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Modern 3D printers enable not only rapid prototyping, but also high-precision printing—microfluidic
devices with channel diameters of just a few micrometres can now be readily assembled using this
technology. Such devices offer a myriad of benefits (including miniaturization) that significantly reduce
sample and buffer volumes and lead to lower process costs. Although such microfluidic devices are already
widely used in the field of biotechnology, there is a lack of research regarding the potential of
miniaturization by 3D-printed devices in lab-scale chromatography. In this study, the efficacy of a 3D-
printed microfluidic device which provides a substantially lower dead-volume compared to established
chromatography systems is demonstrated for batch purification applications. Furthermore, this device
enables
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Accepted 27th January 2022 straightforward integration of various components (such as microfluidic valves and
chromatographic units) in an unprecedentedly flexible fashion. Initial proof-of-concept experiments

demonstrate successful gradient elution with bovine serum albumin (BSA), and the purification of a
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1. Introduction

Cost and efficiency considerations in research laboratories
often require lengthy and complex upfront planning for
experimental design. Simply testing different experimental
setups is, unfortunately, a highly uneconomical approach for
many reasons: systems can be difficult to set up and dismantle,
the increased consumption of materials typically leads to high
costs and a great burden on the environment, etc."” Especially
in the case of custom-made microfluidic devices, production
can take considerable time and effort®*—and to make matters
worse, the optimal experimental design is not always readily
apparent at the outset; indeed, it may only become evident
after multiple experimental iterations have already been
attempted. Improved techniques for the fast and cheap
production of various prototypes are therefore vitally needed in
the modern research laboratory setting.®

In recent years, high-resolution additive manufacturing
techniques (referred to collectively herein as 3D printing)
have emerged and facilitated the rapid prototyping of
miniaturized and microfluidic systems in biotechnology.”*’
These techniques enable the production of multiple complex
three-dimensional structures in a single step, by loading
computer-aided design (CAD) files directly into the printer's
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pharmaceutically relevant IgG monoclonal antibody (mAb).

software. The resulting devices can be quickly adjusted to
changing experimental requirements, simply by modifying the
design in the CAD software. Furthermore, 3D printing is highly
automated and requires no special equipment or facilities. 3D
printing thus represents a vital alternative to much-less-flexible
standard techniques, such as soft-lithography (i.e., PDMS-based
systems), which often require cleanroom procedures and the
fabrication of master molds.* ™

One common 3D printing technique is termed multijet
printing, which uses a photocurable resin which solidifies
under UV light."*'® This resin is applied through a printhead
consisting of an array of nozzles which act collectively to
create the desired 3D object (layer by layer). A wax-like
support material (which is later removed in a post-processing
step) is also initially printed alongside the resin, in order to
facilitate complex overhanging structures.'*'®  Post-
processing typically involves heating the object, followed by
incubation in a warm oil bath with ultrasonic agitation.’*™"’
Since this is the only step in the production process that
requires manual labour, 3D printing provides tremendous
advantages over traditional multistep soft photolithography
with PDMS."*'® Biocompatible resins for multijet printing
are also widely available, facilitating applications of this
technology in the field of biotechnology."*>*

In chromatography applications (and related liquid
handling), one critical challenge is posed by the requirement
of long tubing causing high dead volumes, which can render
processes uneconomical.”® In addition, this challenge is often

This journal is © The Royal Society of Chemistry 2022
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compounded by the need for various connectors and
numerous different tubes to connect the chromatography
system to its periphery (e.g., buffer solutions, pumps, fraction
collectors, detectors).

Through 3D printing, complex microfluidic channels with
custom-made connectors can be easily designed and tested,
and the whole system can also be miniaturized (thereby
reducing fluid consumption and associated costs). Additionally,
microfluidic structures—such as mixer units—can be readily
integrated and thereby provide the means to mix fluids in small
dimensions and consequently decrease dead volumes.**

In this study a 3D-printed microfluidic device for batch
chromatography in a fully automated fashion is presented
combining these important advantages of microfluidics. By
replacing conventional tubings and directly mounting the
valves needed for an automated purification, system
miniaturization is achieved. In addition, the device can be
readily modified (rapid prototyping) to changing
experimental requirements.

