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S1. Confirmatory static EMS kinetics with 8B PGEs
Commercial 6B pencil graphite electrodes (PGEs) pretreated by the established burn-off procedure were used as the standard electrode material in the main study, following the workflow established in our preceding static EMS study . To assess whether the characteristic pVAX1 EMS response was also obtained with additive-free electrode leads, additional experiments were performed with 8B PGEs from the same manufacturer. These 8B leads were supplied before introduction of the final manufacturing additive and were therefore used without burn-off pretreatment.
The 8B PGEs were evaluated under the salt-free reference condition in DI-H₂O at +1.6 V (Fig. S1). During voltage application, pVAX1 was rapidly depleted from the sampled liquid phase and remained at low residual concentrations throughout adsorption. Only negligible passive release was observed during the short-circuit step, whereas the final washing/desorption step restored the liquid-phase pVAX1 concentration to the initial concentration range.
Thus, the 8B PGEs reproduced the characteristic qualitative EMS sequence established previously for the standard 6B workflow: rapid field-driven depletion, minimal release during short-circuiting, and recovery upon washing . This experiment was included as a confirmatory check of the PGE-based EMS workflow and was not intended to establish full quantitative equivalence between 6B and 8B electrode grades or to derive electrode-specific loading capacities.

Fig. S1 Confirmatory static EMS kinetics of pVAX1 in DI-H₂O using additive-free 8B PGEs. The initial pVAX1 concentration was 50 mg L⁻¹. pVAX1 concentration at the sampling position during 60 min adsorption at +1.6 V, followed by 30 s short-circuiting and final washing/desorption. Two independent experiments are shown separately. Each data point represents the mean of three technical UV-Vis measurements; error bars indicate the corresponding standard deviation

S2. EDTA-related interference in buffer systems and buffer-only controls
To assess buffer-related effects during static EMS, representative EDTA-containing nucleic-acid buffers were tested . pVAX1 concentration kinetics were recorded in TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) and TAE buffer (40 mM Tris, 20 mM acetate, 1 mM EDTA, pH 8.5) under +1.6 V and OCP conditions. As shown in Fig. S2, both buffer systems showed pronounced apparent concentration increases that were inconsistent with pVAX1 mass balance. In TE buffer with DI-H₂O-equilibrated 6B PGEs, the apparent pVAX1 concentration exceeded 400 mg L⁻¹ under +1.6 V, while the OCP control increased to more than 15 mg L⁻¹. In TAE buffer with TAE-equilibrated 6B PGEs, the apparent concentration increased by approximately 30 mg L⁻¹ under +1.6 V and by approximately 10 mg L⁻¹ under OCP. These apparent concentration changes indicated that A260-based quantification was affected by the buffer matrix. Therefore, buffer-only experiments were performed to evaluate whether comparable A260-based signal changes occurred in the absence of pDNA.

Fig. S2 Apparent pVAX1 concentration profiles in EDTA-containing buffer systems during static EMS. The initial pVAX1 concentration was 45 mg L⁻¹. (a) TE buffer containing 10 mM Tris and 1 mM EDTA at pH 8.0 using DI-H₂O-equilibrated 6B PGEs. (b) TAE buffer containing 40 mM Tris, 20 mM acetate, and 1 mM EDTA at pH 8.5 using TAE-equilibrated 6B PGEs. Two independent +1.6 V experiments (dark blue circles and light blue triangles) are shown separately together with one OCP control (black squares). Each data point represents the mean of three technical UV–Vis measurements; error bars indicate the corresponding standard deviation
Buffer-only experiments were performed to evaluate whether A260-based signal changes occurred in the absence of pDNA. The tested systems included TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0), TAE buffer (40 mM Tris, 20 mM acetate, 1 mM EDTA, pH 8.5), and MOPS buffer (20 mM MOPS, 2 mM sodium acetate, 1 mM EDTA, pH 7.0). Experiments were conducted over 60 min using the static EMS workflow with 6B PGEs, with two independent +1.6 V experiments and one OCP control for each buffer system. Apparent concentration profiles were recorded by UV-Vis spectrophotometry using DI-H₂O as blank and the dsDNA quantification mode at 260 nm. As shown in Fig. S3, all tested EDTA-containing buffer systems showed increasing apparent A260-derived concentrations over time. The effect was observed under both +1.6 V and OCP conditions but was more pronounced under applied voltage. These buffer-only controls demonstrated that the signal increase was not specific to pVAX1 migration but reflected analytical interference in EDTA-containing systems. Therefore, defined EDTA solutions were investigated in the main manuscript to further assess the EDTA-related signal under controlled concentration and voltage conditions.

Fig. S3 Apparent A260-derived concentration profiles of EDTA-containing buffer-only controls. The buffer-only control solutions contained no pVAX1. TE, TAE, and MOPS-based systems were evaluated over 60 min in two independent +1.6 V experiments and one OCP control. Apparent concentrations were calculated in the dsDNA quantification mode of the NanoPhotometer NP80 using DI-H₂O as blank and the standard dsDNA conversion factor, corresponding to a mass extinction coefficient of 0.020 L mg⁻¹ cm⁻¹ at 260 nm. Each data point represents the mean of three technical UV–Vis measurements; error bars indicate the corresponding standard deviation

S3. Additional static EMS kinetics in 10 mM Tris
To further confirm the rapid and reversible EMS behavior observed in 10 mM Tris buffer (pH 8), two additional independent experiments were performed at +1.6 V using a shortened 10 min adsorption phase (Fig. S4). Both experiments reproduced rapid field-driven depletion during adsorption and recovery of the liquid-phase pVAX1 concentration after washing/desorption.

