (water for simplicity purposes = 0.001 Pa*s). Reimp < 10 indicates
a laminar flow pattern and Reimp > 104, turbulent flow and everything
in between a transitional flow pattern.13
Results

We established experimental setups to assess mixing perfor-
mance and mechanical stress in three different single-use mixers,
magnetic stirrer (MS) in a single-use PharmaTainerTM, a bottom-
mounted mixer (BMM), and a top mounted mixer (TMM) in different
configurations. CFD simulations were additionally performed to sup-
port our findings.

Mixing performance

Mixing performance of the three mixers was evaluated by assess-
ing dissolution times of dissolving solid sodium chloride in water.
The dissolution time was defined as the point at which the conductiv-
ity signal stabilized within §5 %, as this was the range where the sig-
nal consistently leveled off. An example of mixing performance
results is shown in Fig. 3, illustrating the minimal fill volume for the
5 L and maximal fill volume for the 20 L, which are the configurations
available for all three mixer types, highlighting dissolution times
under two extremes: minimal fill volume with maximal impeller tip
speed, and maximal fill volume with minimal tip speed. The shown
graph represents the averaged signal across three replicates and is
only included for visualization purpose; the reported dissolution
times were calculated individually from each replicate and then aver-
aged. Fig. 3 (A) shows that BMM and TMM exhibit faster dissolution
times for the conditions tested compared to the MS, additionally, it is
notable that the MS consistently shows higher standard deviations
considering the replicates (n = 3). When looking at the 20 L bottle
configuration (Fig. 3 (B)), BMM and TMM exhibit faster dissolution
times than the MS, whereas the TMM shows a slightly steeper
increase. The MS with maximal fill volume and minimal tip speed,
shows no change in conductivity, which means not reaching the pla-
teau that typically indicates complete dissolution of the entire
amount of NaCl. This means that in this configuration, for the same
dimension of the impeller and therefore tip speed as BMM, the MS
does not sufficiently agitate the entire fill volume and therefore was
not able to dissolve the NaCl under the test conditions during the
tested time. Another mixing issue was observed with the 2 L MS bot-
tle (lower speed = 200 rpm), where the magnetic stirrer lacked suffi-
cient power to agitate the entire volume, as also reflected in the data
of Fig. S2, in the supplement. As a result, in the magnetic stirrer con-
figuration, the conductivity probe registered values approximately
twice the expected fully mixed conductivity. This elevated signal is
attributable to the probe sampling a locally concentrated region
caused by limited upward convective transport and transient density
stratification, rather than reflecting the global salt concentration in
the vessel.

For the tested configuration as provided in Table 1, individual
results of mixing performance are summarized in the supplement in
Table S2. Based on these data, we have generated a statistical model



Fig. 3. Conductivity as a function of dissolution time of dissolving sodium chloride in water in the 5 L and 20 L container size for the two single-use mixing systems bottommounted
mixer (BMM) and top mounted mixer (TMM), as well as for the magnetic stirrer (MS). (A) 5 L bottle filled with minimal fill volume (0.217 L for BMM/MS and 1.5 L for TMM) at maxi-
mal tip speed (1.5 m/s) (B) 20 L bottle filled with maximal fill volume (20 L) at minimal tip speed (0.5 m/s). The dissolution time as indicated by vertical dashed lines is defined
within a 5 % stabilization of the conductivity value. Conductivity was reported every 10 s; the error bands show the standard deviations of three runs. *The tested amount of NaCl
did not dissolve when mixing with the magnetic stirrer at low speed in the 20 L bottle. The mixing was insufficient as a small vortex above the mixer formed (schematic representa-
tion in graph).

Fig. 4. Multiple linear regression fit applied to the mixing performance data, showing
an R2 value of 0.84 and a p value < 0.0001. The figure illustrates the model fit to the
generated dataset and is included for visualization purposes (not for prediction of
physical parameters).
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for mixing performance using multiple linear regression analysis to
assess the statistically significant parameters. The statistical model
was generated using the JMP software, with dissolution time as
response variable. To avoid multicollinearity and improve model fit,
some parameters were excluded from the model, as described in the
method section. Mixer type, fill volume-to-nominal fill ratio, tip
speed, dimpeller/Dbottle, and their interactions were retained in the
final model based on their contribution to model performance, even
if not all were statistically significant. The final model was achieved
with an R2 of 0.84 and a significance of < 0.0001, as seen in Fig. 4. For
the cross-validated R2 a value of 0.81 was determined, indicating a
strong predictive performance also beyond the data obtained.