2. Experimental
2.1 Materials

BSA was purchased from Sigma-Aldrich (now Merck KGaA,
Darmstadt, Germany). All other chemicals were supplied by
Carl-Roth (Karlsruhe, Germany). The supernatant containing
the mADb IgG was obtained from cell cultivation with Chinese
hamster ovary (CHO) cells.

2.2 Design of a four-valve device for a single chromatographic
unit

To facilitate batch chromatography, we wanted the device to
be capable of automating the various processes of washing
and equilibrating the entire system; sample application;
elution with subsequent fraction collection; and, finally,
cleaning the system. In order to perform the batch
chromatography, four inlets (1. sample, 2. wash buffer, 3.
elution buffer, and 4. cleaning-in-place (CIP) buffer), four
microfluidic valves, and two outlets (waste and elution
fraction) are required. The valves are 3/2 solenoid valves with
three ports and two switching positions. These ports are
COM (common) port, which is always operated, NO (normally
open) port, which is operated in the default state, and NC
(normally closed) port, which is operated when activated.
Additionally, the device should integrate a mixer to generate
a gradient for stepwise elution. A 4-channel peristaltic pump
is used to introduce the four different fluids into the device
through their respective inlets. A schematic overview of the
system and its various components is provided in Fig. 1.

The sample is loaded onto the device via the first inlet. The
channel of the first inlet then leads to valve V2, which is
responsible for adding sample or Dbuffer to the
chromatographic unit. The buffers are pumped to the device
through inlets two through four, with the wash buffer applied
through the second inlet, the elution buffer applied through
the third inlet, and the CIP buffer applied through the fourth

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Schematic design of the proposed microfluidic device for a
fully automated batch purification of proteins. Samples and buffers are
pumped through four inlets into the device. The sample is pumped
through the first inlet and is either a BSA solution or supernatant from
a CHO cell cultivation containing mAb IgG. The wash buffer, elution
buffer and CIP buffer are pumped through inlet 2, 3 and 4,
respectively. Membrane adsorbers (MA) can be attached as suitable
chromatographic units for the purification of the target proteins. A
Sartobind®Q75 and a Sartobind® Protein A MA were used for BSA and
mADb IgG, respectively. Four 3/2 solenoid valves (V1-V4) are required to
enable fully automated switching of the channels. NO: Normally open;
NC: normally closed; COM: common.

inlet. The channels for the wash and elution buffers actually
converge within the device, however, such that the buffers can
be mixed by means of an integrated mixer. The channels of the
buffers all flow into valve V1, which leads to either V2 (and thus
to the chromatographic unit), or to V3 (which bypasses the
chromatographic unit and leads to the waste). The
chromatographic unit and the subsequent spectrophotometer
are connected via tubings which lead to valve V4. This last valve
is used to either direct the liquid to V3 (and thus into the
waste), or to direct it into the sample collector.

2.3 Fabrication of microfluidic devices by 3D printing

All 3D models were designed using the 3D-CAD-program
SOLIDWORKS (Dassault Systéemes SolidWorks Corporation).
The multijet printer ProJet® MJP 2500 Plus (3D Systems,
Rock Hill, SC, USA) was then used to produce the
microfluidic devices. The polyacrylate photocurable resin
VisiJet® M2R-CL (3D Systems, Rock Hill, SC, USA) was used
to print the actually device, and hydroxylated wax (VisiJet®
M2 SUP, 3D Systems, Rock Hill, SC, USA) acted as support
material.'® The printer was operated in HD mode, with a
nominal resolution of 800 x 900 x 790 dpi and a layer
resolution of 32 um.

After printing, the device underwent several post-
processing steps according to Siller et al: first, the printed
parts are cooled at —-18 °C for 5 minutes, followed by
incubation in a hot water vapor bath, a hot ultrasonic oil
bath and lastly in a hot ultrasonic water bath with detergent.>

2.4 Experimental setup

A peristaltic pump (Reglo ICC, Ismatec, Wertheim, Germany)
was used to pump the buffers and supernatant solutions into
the microfluidic device with a flow rate of 5 mL min™". To
connect the tubes (BOLA PTFE tubing, Bohlender GmbH,
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Griinsfeld, Germany; inner diameter of 0.8 mm, outer
diameter of 1.6 mm) with the device, a microfluidic
connector (4-way linear connector, the Dolomite Centre Ltd,
Royston, England) with a 4 mm top interface (top interface
4-way 4 mm, the Dolomite Centre Ltd, Royston, England) and
featuring a female to male luer adapter and a flangeless
fitting (IDEX Health & Science, LLC, Middleboro, USA) was
attached to the device. Four flangeless microfluidic valves
(Whisper Valve Type 6724; Burkert GmbH & Co. KG) were
directly attached, via screws, into the integrated threads of
the 3D-printed microfluidic device.

