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An alternative to traditional low-pH elution
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A B S T R A C T

Digital Protein A Membrane Chromatography (DMCPrA) introduces an innovative antibody purification method 
that enables gentle elution using electrical fields rather than conventional low-pH buffers. By eliminating acidic 
conditions, DMCPrA mitigates antibody degradation and aggregation associated with traditional Protein A 
chromatography. In this study, we investigated electrically driven elution in preparative Protein A membrane 
chromatography with the i3 DMCPrA device (i3 Membrane GmbH, Radeberg, Germany). The effects of applied 
voltage, buffer composition, and salt type and concentration were systematically evaluated to clarify the un
derlying elution mechanisms. Effective elution occurred only with low-conductivity buffers and solutions, 
requiring specific salts at appropriate concentrations, for example 0.15 mM Na₂SO₄ or 1.0 mM NaCl, which 
yielded high antibody recovery. Applying voltage to induce elution, showed consistent pH shifts. When the 
electric field was oriented from anode to cathode, the pH increased, representing the optimal condition for 
voltage-driven elution; reversing polarity decreased the pH. The results support the hypothesis that the elution 
mechanism is primarily driven by electrochemical reactions at the electrodes, leading to water electrolysis. 
Hydroxide ions resulting from cathodic hydrogen evolution reactions (HER) increase pH, while protons from 
anodic oxygen evolution reactions (OER) likely induce conformational changes in Protein A and IgG, initiating 
elution. These reactions are strongly influenced by the applied voltage as well as the chemical composition and 
ionic properties of the buffers. Collectively, these parameters exert a significant impact on elution efficiency and 
reproducibility. This work demonstrates that electrically driven elution provides a promising alternative to low- 
pH based methods, enabling milder purification of antibodies through electrochemical modulation.

1. Introduction

Affinity chromatography is a fundamental step in downstream 
antibody purification, with Protein A (PrA) being the most widely used 
affinity ligand system for this purpose. This preference arises from its 
high selectivity and binding affinity toward the Fc region of IgG [1], 
enabling purities greater than 90 % [2]. The inherent limitations of 
resin-based PrA chromatography, including low productivity and pro
longed processing times, have been effectively addressed through the 
development of membrane-based chromatography systems. These 
membranes enable substantially higher binding capacities at elevated 
flow rates by facilitating convective mass transport rather than relying 
on diffusion, thereby mitigating the mass transfer limitations charac
teristic of particle-based media [3–5]. Nevertheless, a persistent draw
back of conventional PrA chromatography lies in its standard elution 
protocol, which typically employs acidic buffers within the pH range of 

3 to 4 [1]. Such low-pH elution conditions can promote antibody ag
gregation and thus comprising the potency and safety of the therapeutic 
product [6,7]

Digital Protein A Membrane Chromatography (DMCPrA) represents 
an innovative antibody purification method that combines the advan
tages of PrA membrane chromatography while eliminating the need for 
conventional low-pH elution buffers. This approach mitigates antibody 
degradation and aggregation typically associated with traditional PrA 
chromatography by enabling elution through the application of elec
trical fields instead of acidic buffers. DMC streamlines the workflow and 
reduces processing time by removing the need for buffer exchange 
throughout and after purification [8]

The mechanistic understanding of voltage-induced elution in chro
matography, particularly in Protein A membrane chromatography, re
mains limited, with only a few studies addressing this concept to date [8,
9]. Moreover, the impact of key process parameters on voltage-induced 
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elution has not yet been systematically investigated and therefore re
mains unclear. In this manuscript, we provide a mechanistic explanation 
of voltage-induced elution and systematically evaluate the influence of 
critical process parameters. The findings are further supported by a 
scale-up study, demonstrating the method’s potential for preparative 
applications.