The results indicate that the mixer type (only BMM being signifi-
cant), tip speed and dimpeller/Dbottle ratio exert a statistically signifi-
cant effect on mixing performance, as seen in Table 3. Analysis of
variance (ANOVA) revealed significant differences among group
means (p < 0.05), confirming the influence of these factors. The
absence of a statistically significant effect for MS and TMM may be
attributed to the limited number of observations resulting from the
experimental design: BMM was tested at three fill volumes (mini-
mum, medium, and maximum), whereas MS and TMM were evalu-
ated only at the minimum and maximum levels. Additionally, TMM
was only available in large-volume configurations, further restricting
data variability and reducing the model’s ability to reliably estimate
its effect.

Fig. 5 illustrates the dependence of statistically relevant parame-
ters on dissolution time for each mixer. It should be noted that the
TMM can only be applied for larger volumes, exceeding the smaller
volume that were tested of the corresponding configurations for the
MS and BMM stating a limitation for the TMM. We found that for all
mixers and configurations, an increasing tip speed resulted in a sig-
nificant reduction in dissoltion time. A similar inverse relationship
was observed for the dimpeller/Dbottle ratio, with larger impellers
(higher d/D) corresponding to shorter dissolution times. When com-
paring mixers at equivalent tip speeds, the BMM consistently exhib-
ited superior mixing performance, evidenced by shorter dissolution
times, relative to the MS across all tested conditions. Compared to
the BMM, the TMM achieved similar dissolution times; however, at a
tip speed of 0.53 m/s, the TMM showed more consistent dissolution
times, indicating a more consistent performance. The dissolution
times depending on tip speed when comparing MS to BMM, reduced
on average by 42 %, with individual reductions ranging from 19 to
68 %. Whereas when comparing MS to TMM we have seen a reduc-
tion of 58 %, reductions ranging from 29 to 87 %. Regarding the influ-
ence of dimpeller/Dbottle on dissolution time, the BMM again
outperformed the MS and, in this context, also the TMM. While the
mean dissolution times for the BMM and TMM in this context were
comparable, impellers with larger dimpeller/Dbottle ratios exhibited
reduced variability, particularly when looking at the two configura-
tions (5 L and 20 L nominal fill), available for all mixers. Whereas, the
dissolution times when comparing MS to BMM, reduced on average
by 32 %, with individual reductions ranging from 13 to 54 %.

Mechanical stress testing

Product quality was assessed after mixing using lysozyme as a
model protein, which was subjected to stirring at 72 °C, and by moni-
toring residual protein concentration in solution. The temperature



Fig. 5. Dissolution time for bottom mounted mixer (BMM), magnetic stirrer (MS) and top mounted mixer (TMM), for all tested configurations, depending on tip speed and dimpeller/
Dbottle ratio, split into different mixers and shown as box plots (A − F). The box plots were created with 25 − 75 % quartiles and additionally show: the ranges within a 1.5 lQR, a
median line −, the mean shown as a squares and outliers. Outliers are determined using the 1.5 IQR rule, whereas data points below Q1 − 1.5 IQR or above Q3 + 1.5 IQR are consid-
ered mild outliers presented as a circle and everything beyond are extreme outliers displayed as a diamond shape.

Table 3
Results of a multiple linear regression analysis to assess the statistically significant parameters on mixing performance.

Predictor Estimate Std. error p value Significance

Mixer type [BMM] �5.13 0.80 <.0001 ***
Mixer [MS] �0.52 0.82 0.5285 -
Fill volume ratio �1.06 1.19 0.3788 -
d/D �56.35 7.50 <.0001 ***
Tip speed �11.80 0.95 <.0001 ***
Fill volume ratio * d/D 10.12 13.32 0.4521 -
Fill volume ratio * tip speed �4.56 2.36 0.0610 -
d/D * tip speed �9.82 10.00 0.3321 -

The estimate represents the regression coefficient for each predictor, whereas the standard error reflects the precision of the estimate. The parameters with a p value ≤ 0.05 are con-
sidered statistically significant. The level of significance is shown in the last column, indicated by stars: p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).
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was chosen according to a study conducted by Colombi�e et al. as lyso-
zyme is known to be sensitive to mixing at that temperature.9 An
identically processed control setup was included to show the effect
of the thermal stress without agitation (mixing). Since lysozyme inac-
tivation under these conditions follows first-order kinetics,9 concen-
tration data were logarithmically transformed (natural log) and
plotted against process time. The inactivation rate was then deter-
mined from the slope of the resulting linear fit. Concentration meas-
urements were chosen because similar results for inactivation rate
obtained from activity measurements exhibited higher standard
deviations, reflecting the variability of this assay. A correlation
between inactivation rates determined by concentration measure-
ments and those based on activity can be observed in the supple-
ment, in Fig. S4.