The functionality tests of the device were conducted with
the aid of a blue dye solution. Here, the device was directly
connected to a UV-spectrophotometer (GENESYS 10S UV-vis)
and the absorbance at 430 nm was measured. Initially, the
device was washed with water. Then, the dye solution and
water were pumped together. Afterwards, either the dye
solution or water were pumped through the device.

For the batch chromatography experiments, the respective
membrane adsorber (MA) as the chromatographic unit was
connected to the device wvia tubes, and a UV-
spectrophotometer was used for protein detection. Since BSA
is negatively charged at neutral pH, an anion exchange (AEX)
MA (Sartobind®Q75, Sartorius AG, Gottingen, Germany) was
used. In the case of mAb IgG, a Sartobind® Protein A
(Sartorius AG, Gottingen, Germany) MA was used, which
utilizes the interaction of  Protein A with
immunoglobulins.”>*® The setup was run in a bind-and-elute
mode, where the target protein first binds to the MA and can
then be eluted by an appropriate elution buffer.>’*® The
detection was performed in a UV flow-through cuvette, with
an optical path length of 2 mm (Hellma GmbH & Co. KG)
that was directly positioned in the spectrophotometer.

In the case of BSA, a 1 g L™" solution in a 20 mM KH,PO,
buffer (pH 7) was used. This buffer also served as the
equilibration and wash buffer for protein purification.
Elution was performed stepwise by generating a gradient with
the wash buffer and a 20 mM KH,PO, buffer containing 1 M
NaCl (pH 7). The two buffers were simultaneously pumped
through their respective inlets—albeit, at different flow rates.
Initially, the elution and wash buffer were pumped for two
minutes with a flow rate of 0.5 mL min™* and 4.5 mL min*,
respectively, and then mixed by the HC mixer. As a result, the
buffer mixture has a NaCl concentration of 0.1 mol L. This
was followed by three more minutes of elution with a NaCl
concentration of 0.2 mol L™ and then for a further three
minutes with a concentration of 0.3 mol L. Finally, the
elution was performed for five minutes with the pure elution
buffer, and thus with a NaCl concentration of 1 mol L.

For the mADb experiments, the supernatant was also
diluted in wash buffer—but to a concentration of 0.2 g L™".
1x PBS buffer with a pH of 7.4 was used as wash buffer.
Contrary to the purification of BSA, a 0.1 M citrate buffer
with 0.15 M NaCl and a pH of 3.5 was used for elution.
Furthermore, the elution was performed solely with the
elution buffer without a gradient. In the mAb experiments,
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several elution fractions were collected and subsequently
analysed via high-pressure liquid chromatography (HPLC).
Additionally, a cleaning in place (CIP) step was performed
with 1 M NaCl and 50 mM NaOH buffer, followed by
regeneration of the MA. In the CIP step, impurities such as
mAb fragments and aggregates or unspecifically bound host
cell proteins (HCPs) are removed from the membrane.
Initially, the system is flushed with the buffers. In this
process, the tubing of the peristaltic pump is rinsed with the
respective buffer and the device with valves, chromatographic
unit, UV unit and the remaining tubing is rinsed with wash
buffer. This consumes 470 pL of elution and CIP buffer and
1828 pL of wash buffer. Afterwards, the MA is equilibrated
with 6 column volumes (CV) wash buffer. Subsequently, 2 CV
of the diluted supernatant is loaded onto the MA. The MA is
then washed with 4 CV of wash buffer. Thereupon, the
elution is conducted with 5 CV of elution buffer, followed by
2.5 CV of CIP buffer.

The components of the system were controlled and
automated by a program based on python™.