2. Material and methods

Digital Membrane Chromatography (DMC) was carried out on an 
ÄKTA Purifier system (Cytiva) using the commercially available i3 
DMCPrA Protein A device (i3 Membrane, Radeberg, Germany). The de
vice is composed of two gold-sputtered PET membranes, with the Pro
tein A membrane sandwiched between them (see Fig. 1). The Protein A 
membrane volume (MV) is 0.04 mL. Voltage is applied via four electrical 
contact elements integrated into the device housing and controlled 
externally using the i3 DMCcontrol unit. Scale-up experiments were per
formed using a 1.0 mL prototype device with the same sandwich 
configuration, employing the same electrodes and Protein A membrane 
provided by i3 Membrane. Phosphate buffered saline (PBS) with 1:50 
dilution (200 µM Na2HPO4, 36 µM KH2PO4, 2.7 mM NaCl, 54 µM KCl) 
served as standard buffer throughout the runs. Any modifications to the 
mobile phase are mentioned directly in the results section for the cor
responding experiment. After connecting the device to the ÄKTA system, 
the mobile phase is pumped isocratically at a flow rate of 2 mL/min. The 
run includes an equilibration step (5 mL), a wash step (5–10 mL), a DMC 
elution, and a post-DMC wash step (10 mL). For electrically driven 
elution, voltage was applied externally using the i3 DMCcontrol unit (i3 
Membrane, Radeberg, Germany) connected to the membrane module. 
Standard DMC elution conditions were +2 V applied for 2 min or 3 min. 
An additional control elution (also referred to as strip in this study) with 
0.1 M citrate buffer (pH 3.0) was performed after each run to benchmark 
DMC-based elution against conventional low-pH elution. A commer
cially available Trastuzumab-based monoclonal antibody (Trazimera®, 
Pfizer, Berlin, Germany; pI ≈ 8.7) was used as the model antibody in all 
experiments. The sample was either dissolved in ultrapure water or 1:50 
PBS to a final concentration of 1.2 mg/mL and a standard load of 30 mg/ 
mL⋅MV was applied for the small device, whereas 24 mg/mL⋅MV was 
used for the 1.0 mL device. In addition, in-line monitoring was per
formed for UV absorbance at 280 nm, pH, and conductivity during all 
experiments.

3. Results and discussion

In a standard run using low-conductivity phosphate-buffered saline 
(PBS, 1:50 dilution) and a voltage of +2 V for 2 min for elution, a pro
nounced change in pH was observed concurrent with the elution peak 
(Fig. 2A). After the pH reached its maximum, it gradually declined 
during continued voltage application, remaining slightly above the pH 
of the equilibration solution. Upon voltage termination, the pH dropped 

rapidly and then slowly returned toward the buffer pH. The control 
elution/ strip at pH 3 showed a mAb peak of about < 5 % only. Addi
tional experiments (not shown) confirmed that elution occurs only with 
low-conductivity buffers and a voltage-induced pH shift. Voltage-driven 
elution could not be achieved with undiluted PBS, and although 1:5 and 
1:10 PBS dilutions supported DMC elution, the 1:50 dilution provided 
the highest recovery of > 95 % and the smallest eluate volume. To reach 
the low conductivity of the standard running buffer, 22 MV of post- 
loading wash are required for the small device and 4 MV for the 1.0 
mL device. The higher requirement of 22 MV arises from its large hold- 
up volume compared to the membrane volume within the smaller de
vice. In contrast, the scaled-up device has a smaller ratio between hold- 
up volume and membrane volume, reducing the required wash volume 
to 4 MV to reach the needed lower conductivity. This volume falls well 
within typical the typical range used for a post-loading wash in mem
brane chromatography. To further investigate the mechanism underly
ing voltage-induced antibody elution, and to determine whether pH 
changes drive antibody release, several experimental parameters were 
systematically varied during DMC elution. One key parameter was the 
applied voltage, which was tested in a range from 1.5 V to 2.5 V, with a 
constant application of 2 min. As shown in Fig. 2B, the pH increase was 
dependent on the applied voltage: higher voltages led to slightly higher 
pH maximum and a more pronounced drop post voltage application. In 
addition to the pH drop observed after voltage termination, voltage- 
dependent pH changes were also detected during the voltage- 
application period. While the pH remained at the maximum pH at 1.5 
V and 1.6 V, it began to decrease at voltages above 1.7 V, with the onset 
of the decline occurring earlier at higher voltages. No voltage-driven 
elution was observed at 1.5 V; despite the pH increase, the entire anti
body eluted only during the subsequent low-pH strip. Minor voltage- 
induced elution was first detected at 1.6 V and increased progressively 
with higher voltages. Optimal antibody recovery (> 95 %) with minimal 
eluate volume was achieved at 2.0 V and 2.5 V, with only negligible 
elution during the low-pH strip. These observations clearly demonstrate 
that the elution is not driven by the initial increase in pH, but rather by 
the subsequent decrease during the voltage-on phase.