Fig. 6 shows the inactivation rate for the different bottles at vary-
ing nominal fill volume, actual fill volume, and the tip speed. The
results show that with an increase in fill volume, the inactivation rate
decreases. At higher mixing volumes like 1.5 L fill volume in a 5 L bot-
tle there were no relevant differences between the mixers, nor to the
control, which exhibited minimal inactivation of the model protein
over the tested period, as seen. When comparing the mixers, we
found that for comparable setups of the BMM and MS, especially at
lower volumes the BMM shows lower inactivation rates than the MS
setups in all cases.

Similar results were obtained when assessing protein purity by
visual inspection and HPLC analysis. For all setups with the highest
fill volume, no particles were observed. However, for all remaining
MS configurations, visible particles were detected. For the BMM, visi-
ble particles were observed as well but to a much smaller extent. Pre-
cipitation was estimated by calculating the fraction of protein
remaining at the end of the experiment. A correlation between the
inactivation rate and the precipitated protein fraction is shown in
Fig. 7 with the raw data in Table S3, in the supplement. following the
trends observed for lysozyme inactivation rate (Fig. 6).

In addition, lysozyme purity was monitored by HPLC throughout
the process, and chromatograms from multiple time points over the
four hour period were analyzed for the appearance of new peaks or
other changes indicative of structural changes or degradation prod-
ucts. Representative chromatogram are provided in Fig. S5 in the sup-
plement. To note, precipitated protein remained undetectable in the
HPLC chromatogram. As a result, changes in pre- and post-peaks
across all mixer setups were smaller than those observed in the



Fig. 6. Protein inactivation rate in the different mixers depending on bottle volume, fill
volume and tip speed. All experiments were executed in triplicate (n = 3), standard
deviations are depicted accordingly. Outliers are shown as diamond shaped. Parame-
ters marked with an asterisk (*) are statistically significant (p < 0.05).

Fig. 7. Correlation between lysozyme inactivation rate and the fraction of protein pre-
cipitated determined from HPLC peak area decrease. A single-phase exponential satu-
ration exponential model was applied to guide the eye.

Fig. 8. Multiple linear regression fit applied to the mechanical stress evaluation data,
showing an R2 value of 0.99 and a p value of 0.0017. The figure illustrates the model fit
to the generated dataset and is included for visualization purposes (not for prediction
of physical parameters).
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control (Table S3 in the supplement). TMM and BMM configurations
showed no or small differences in pre-peaks compared to the control,
whereas the MS configuration exhibited a greater reduction in pre-
peaks reflecting enhanced lysozyme precipitation under higher
mechanical stress, in line with inactivation rate results.

To assess the statistical significance of individual parameters on
the lysozyme inactivation rate (output variable Y) across different
mixing systems, a statistical model was fitted using JMP software. To
avoid multicollinearity and improve model fit, some parameters
were excluded, as described in the method section. Mixer type, bottle
Table 4
Results of a multiple linear regression analysis to assess the statistically significant paramete

Predictor Estimate Std. e

Mixer [BMM] �408.09 73.81
Mixer [MS] �481.98 61.89
Nominal fill �51.37 25.68
Fill volume 640.07 60.55
d/D �1882.32 930.0
Tip speed �65.81 143.7

The estimate represents the regression coefficient for each predictor, whereas the standard e
sidered statistically significant. The level of significance is shown in the last column, indicated
nominal fill, fill volume, tip speed, and dimpeller/Dbottle were retained
in the final model based on their contribution to model performance,
although not all were statistically significant.

Mixer type was treated as a categorical variable, while all other
parameters were continuous. The fit of the model was satisfying with
an R2 of 0.99 and a significance of 0.0017, as seen in Fig. 8. The results
show that the BMM and MSmixers and fill volume have a statistically
significant influence on the inactivation rate, as seen in Fig. 6 (indi-
cated with a star) and Table 4. For the cross-validated R2 a value of
0.95 was determined, indicating a strong predictive performance also
beyond the data obtained. Lastly, ANOVA has shown a statistically
significant difference between the group means (p < 0.05).