2.5 Analysis of elution fractions via HPLC

A Chromaster HPLC system (VWR International, Radnor, PA,
USA) with a size exclusion chromatography (SEC) column
(Yarra™ 3 pum SEC-3000, Torrance, CA, USA) was used to
perform the actual substantive analysis. For the analysis, a
buffer with 0.1 M NaPO, (NaH,PO, and Na,HPO, mixed) with
0.1 M Na,SO, at pH 6.6 was used. The analysis was
performed at a flow rate of 1 mL min~' and with a total run
time of 20 min. The temperature of the column oven and the
autosampler were 25 °C and 10 °C, respectively, and the
injection volume was 5 pl. Samples were filtered through a
0.22 pm cellulose acetate membrane that was obtained from
Sartorius Stedim Biotech GmbH (Goéttingen, Germany). For
the calibration of the system, purified mAb from Sartorius
Stedim Biotech GmbH was used.

The recovery rate of the batch purification was calculated
using the ratio of the mAb amount before purification and the
mAb amount in the elution fractions determined by HPLC.

3. Results and discussion

3.1 Construction and assembly of the 3D-printed microfluidic
device

This device was designed to be capable of fully automating
all steps in batch purification, as well as significantly
reducing the dead volume in the process by replacing
conventional tubing and using microfluidic connectors.
Fig. 2 illustrates this 3D-printed device and its components,
derived from the chromatography scheme in Fig. 1. The
inlets (Fig. 2A) that are used to introduce buffer solutions
contain microfluidic ball check valves that minimize the
backflow from these converging channels. These ball check
valves consist of a free-flowing sphere within the channel, a
constriction upstream of the sphere, and a column as a
barrier downstream of the sphere to allow fluids to flow only

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 CAD-Drawing of the novel 3D-printed microfluidic device for
batch chromatography. (A) 3D-Printed microfluidic device with an inlet
and an outlet connector as means to interface with the periphery of the
chromatographic system via polytetrafluoroethylene (PTFE) tubings. The
channels within the device are 1 mm in height. The device has
three distinct components in order to perform the batch
purification; a HC mixer for, a ball check valve and integrated
3D-printed M2 threads for directly mounting the four 3/2 valves
onto the device. (B) The ball check valve consists of a free-flowing sphere
in the channels, a tailback placed before the sphere with an opening
smaller than the diameter of the sphere and a pillar. The ball check valve
allows fluids to only flow in one direction. (C) Integrated HC mixer, which
enables rapid mixing with low dead-volumes. The mixer consists of seven
identical mixing units, which thoroughly mix two fluids at laminar flow
rates.?® (D) Principal mechanism of the 3/2 valves. When deactivated,
fluids can only flow between the NO and the COM ports. By activating the
valves, the fluids can flow between the NC and the COM ports.

unilaterally (Fig. 2B). Additionally, this device also integrated
a microfluidic HC mixer (Fig. 2C). HC mixers split and
recombine the fluids (SAR principle), and contain H-shaped
structures which further increase mixing efficiency.>**° The
channels within the device were designed to be 1 mm in both
height and width. To optimize the flow behaviour of fluids
and minimize dead volume within the channels, the edges of
the channels were rounded off. In order to mount the
microfluidic valves (Whisper Valve Type 6724; Biirkert GmbH
& Co. KG) on the device, M2 threads were directly 3D-printed
into the final device (Fig. 2D).

In general, the channels within the device were designed
to be 1 mm in both height and width. To optimize the flow
behaviour of fluids and minimize dead volume within the
channels, the edges of the channels were rounded off.

The dead volume of all channels in the device was
291.7 pl. In addition, the internal volume of the microfluidic
valves was 38 pl each, summed up to a total of 152 pl. Together
with the connections for the buffers, and to and from the MA
and UV-spectrophotometer, the maximum dead volume of
the whole system (see Fig. 3) in operation was 1828 pl.

3.2 Functionality test of the 3D-printed device

One of the key features of the fabricated microfluidic device
is the integrated HC mixer. Integrated micromixers—such as

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (A) Front view of the 3D-printed microfluidic device. (B) 3D-
printed microfluidic device with both the inlet and outlet connector
attached as well as the four valves mounted via the printed threads. (C)
System for the automated purification of proteins via a 3D-printed
microfluidic device in batch. The system was controlled and monitored
via a software based on python.

the HC mixer—enable rapid and efficient mixing of fluids in
a microfluidic environment, thereby reducing the dead
volume and final size of the system.*****' Microfluidic
mixers already found application in liquid chromatography
and facilitated thorough mixing of two fluids with low
internal volumes and short mixing distances for channels
with heights of about 100 um.***" Enders et al. presented a
comprehensive comparison of four 3D-printed microfluidic
mixers and demonstrated the advantages of the HC-mixer, a
split-and-recombine micromixer, for channel dimensions and
flowrates typical for 3D-printed devices.”® The HC mixer
design is used in the microfluidic device developed here due
to its ease of reproducibility and integrability.