To assess whether the observed pH shifts were specific to interactions 
involving the Protein A (PrA) ligand or the monoclonal antibody (mAb), 
further control experiments were performed. These included runs 
without antibody loading (Fig. 3A/B), as well as using different mem
brane types: anion-exchange, cation-exchange, and ligand-free mem
branes (Fig. 3B). All conditions produced comparable pH responses to 
applied voltage, indicating that the pH shift is not ligand- or antibody- 
specific, but rather a general electrochemical effect within the system.

Moreover, polarity reversal experiments provided further insight 
into the mechanism. When a positive voltage was applied, establishing 
an electric field oriented from anode to cathode (as defined by the 
manufacturer), a pH increase was consistently observed during voltage 
application. In contrast, when a negative voltage was applied – thus 
reversing the field orientation from cathode to anode in flow direction – 
an inverse pH trend was observed, with pH decreasing upon voltage 
application and increasing after voltage termination. This trend was 
consistent across ligand types (e.g., PrA in Fig. 3A) and also appeared in 
ligand-free membranes (Fig. 3B).

The practical cell voltage for water electrolysis at gold electrodes is 
estimated to exceed 2.3 V, based on reported half-cell overpotentials for 
the oxygen evolution reaction (OER, onset at ~2.0 V vs. RHE) [10] and 
hydrogen evolution reaction (HER) [11] at polycrystalline gold elec
trodes. Nevertheless, water splitting remains thermodynamically 
feasible at all applied cell voltages (1.5–2.5 V), as they exceed the 
thermodynamic minimum of 1.23 V. We therefore propose that the pH 
shifts are driven by electrochemical processes associated with water 
electrolysis, involving OER occurring at the anode and HER at the 

Fig. 1. Design of i3 DMCPrA device in an exploded view.
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cathode. Under near-neutral pH conditions and in the absence of buff
ering species, these reactions take place as described by T. Naito et al. 
[12], as follows: 

Anode:      2 H2O ⇌ O2 + 4 H+ + 4 e-                   (1)

(OER)    4 OH- ⇌  O2 + 2 H2O + 4 e-                    (2)

Cathode: 2 H2O + 2 e- ⇌   H2 + 2 OH-                          (3)

(HER)    2 H+ + 2 e- ⇌   H2                                      (4)

With changing pH, different reactions may dominate, but we assume 
that reactions (1) and (3) occur predominantly under near neutral pH 
and account for the observed pH trends [13]. With the electric field 
oriented from anode to cathode in the direction of flow, as in standard 
DMC elution with positive voltages, the observed pH increase can be 
attributed to hydroxide ions (OH-) generated by the cathodic HER [Eq. 
(3)]. In this configuration, the cathode is located at the device outlet, 
allowing the hydroxide ions formed to exit the system directly and raise 
the effluent pH. The subsequent decrease and levelling off of the pH 
during the voltage-on period is most likely caused by neutralization of 
OH- by hydronium ions (H3O+) generated at the anode via the OER [Eq. 
(1)]. Once the voltage has been switched off, the residual H₃O⁺ ions 
within the module are flushed towards the outlet by the buffer flow. 
Without concurrent OH⁻ production to offset the acidity, this gives rise 

to the observed transient pH drop. The buffer flow then restores the 
system to its baseline pH. Upon polarity reversal, while maintaining the 
same flow direction, the anode becomes the device outlet, inverting the 
observed pH trend. The immediate pH decrease during voltage appli
cation can be attributed to H₃O⁺ generated by the anodic OER [Eq. (1)], 
which exit the system directly at the outlet. The subsequent partial pH 
recovery during the voltage-on period is most likely caused by OH⁻ 
produced via the cathodic HER [Eq. (3)], which migrate toward the 
outlet and partially offset the H₃O⁺-induced pH decease. Once the 
voltage is switched off, the residual OH⁻ ions within the module are 
flushed toward the outlet by the buffer flow. Without concurrent H₃O⁺ 
production at the anode to offset the basicity, this gives rise to a tran
sient pH increase before the buffer flow restores the system to its base
line pH. Applying a voltage of − 2 V combined with flow reversal 
restored the original pH response observed at +2 V (data not shown).