Computational fluid dynamics simulations

CFD simulations were employed providing mixing profiles for the
setups summarized in Table 2, as seen in Fig. 9. Contour plots were
generated to analyze areas of elevated shear (Fig. 10).

For all mixer types, the bottle geometry shows a specific flow pat-
tern, including upward flow along the sidewalls and downward recir-
culation along the central axis, as well as strong radial dispersion
(Fig. 9). Analysis of the mixing profile generated by the stir bar
revealed pronounced radial flow in smaller volumes, with velocity
vectors primarily oriented parallel to the vessel base, seen in Fig. 9
(A). In these conditions, particularly with the MS, limited fluid motion
near the vessel corners indicated the presence of dead zones, i.e.
zones characterized by poor circulation. Although axial flow was
detectable, the velocity vectors in the central region displayed a lack
of directional coherence, suggesting reduced mixing efficiency and
rs on mechanical stress.

rror p value Significance

0.0117 **
0.0044 **
0.1393 -
0.0018 **

8 0.1362 -
4 0.6782 -

rror reflects the precision of the estimate. The parameters with a p value ≤ 0.05 are con-
by stars: p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***).



Fig. 9. Mixing profiles of (A) MS, (B) BMM, and (C) TMM, shown as color maps with velocity vectors. For MS and BMM, the left panels represent minimal fill volume, and the right
panels show 1.5 L in a 5 L bottle. For TMM, only the 1.5 L condition is shown. The color scale represents the local volume fraction (VOF) of the fluid phases (red = water, blue = air),
while the velocity vectors illustrate the direction and large-scale structure of the time-averaged flow and recirculation around the impeller. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.).
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compromised flow uniformity in this zone when using the MS. The
mixing profile of the BMM (Fig. 9 (B)) displays combined axial and
radial flow, with axial mixing being dominant. Velocity vectors point
downward and outward, indicating strong axial drawing and periph-
eral circulation. In smaller-volume bottles, radial forces enhance out-
ward flow, while the curved vessel walls guide the fluid upward
along the periphery and back downward centrally, establishing a sta-
ble recirculation loop. This pattern persists in larger volumes, though
smaller bottles exhibit more uniform and less turbulent flow, result-
ing in gentle yet consistent mixing. The TMM mixing profile (Fig. 9
(C)) is characterized by dominant tangential flow, especially when
not filled to the nominal fill. The floating stir bar induces localized cir-
cular mixing, while the integrated fixed baffle disrupts this motion,
promoting enhanced fluid motion near the central vortex. The baffle
redirects tangential flow into a vertical component.

In addition to flow patterns, CFD simulations were performed to
evaluate the distribution of shear, and identify regions of elevated
shear stress as displayed by contour plots (Fig. 8). At minimal fill
volume in the 0.5 L bottle, the MS exhibited predominantly localized
shear zones, concentrated around the stir bar, with reduced shear
intensity observed toward the bottle walls, as seen in Fig. 10 (A).
Notably, areas of elevated shear stress are present at the contact
points between the stir bar and the bottle surface. When assessing
the 0.5 L BMM at minimal fill volume, the highest shear stress was
observed around the tips of the bladed wings. Additionally, elevated
shear stress is present near the bottom of the bottle, where the mixer
induces both axial and radial flow, directing fluid downward and out-
ward, as seen in Fig. 10 (A).

The contour plot of the mixing pattern for the 5 L TMM incorpo-
rating a baffled stir bar, seen in Fig. 9 (C), illustrates enhanced vortex
formation and dominant tangential flow throughout the vessel. The
baffle effectively disrupts circular symmetry, intensifying fluid rota-
tion and promoting more vigorous mixing near the center. As a result,
broader shear zones are evident, particularly within the central and
mid-radius regions, indicating improved mixing efficiency in these
areas, as seen in Fig. 10. While the inner zones show dynamic