In an initial experiment, the mixer efficiency was examined
with the aid of a blue dye solution. For this purpose, the dye
solution and water were introduced separately and together
through inlets 3 and 4, respectively, and subsequently mixed by
the micromixer. By using a spectrophotometer, the absorbance
of the mixture was measured at 430 nm as shown in Fig. 4. The
intensity of the absorbance signal at 430 nm directly correlates
to the concentration of the blue dye solution, and thus can be
used to evaluate the mixing efficiency. The dye solution showed
an absorbance maximum of 0.2 AU, while water and the
completely mixed solution should have an absorbance of
0.1 AU. In addition, this experiment served to assess the setup
for both its tightness and stability.

Thorough mixing could be observed after 30 seconds.
Furthermore, when the dye solution was solely pumped, an

Lab Chip, 2022, 22, 986-993 | 989
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Fig. 4 Chromatogram of the functionality and mixing test. A dye
solution and water were pumped through inlet 3 and 4, respectively
and the absorbance at 430 nm was measured via the
spectrophotometer. At the outset, the device was washed with water.
At first, both fluids were pumped simultaneously with a flow rate of
0.5 mL min™ each. Afterwards, either the dye solution or water were
pumped with a flow rate of 1 mL min™™.

absorbance of 0.2 AU could be observed. When water was
pumped, no significant absorbance was measured. This
established that the device was capable of rapidly mixing two
liquids, and thus was suitable for generating a gradient.
Furthermore, no leakages were observed under these flow
rates—which suggested that the device could be used for
batch chromatography.

3.3 Purification of a model protein in batch mode

In a subsequent proof-of-concept experiment, the batch
purification of the model protein BSA was performed using
the 3D-printed device. A BSA solution (1 g L™) was
introduced through inlet 1, and was thereby loaded onto the
AEX MA. This was followed by a spectrophotometer that
detected the absorbance of the sample at 280 nm, in order to
analyse the sample for proteins. Subsequently, the sample
was directed via valve 4 to valve 3 and pumped to the waste.
Afterwards, the MA was washed by pumping the wash buffer
through inlet 3 and activating valve 2. For the gradient
elution, wash buffer and elution buffer were pumped through
inlet 3 and 4, respectively. The two buffers were mixed in the
HC mixer, and then subsequently pumped to the MA.
However, the flowrates of the respective pump channels were
adjusted in order to achieve the desired NaCl concentration.

The chromatogram (Fig. 5) revealed that no proteins were
detectable during the sample application and subsequent
washing off in the MA. This suggests that the MA was able to
specifically bind the BSA. While a NaCl concentration of
0.1 mol L™ did not lead to a significant elution of BSA, a
concentration of 0.2 mol L' NaCl resulted in a clear peak in
the chromatogram. Since BSA of technical purity was used,
impurities were observed at higher NaCl concentrations.

In total, 90.4% of the model protein BSA could be purified
with a NaCl concentration of 0.2 mol L™". This coincides with
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Fig. 5 Chromatogram of the batch purification of the model protein
BSA. The absorbance was measured at 280 nm via a
spectrophotometer and is shown in blue. The system was operated
with a constant flow rate of 5 mL min™. The protein sample was
loaded onto the device and subsequently washed for 6 min.
Subsequently, a stepwise gradient elution with NaCl was performed.
The NaCl concentration is shown in red. For two minutes, a NaCl
concentration of 0.1 M was used. Afterwards, 0.2 M NaCl was used for
elution for 3 min. Then, the sample was further eluted from the MA
with a NaCl concentration of 0.3 M for further three minutes. Finally, 1 M
NaCl was used for 5 minutes.

the results of previous works by Brimer et al’>%

Additionally, a gradient elution was successfully performed
via means of the integrated microfluidic HC mixer.

3.4 Purification of a mAb

The purification of the monoclonal antibody was performed
with diluted supernatant from a CHO cell cultivation
containing 0.2 g L' mAb—and, as with the purification of
BSA, the purification of the monoclonal antibody was
monitored by the spectrophotometer (see Fig. 6). A
Sartobind® Protein A MA was used for capturing the mAb.