The elution mechanism underlying voltage-induced elution in a PrA 
membrane is hypothesized to involve H3O+ions generated by the anodic 
oxygen evolution reaction (OER). These ions are transported through 
the Protein A membrane, leading to a local pH decrease in the mem
brane before passing through the perforated cathode. H3O+ ions have 
been shown to induce conformational changes in both PrA and IgG, 
thereby facilitating elution in a manner analogous to conventional low- 
pH elution [14]. However, this local effect is not reflected in the pH 
measured by the ÄKTA system. We therefore distinguish between the 
measured bulk pH at the outlet, which is elevated due to OH⁻ produced 
by the cathodic HER, and the local pH in the anode-side Protein A 

Fig. 2. Chromatograms of Trastuzumab capture using the i3 DMCPrA device with DMC elution are shown. (A) Elution at 2 V and (B) elution with variable voltage 
(1.5–2.5 V for 2 min) were performed using PBS (1:50) as the mobile phase at a flow rate of 2 mL/min. A total of 1 mL of Trazimera® (1.2 mg/mL in ultrapure water) 
was loaded onto the membrane. Following DMC elution, control elution/strip steps were carried out using 0.1 M citrate buffer (pH 3.0). Solid lines represent UV 
absorbance at 280 nm, and dashed lines represent pH profiles.
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membrane, which proposed to govern the elution mechanism. As the 
mobile phase flows through the cathode, the anodically generated H3O+

ions are partially neutralized by the OH⁻ produced via HER [Eq. (3)], 
with excess OH⁻ continuously flushed toward the outlet, accounting for 
the observed alkaline bulk pH. Assuming that only the reactions 
described in Eq. (1) and Eq. (3) occur at equal rate, no change in the 
outlet pH is expected following a prolonged voltage application. How
ever, the elution mechanism is more complex, as different ions may 
influence the relative rates of these reactions. As shown by Monteiro 
et al. [15], both the identity and concentration of alkali metal cations 
influence the kinetics of the HER on gold electrodes: weakly hydrated 
cations (e.g., K+) promote the HER, whereas strongly hydrated cations 
(e.g., Li+) inhibit it.

In addition to electrochemical reactions at the electrodes, an applied 
electric potential induces the formation of the electrochemical double 
layers on the electrode surfaces. Ghisellini et al. demonstrated that 
conformational changes in Protein A/mAb complexes immobilized 
directly on a gold electrode surface occur upon application of an electric 
potential, although dissociation of the complex was not observed [16]. 
In the present system, no proteins are immobilized on the electrode 
surfaces, and the Protein A membrane is positioned 20 µm from the 
electrodes, well beyond the effective range of the electrochemical dou
ble layer (Deybe length ≈ 10 nm at 1 mM NaCl). The electrode double 
layer effect on the Protein A/antibody interaction can therefore be 
disregarded.

The applied electric field does, however, interact with the Protein A/ 
antibody complex within the membrane, as both immobilized Protein A 
and the complexed antibodies carry net charges at physiological pH. 

Morgan et al. demonstrated that antibodies can be eluted electropho
retically from a Protein A gel [17]. This process is, however, consider
ably slow and is likely not attributed to a direct weakening of the Protein 
A/antibody interaction. Rather, it has been proposed that spontaneous 
dissociation of the complex leads to the release of the antibody, which is 
subsequently separated electrophoretically from the immobilized Pro
tein A, thereby preventing reassociation [18]. Since elution can occur 
within 1 min under our conditions and we applied a convective flow of 
the mobile phase, electrophoretic effects can initially be discharged.