Fig. 10. (A) Mixing shear stress presented as contour plot of (A) the 0.5 L BMM and MS bottle at the minimal fill volume (0.05 L in 0.5 L bottle) and (B) 5 L BMM, MS and TMM bottle
at the minimal fill volume adjusted to the TMM specifications (1.5 L in 5 L bottle). The scale bar and legend show the level of shear stress, from blue (lower shear) to red (higher
shear), at (A) from 0 to 1.0 Pa and at (B) from 0 to 2.5 Pa. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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circulation, the flow near the outer vessel walls remains compara-
tively calm, suggesting reduced momentum transfer to the periphery.
Regarding the contour plot for the higher fill volume of the MS and
BMM (Fig. 10 (B)), adjusted to the fill volume of the TMM, we can see
higher zones of higher shear stress values in the mixing area. In the
BMM, strong mixing around the edges of the wings is present and we
can see higher shear stress where the bottle shows shifting geometry,
as well as the corners. Whereas for the MS, we can see that the shear
stress is higher in the mixing field of the magnetic stirrer and low
around the edges of the bottle. The minimal fill volume in the 5 L bot-
tle for BMM and MS at lower and higher tip speed (1.0 vs. 1.6 m/s)
show similar trends regarding the generated shear stress in compari-
son to the adjusted higher fill volume.

When calculating the Reynolds number for the different impeller
configurations across various rotational speeds, the observed flow
regimes for the MS/BMM setups with the smaller impeller (0.5 and
2 L bottle) at all speeds (200 − 600 rpm) and also at low rotational
speed (200 rpm) for the larger impeller (5 and 20 L bottle), were tran-
sitional (Reimp = 3307.5−9922.5). Whereas for the MS/BMM setups
operating at 400 or 600 rpm with the larger impeller, the flow
entered a fully turbulent regime (Reimp = 17204.3/25806.4). In con-
trast, the TMM configuration consistently exhibited turbulent flow
patterns (Reimp = 464,515 − 9677,400) across all tested impeller sizes
and rotational speeds (80−600 rpm).

For the comparative analysis of mechanical stress this implies that
turbulent flow conditions were present in all setups with the larger
impeller (5 L bottle) but not with the smaller impeller (0.5 L) at the
applied rotational speeds (400−600 rpm). Although the Reynolds
number exceeded the turbulent threshold in most cases, qualitative
and quantitative differences in flow behavior were still observed
between the mixer types. For instance, the MS configuration exhib-
ited localized dead zones and reduced flow coherence under specific
conditions, indicating that a high Reynolds number alone does not
guarantee effective bulk mixing. These observations underline the
importance of both global flow regime metrics and local hydrody-
namic characteristics when evaluating mixing performance.

Although the reason for inactivation and precipitation is diverse
and shear is only one of them, the experimentally evaluated inactiva-
tion rates were correlated to calculated shear stress data from CFD
simulations. We used the ratio of shear stress (Pa)/fill volume (L)) to
account for differences in shear depending on fill volume. When plot-
ting the inactivation rate vs. the shear stress per volume (Pa/L), we
obtain a linear correlation with an R2 of 0.72, as seen in Fig. S6, in the
supplement.

Discussion

In the present study, we examined the mixing performance of
three different single-use mixing systems by studying the dissolution
time of dissolving NaCl in water, depending on various process
parameters and study conditions. We further evaluated the three
mixing systems for mechanical stress during mixing, using lysozyme
as a model protein. Lastly, CFD simulations were performed visualiz-
ing mixing patterns and areas of elevated shear in order to discuss
experimental results frommechanical stress testing.

Mixing performance

When assessing the dissolution times for the different mixers, we
found that despite mixer type, two parameters significantly influence
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the dissolution time; which were, tip speed and dimpeller/Dbottle. We
also found that the BMM performance was superior (lower dissolu-
tion time) compared to the MS for all setups, especially low volumes,
and comparable to the TMM setups, as high fill volumes. In this
regard, we have identified challenges for some mixing configurations,
especially at high fill volumes when using the MS. For the two config-
urations tested, nominal fill 2 L and 20 L maximally filled and stirred
at the lowest rotational speed, the MS failed to fully dissolve NaCl,
even after extended mixing times. For the 2 L bottle, visual observa-
tion revealed that agitation occurred primarily in the lower portion
of the vessel. A clear dividing line was observed, above which there
was minimal or no fluid movement (see Fig. S2 in the supplement),
indicating ineffective mixing in the upper regions. In the 20 L bottle,
a formation of a small vortex above the stirrer, extending approxi-
mately to the midpoint of the fill volume, could be seen visually.
While this swirling pattern may indicate fluid motion, it does not
equate to effective mixing. Such vortex formation leads to circular
motion that largely recirculates fluid near the stirrer without promot-
ing adequate radial or vertical exchange.