Drawing on the works of Bramer et al, the elution of the
mAb was performed using a citrate buffer with a pH of 3.5
and 0.15 M NaCL>***® The optimized buffer increased the
solubility of the mAb, and also enhanced elution of the MA.
Contrary to the purification of BSA, no gradient elution was
performed. After elution, a CIP step followed by the
regeneration of the MA were performed.

Since the sample containing the mAb also contained a
variety of HCP (which are unable to bind to the MA), a peak
could be observed in the chromatogram during the sample
application. However, the mAb specifically binds to the MA,
and could thus be isolated from the supernatant. A small
fraction of the flowthrough was collected for HPLC analysis,
and the rest was discarded via valve 3. After the sample
application, the MA was washed. The elution of the mAb was
then performed for 4 min and collected via valve 4. The peak
for the mAD could be observed after 1 min; at that point, the

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Chromatogram of the purification of the mAb IgG from 30 mL
supernatant of a CHO cell cultivation. The absorbance was measured
at 280 nm via a spectrophotometer and is shown in blue. The system
was operated with a constant flow rate of 5 mL min%. At first, the
supernatant is loaded onto the device. Only HCPs could be observed
at this time. After washing the MA, the mAb was eluted from the
system and collected for further HPLC analysis. Lastly, a CIP step was
performed in order to remove any residual impurities on the MA.

elution was collected in three fractions, which were analysed
via HPLC. Finally, a small CIP peak was also observed, which
was collected for further HPLC analysis.

Through the analysis of the samples via HPLC, the
recovery rate was calculated to be 87.4%. In the elution peak,
a high antibody purity of 90.2% could be observed. These
results are comparable with those found in literature
(between 85-95% for recovery and 90-98% for purity) for
batch purifications of mAb.**™** Notably, the operational time
and buffer consumption were drastically reduced—by >50%
and >30%, respectively—in comparison to established
systems.*”” This underscores the substantial benefits that
can be derived from a microfluidic system.

Conclusions

In this study, a 3D-printed microfluidic device was designed
and tested for the automated purification of proteins in
batch. Compared to other established manufacturing
methods (such as soft photolithography with PDMS), 3D
printing did, in fact, enable the easy integration of
microfluidic ~ valves  vie  3D-printed  threads and
chromatography units with a subsequent spectrophotometer
for monitoring via microfluidic connectors. With the aid of a
dye solution, the system was shown to be capable of
thoroughly and evenly mixing fluids within a few seconds.

In a first proof-of-concept experiment, a MA with an AEX
membrane was used to purify BSA. By means
of the integrated HC mixer, a stepwise gradient elution was
successfully achieved.

This journal is © The Royal Society of Chemistry 2022
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Finally, a mAb was successfully purified with a Protein A
MA from a supernatant solution obtained from a CHO cell
cultivation. Within 12 minutes, 30 mL of sample could be
purified—a temporal reduction of nearly 50% compared with
established processes.”*** In addition, the low buffer
consumption facilitated the screening of optimal buffers.

While this device was used for the automated batch
purification of proteins, the authors firmly believe that the
principle of a 3D-printed microfluidic device as a means to
miniaturize conventional tubings in chromatographic
systems can find application in larger and more complex
systems in the analytical scale. Continuous chromatography
systems such as the periodic counter-current chromatography
(PCCC) heavily rely on the complex circuitry facilitated by a
multitude of valves. Although these systems ensure higher
utilization of the chromatographic units, they are difficult to
operate due to their complexity, and they have high dead
volumes. Through 3D-printing, the device can be easily
upscaled in its complexity and may therefore be used in
continuous protein purification. Furthermore, the system can
be simply connected to continuous cultivation systems.
However, the microfluidic nature of the device limits its use
as a system to small-scale purification of target proteins—
which can be particularly useful in the field of bioprocess
optimization where small-scale bioreactors (such as Ambr®
systems) are used. Due to its fabrication via rapid
prototyping, the presented device also offers the potential for
rapid and cost-effective design adaptation and direct
connection to various bioreactors. This underlines the
capabilities of 3D printing as a tool for custom
chromatography systems and the significance of the
miniaturised 3D-printed device presented in this work.
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