To evaluate whether specific salts influence elution behaviour in 
digital membrane chromatography (DMC), additional experiments were 
conducted using various salts and concentrations. Starting from the 
standard 1:50 PBS solution (200 µM Na2HPO4, 36 µM KH2PO4, 2.7 mM 
NaCl, 54 µM KCl), KCl and NaCl were individually omitted to assess the 
effect of the remaining phosphate components (Na₂HPO₄ and KH₂PO₄). 
The resulting solution, lacking KCl and NaCl, is referred to as PB (1:50). 
As shown in Fig. 4A, in the absence of NaCl, no elution was observed 
under these conditions, despite a measurable pH increase. The main 
difference that was observed apart from the missing elution using solely 
the phosphate salts, is the less pronounced decrease of pH after DMC- 
termination. Increasing the concentration of phosphate salts (results 
not shown), and thereby the conductivity, also did not result in sufficient 
elution compared to solutions containing NaCl. These observations 
indicate that the underlying elution mechanism is highly complex and 
strongly dependent on specific ions present. The process exhibits pro
nounced ions specificity, and drawing comprehensive conclusions about 
the sum of electrochemical and physiochemical reactions occurring 
within the device when different salts are used remains challenging.
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Fig. 3. pH profiles recorded during and after application of ±2 V for 2 min or 3 min without sample load using the i3 DMC device with (A) Protein A membrane and 
(B) membrane without ligand. The runs were performed using PBS (1:50) as the mobile phase at a flow rate of 2 mL/min. All conditions produced comp arable pH 
responses to applied voltage.
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To investigate whether NaCl, or more specifically chloride ions, are 
required to facilitate elution, further experiments were performed using 
NaCl in ultrapure water at varying concentrations (Fig. 4B). The results 
indicate that even a low concentration of 0.05 mM NaCl enabled a small 
degree of elution at 2 V. Increasing the NaCl concentration up to 1.0 mM 
led to a proportional increase in antibody recovery, reaching complete 

elution at the highest concentration tested. Additional experiments were 
conducted using different salts at a fixed concentration of 0.15 mM to 
allow for comparative analysis under low-salt conditions (Fig. 4C). 
While NaCl and KCl exhibited similar behaviour in terms of pH change 
and elution efficiency, Na₂SO₄ and (NH₄)₂SO₄ resulted in higher anti
body recoveries. Notably, (NH₄)₂SO₄ led to a smaller pH increase, likely 
due to the buffering effect of ammonium ions, which can react with 
hydroxide ions to form ammonia and water, thereby mitigating the rise 
in pH. In additional experiments, the influence of the conductivity was 
examined by increasing the NaCl concentration to 0.35 mM to match the 
conductivity of 0.15 mM (NH4)2SO4 (Fig. 4D). Increasing the conduc
tivity of the NaCl solution resulted in a voltage-induced elution peak 
comparable to that obtained with (NH4)2SO4, demonstrating that con
ductivity is the critical parameter for voltage-induced elution in DMC. 
The lower yield with 0.15 mM NaCl is therefore attributed to its lower 
conductivity. Multivalent salts achieve the required conductivity at 
lower molar concentrations due to increased ion yield and the higher 
molar conductivity of multivalent anions such as SO4

2-. These findings 
suggest that it is not chloride ions specifically that are required for 
elution. The observations further underline the strong dependence of 
water electrolysis reactions on the composition of the electrolyte. Lu 
et al. [19] reviewed that, in addition to alkali metal cations, anions such 
as halides and carbonates critically affect the kinetics of both the HER 
and OER.

In all of the experiments described above, with the electric field 
oriented in the preferred direction for effective elution (from anode to 
cathode), the collected elution pool was consistently alkaline (pH 9–10), 
even though we hypothesize that H3O+ ions are involved in the elution 
mechanism. SEC analysis revealed no evidence of aggregation or frag
mentation, and a related study by Steegmüller et al. [9] likewise re
ported reduced aggregation of voltage-induced eluted antibodies 
compared with conventional low-pH elution. Since the manufacturer 
permits alkaline cleaning with 0.1 M NaOH, it is anticipated that the 
Protein A ligand will also remain stable at this pH level. Nevertheless, 
several neutralization strategies were evaluated to minimize exposure of 
the antibodies to alkaline conditions. The most straightforward 
approach involved collecting both the high-pH eluate during DMC and 
the lower-pH fractions obtained after DMC termination, leading to 
neutralization of the combined eluate pool. To further enhance the pH 
decrease, a negative voltage was applied to reverse the polarization of 
the electric field rather than simply switching off the DMC. Previous 
experiments demonstrated that reversing the polarity decreased the pH 
more effectively than terminating the voltage alone. Additional studies 
varying the voltage-on time during elution showed that 40 s was suffi
cient to achieve high yield. Accordingly, as shown in Fig. 5A, the 
small-scale device (0.04 mL membrane volume, MV) yielded 1.9 mL of 
eluate with a pH of 7.96 when 2.5 V was applied for 40 s, followed by 
− 2.5 V for an additional 40 s, before returning to 0 V.