The reduced mixing efficiency observed with the MS can be attrib-
uted to the flow patterns revealed by computational fluid dynamics
(CFD) simulations, seen in Fig. 9. The geometry and dimensions of the
stir bar appear not ideal for use in taller vessels, as evidenced by lim-
ited fluid motion near the corners and the presence of dead zones,
indicating inadequate circulation. Furthermore, the flow induced by
the stir bar lacked directional coherence, which likely contributed to
lower mixing performance and reduced homogeneity throughout the
vessel. In contrast, the BMM demonstrated improved mixing effi-
ciency, characterized by the formation of a stable recirculation loop
that enhanced fluid motion and provided more uniform mixing
throughout the volume. This coherent flow pattern likely minimized
dead zones and promoted better overall mixing. TMM also exhibited
a high mixing efficiency whereas, the presence of a fixed baffle effec-
tively disrupted the circular flow commonly associated with vortex
formation, promoting increased local shear and enhancing axial mix-
ing. This disruption of dominant swirling flows facilitated more effec-
tive top-to-bottom mixing, leading to improved homogenization and
reduced stratification. Comparing the mixing performance to
unbaffled configurations, where the flow behavior is led by vortex
formation and rotational bulk motion,18 the integrated baffle in the
TMM can likely disrupt flow patterns and redistribute the flowwithin
the vessel. This potentially leads to the improved axial and radial
mixing of the baffled system. Overall, these findings illustrate that
the MS generated non-uniform mixing patterns, particularly at high
fill volumes, where dead zones and limited bulk movement reduce
mixing efficiency. This further highlights the limitations of the MS for
large-scale or high-volume mixing applications, where BMM and
TMM outperform.

With respect to the influence of tip speed on mixing performance,
Parvizi et al. have shown that with an increase in impeller speed, the
dead zones around the impeller decrease and are more so stuck to
the mixer wall, which we could also see with the mixing profiles
(Fig. 9) generated by CFD simulations.19 In line with our results,
Nakach et al. established in an extensive study that under turbulent
flow conditions, mixing time decreases with increasing rotational
speed and then remains mostly constant at higher Reynolds num-
bers.4 Zhou et al., have also shown that the energy dissipation rate is
directly proportional to the rotational speed (tip speed) and that in
turbulent mixing systems with constant geometry, velocity fluctua-
tions scale proportionally with the impeller’s tip speed.20 In our
study, we observed a similar trend regarding the influence of rota-
tional speed on dissolution time, with dissolution time decreasing as
rotational speed, and consequently Reynolds number, increases. Fur-
thermore, our data support the conclusion that once the Reynolds
number reaches the turbulent regime (achieved at higher tip speeds
for BMM and MS and for all setups of TMM) dissolution time
stabilizes and remains relatively constant, consistent with the
reported behavior and as seen in Fig. 5.

Nakach et al. further observed that mixing time increases with fill-
ing volume for a given vessel.4 To explore the influence of fill volume
on dissolution time in the BMM, an intermediate fill level was tested,
seen in Fig. S3, in the supplement. The results revealed differing
trends depending on bottle size, suggesting a complex interplay
between fill volume and flow structure. While fill volume did not
show a statistically significant effect overall, these variations may
stem from changes in flow patterns, which we have shown to impact
mixing performance. Alberini et al. reported increased power con-
sumption and altered vortex and recirculation structures at interme-
diate fill levels, which can enhance mixing efficiency.21 Such flow
phenomena, alongside variations in Reynolds number and velocity
profiles, may explain the divergent trends observed across bottle
sizes.

We additionally reported that the dimpeller/Dbottle ratio has a signif-
icant influence on mixing performance revealing that a higher ratio,
decreases the dissolution time. This effect is particularly evident in
small-volume bottles, where a larger impeller generates more vigor-
ous fluid motion and improved circulation. The trend is clearly
reflected in the mixing profiles (Fig. 9), which show increased fluid
movement and more homogeneous mixing with larger impellers.
Wu et al. demonstrated that mixing performance improves with
increasing dimpeller/Dbottle, as evidenced by greater velocity, improved
suspension homogeneity, and more uniform flow patterns, up to an
optimal ratio of 0.46. Beyond this threshold, mixing performance
tended to plateau or decline, likely because of increased wall interfer-
ence and energy loss. In the present study, the highest dimpeller/Dbottle

investigated was 0.41 (as seen in Table S1, in the supplement), which
remains within the previously reported optimal range for enhanced
mixing efficiency. Therefore the observed increase in mixing perfor-
mance indicated by faster dissolution times can be attributed to a
higher dimpeller/Dbottle ratio because it enhances energy input and
fluid velocity while reducing dead zones and promoting more effi-
cient mixing.22

To summarize, conductivity-based measurements provided
reproducible and robust methods to comparatively assess dissolution
and therefore mixing behavior in the investigated systems. The
experiments helped identify the differences in flow behavior, mixing
efficiency, as well as the influence of operational parameters. Com-
plementary orthogonal methods, including pH tracer measurements
or optical visual techniques may provide additional information on
mixing dynamics, especially for systems with alternate formulations
or non-conductive components. These approaches could further sup-
port mechanistic characterization of mixing performance in future
investigations.

Evaluation of mechanical stress

Mechanical stress generated from the different mixers was evalu-
ated by quantifying the inactivation rate of a model protein (lyso-
zyme) calculated from remaining lysozyme concentration, as well as
by lysozyme purity assessment. When testing statistical significance
using the lysozyme inactivation rate data, our statistical model
revealed the mixer type, namely BMM and MS and the fill volume as
statistically significant parameters. The absence of a statistically sig-
nificant effect for TMMmay be due to the limited number of observa-
tions in this category, as this mixer type is only available and suitable
in larger volume configurations. This restriction likely reduced the
model’s ability to reliably estimate its effect.

Product quality assessments across the different mixing systems
revealed that protein precipitation was most pronounced in the MS
configurations, whereas the BMM and TMM setups exhibited com-
paratively less precipitation. This trend follows the results from the
protein inactivation analysis and is reflected by the correlation of the
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precipitated fraction and inactivation rate following exponential
kinetics.

The impact of mechanical stress on protein stability has been
studied by Kiese et al. The authors examined the impact of agitation,
specifically stirring and shaking, on a mAb (IgG1) formulation. They
concluded that the impact on product quality as a result of mechani-
cal stress from stirring is a result of multiple factors: interfacial effects
between the protein and surfaces such as the stirrer, container bot-
tom, or hydrophobic materials like Teflon; cavitation; local thermal
effects due to friction between the stirrer and the container bottom;
and the rapid transport of aggregated or adsorbed species into the
bulk solution, thereby facilitating further aggregation. Their findings
also suggested that shear stress alone does not cause protein unfold-
ing and aggregation; rather, interfacial phenomena and other local-
ized stresses contribute significantly to aggregation processes under
these conditions.12 Therefore the effects on protein quality were
assessed experimentally through enzyme inactivation analysis as
well as by characterization of protein precipitation by assessment of
visible particle formation. Colombi�e et al. have discussed the inactiva-
tion of lysozyme itself in a stirred tank and they concluded that
simultaneously to the inactivation of lysozyme, aggregation was pro-
portionally occurring, induced by the collision between native and
inactive enzymes. This observation aligns with our findings, where
changes in purity, over four hours of mechanical stress, suggest
scrambled lysozyme species23 and visual inspection indicated aggre-
gation processes occurring during the experiment, even leading to
protein precipitation. Also, Gikanga et al. have discussed that besides
grinding stress as found for their BMMs, other stress factors such as
mechanical stress, interfacial stress and cavitation may impact pro-
tein degradation.8 Eshraghi et al. recently confirmed that cavitation
at vapor - solution interfaces (through bubble nucleation, oscillation,
and collapse) induces significantly more subvisible particles than
shear stress or air - solution interfacial stresses, by using controlled
stressing experiments on bovine serum albumin (BSA).24

When performing CFD simulations regarding shear stress, we
focused on fluid dynamics. Analyzing the correlation between the
experimentally evaluated inactivation data and shear stress calcula-
tions, we observed an R2 of 0.72 (seen in Fig. S6 in the supplement),
indicating a moderately good fit, and we can assume additional fac-
tors beyond shear likely contribute to protein inactivation in the
mixers, as suggested by Kiese et al.12 As emphasized previously, pro-
tein instability cannot generally be attributed to shear stress alone.
Mechanical stress in protein formulations is influenced by a combina-
tion of factors; therefore, the CFD results generated in this study are
primarily used to compare the mixing environments of different
mixer configurations rather than to directly predict protein stability.
Nevertheless, the CFD-based contour plots of shear stress and flow
patterns provide insight into the hydrodynamic behavior of the sys-
tems and aid in the interpretation of differences observed between
the mixer types.