To demonstrate that voltage-driven elution is also applicable at 
larger scale, a device with a membrane volume (MV) of 1 mL was 
assembled. This setup exhibited a comparable pH profile during voltage 
application and after voltage termination. However, a higher voltage 
(3.25 V) was required to achieve sufficient elution efficiency (> 95 %) 
compared with the small-scale device. This increase was necessary 
because multiple PrA membrane layers were stacked on top of each 
other, resulting in a greater distance between the electrodes. To main
tain the electric field required for efficient elution, a higher applied 
voltage was therefore needed. The same neutralization strategy used for 
the small-scale device was successfully implemented, with adjustments 
to the voltage magnitude and application time. As shown in Fig. 5B, this 
configuration yielded a total elution volume of 8.0 mL at pH 7.37 when 
3.25 V was applied for 2 min, followed by − 3.25 V for an additional 2 
min, before returning to 0 V.

Fig. 4. Chromatograms of Trastuzumab capture using the i3 DMCPrA device 
under varying salt types and concentrations during DMC elution are shown. (A) 
Phosphate buffered saline (PBS, 1:50) was compared to KCl- and NaCl-free 
phosphate buffer (PB, 1:50), and PB (1:50) supplemented with NaCl. (B) 
Different NaCl concentrations and (C) various salts dissolved in ultrapure water 
were further evaluated (D) with matching the conductivity of two different 
salts. DMC elution was performed at 2 V for 3 min. A total of 1 mL of Trazi
mera® (1.2 mg/mL in ultrapure water) was loaded onto the membrane. 
Following DMC elution, control elution/strip steps were carried out using 0.1 M 
citrate buffer (pH 3.0). Solid lines represent UV absorbance at 280 nm, and 
dashed lines represent pH profiles.
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4. Conclusion

The i3 DMCPrA introduces a novel approach for rapid and efficient 
capture and release of monoclonal antibodies (mAbs) and other Fc- 
containing molecules. Its operation under low-salt conditions makes it 
particularly suitable for applications such as mass spectrometry, where 
minimal ionic strength is essential for accurate analysis. Elution is 
achieved using a single buffer and minimal salt, eliminating the need for 
buffer exchange and significantly reducing processing time compared to 
conventional workflows. The consistent pH shifts observed during 
elution are attributed to electrochemical reactions – oxygen evolution 
(OER) and hydrogen evolution (HER) – at the electrodes, which drive 
both the pH change and the elution process. Notably, these reactions are 
strongly influenced by the electrolyte composition. Furthermore, the 
voltage-induced elution demonstrated robust scalability, confirming its 
suitability for implementation in larger-scale devices while maintaining 
efficient performance.
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Fig. 5. Chromatograms of neutralization method of elution pool with A: small 
scale device (0.04 mL) and B: scaled up device (1 mL). Phosphate buffered 
saline (PBS, 1:50) was used as running solution and a total of 1 mL (A) and 20 
mL (B) of Trazimera® (1.2 mg/mL in ultrapure water) was loaded onto the 
membrane. A: DMC elution was performed at +2.5 V for 40 s, followed by a 
switch to − 2.5 V for 40 s. A total elution volume of 1.9 mL was collected, with a 
final pH of 7.96. B: DMC elution was performed at +3.25 V for 2 min, followed 
by a switch to − 3.25 V for 2 min. This resulted in a total elution volume of 8.0 
mL with a final pH of 7.37. Following DMC elution, control elution/strip steps 
were carried out using 0.1 M citrate buffer (pH 3.0). Solid lines represent UV 
absorbance at 280 nm, and dashed lines represent pH profiles.
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