Regarding the influence of mixer type on protein quality, Gikanga
et al. reported that increased contact between impeller and the vessel
surface, such as in formerly designed BMMs, can promote particle
formation in mAb formulations. They concluded that particles gener-
ate particles because of mechanical contact between mixer parts
which can cause shear, grinding and cavitation.7 Similarly, Ladner et
al. combined experimental investigations with CFD-supported hydro-
dynamic characterization of bottom-mounted magnetic stirrers and
demonstrated that mixer designs minimizing physical contact
between moving components were associated with reduced particle
formation and improved product quality in monoclonal antibody for-
mulations.10 Transferring their conclusions to our data, this may
imply that the MS in our set-up, which has the most contact with the
bottom of the bottle, has the highest inactivation rates, in comparison
to the BMM, which does not have the same contact surface and thus
performing superior in mechanical stress. This finding is supported
by both the contour plots of shear stress as well as by the mixing pro-
files seen with CFD simulations, as we have observed a much more
chaotic and less uniform profile for the MS, whereas we see more
gentle and uniform mixing for the BMM. The latter may also explain
the impact of increased rotational speed, shown as increase in tip
speed in Fig. 6, on increased protein inactivation rate for comparable
setups for the MS setups, which was not seen for other setups, BMM
and TMM.

The findings of this study have further shown that with a higher
fill volume in the tested bottle, regardless of the used mixer, the inac-
tivation rate has decreased significantly. In a second publication of
Colombi�e et al. have also suggested that the observed decreased inac-
tivation rate of lysozyme in larger volumes can be attributed to lower
mechanical stresses, including reduced specific interfacial area per
unit volume. In smaller volumes, the same mixer generates higher
power density, increasing molecular collisions and interactions at air
- liquid and impeller - liquid interfaces, which promote enzyme
unfolding, aggregation, and inactivation. Consequently, lysozyme
inactivation proceeds more slowly in larger volumes under identical
mixing conditions.24

In summary, as protein quality in mixing systems is influenced by
a combination of hydrodynamic effects, interfacial exposure and flow
induced transport phenomena, the present work focused on a com-
parative evaluation of the resulting protein stability under different
mixing parameters. The CFD analysis provided additional insight into
the underlying mixing behavior and hydrodynamic differences
between mixer configurations, supporting interpretation of the
experimentally observed trends. However, as protein instability can-
not generally be attributed to shear stress alone, the CFD results
should be interpreted as a characterization of the mixing environ-
ment rather than a direct predictor of protein stability. Furthermore,
the CFD studies were performed using aqueous systems with compa-
rable fluid properties to enable a controlled comparison of the influ-
ence of mixing parameters. Studies including viscosity variations and
additional protein systems could further increase the applicability of
the analysis across a broader formulation design space.
Conclusion

Choosing adequate mixing systems for biopharmaceutical
manufacturing remains challenging and mixing performance and the
mechanical stress-related impact on product quality must both be
carefully evaluated when choosing (single-use) systems and process
parameters for this unit operation. In this study, we compared single-
use mixing systems, BMM, TMM, and MS in a bottle configuration,
commonly used in biological manufacturing. The MS consistently
exhibited longer dissolution times across varying parameters with
technical challenges at higher mixing volumes, compared to BMM
and TMM demonstrating comparable performance, while MS and
BMM can be applied to very low mixing volumes. Based on a statisti-
cal model, mixing performance was found to be dependent on mixer
type, tip speed, and the ratio of the impeller diameter to bottle diam-
eter, but not on other process or dimensional parameters. Mixer type
and the fill volume were identified as statistically significant parame-
ters that impacted the model protein (lysozyme) product quality
(inactivation rate). We report that a higher mechanical stress related
quality impact was found for the conventional MS compared to the
BMM in a comparable set-up. At higher fill volumes, there was no dif-
ference between the three mixers in comparison to the control in this
regard. CFD simulations further complemented the mixing perfor-
mance as well as mechanical stress testing results. In summary, these
findings may provide an approach for choosing appropriate single-
use mixing systems in biopharmaceutical manufacturing and assess-
ing the risk for potential product impact.
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