Fig. S4 Additional independent static EMS experiments with pVAX1 in 10 mM Tris buffer (pH 8). The initial pVAX1 concentration was 50 mg L⁻¹. pVAX1 concentration at the sampling position during 10 min adsorption at +1.6 V, followed by 30 s short-circuiting and final washing/desorption. Two independent experiments are shown separately. Each data point represents the mean of three technical UV–Vis measurements; error bars indicate the corresponding standard deviation

S4. Field-associated precipitation in additional salt systems
In addition to the NaCl, CaCl₂, and Na₂SO₄ conditions presented in the main manuscript, 10 mM KCl and 10 mM NH₄Cl were tested under the same static EMS protocol at +1.6 V, with OCP controls for comparison (Fig. S5a). Both salts reproduced the salt-dependent behavior of the other systems: apparent field-driven depletion during adsorption accompanied by less reproducible concentration profiles than in the compatible DI-H₂O and 10 mM Tris conditions, consistent with sample heterogeneity from precipitate formation. This heterogeneity was most pronounced in KCl after washing, where the precipitate-containing suspension was too inhomogeneous to yield a meaningful triplicate mean.
Representative cuvette photographs after +1.6 V treatment across different salt conditions (10 mM NH₄Cl, 10 mM CaCl₂, 10 mM KCl, and 5 mM Na₂SO₄) confirmed visible precipitate formation, including linear precipitate localized between the electrodes in 10 mM NaCl under applied voltage during adsorption (Fig. S5b). Together with the qualitative AGE results in Section S5, these observations show that field-associated precipitation and altered electrophoretic band patterns occurred across the selected salt systems rather than being restricted to a single ion composition.

Fig. S5 Static EMS of pVAX1 in additional salt systems at +1.6 V. The initial pVAX1 concentration was 50 mg L⁻¹. (a) Time-dependent pVAX1 concentration at the sampling position in 10 mM KCl and 10 mM NH₄Cl during 60 min adsorption, 10 min short-circuiting, and final washing/desorption. Two independent +1.6 V experiments are shown separately together with one OCP control. Each data point represents the mean of three technical UV–Vis measurements; error bars indicate the corresponding standard deviation. For the first independent KCl experiment after washing/desorption, the individual technical measurements are shown because the precipitate-containing suspension was too heterogeneous to provide a meaningful mean. (b) Representative cuvette images after washing/desorption in 10 mM NH₄Cl, 10 mM CaCl₂, 10 mM KCl, and 5 mM Na₂SO₄. The right-hand image shows linear precipitate accumulation between the electrodes in 10 mM NaCl while +1.6 V was applied

S5. Supplementary agarose gel electrophoresis analysis
Agarose gel electrophoresis was used as a qualitative readout of pVAX1 integrity following static EMS in 10 mM Tris buffer (pH 8.0), complementing the PATfix® isoform quantification. Across the OCP control and the two +1.6 V experiments, the supercoiled band remained the dominant visible species, accompanied by a weaker open-circular band (Fig. S6). No pronounced low-molecular-weight smearing was observed. These qualitative AGE results are consistent with the PATfix® finding that the supercoiled isoform remained predominant after EMS in 10 mM Tris.

Fig. S6 Agarose gel electrophoresis of pVAX1 during EMS in 10 mM Tris buffer (pH 8.0). Adsorption was performed at +1.6 V for both replicates, followed by a short-circuit step and a wash step. Lanes correspond to adsorption timepoints from two independent experiments (10 and 30 min), the OCP control (OCP), and samples collected after wash for each replicate (After wash). A linear (lin) reference is included for comparison, with the open-circular (oc) and supercoiled (sc) plasmid topologies indicated

The precipitating salt conditions were not analyzed by PATfix®, as clarification before injection would have altered the recovered pVAX1 fraction. AGE was therefore used as a complementary integrity readout. In 10 mM KCl, 10 mM CaCl₂, 10 mM NH₄Cl, and 5 mM Na₂SO₄, the post-EMS samples showed clearly weakened or poorly resolved sc-dominant band patterns compared with the corresponding before-adsorption and OCP samples (Fig. S7–Fig. S9). Together with the visible precipitation, these changes indicate substantial sample destabilization under the investigated higher-salt conditions at +1.6 V. Because the precipitated fraction was not loaded uniformly, the gels were evaluated qualitatively and were not used for quantitative isoform assignment.

Fig. S7 Agarose gel electrophoresis of pVAX1 during EMS in 10 mM KCl. Adsorption was performed under an applied potential of 1.6 V for both replicates, followed by a short-circuit step and a wash step. Lanes correspond to the sample before adsorption (b_ads), adsorption timepoints from two independent experiments (Rep1: 20 and 30 min; Rep2: 5 min), the OCP control (OCP), and samples collected after wash for each replicate (After wash). Supercoiled (sc) and linear (lin) references are included for comparison. Open-circular (oc) and supercoiled (sc) plasmid topologies are indicated

Fig. S8 Agarose gel electrophoresis of pVAX1 during EMS in 10 mM CaCl₂. Adsorption was performed under an applied potential of 1.6 V for both replicates, followed by a short-circuit step and a wash step. Lanes correspond to the original pVAX1 stock (ori.), the before-adsorption sample (b_ads), the precipitated material (prec.), the corresponding supernatant (super.), the OCP control (OCP), and samples collected after wash for each replicate (After wash). The precipitated material did not fully redisperse despite repeated attempts and was therefore loaded directly into the gel well as a suspension; most of the material was retained in the well and appeared as a poorly resolved smear. The supercoiled reference (sc) and linear ladder (lin) are shown for comparison

Fig. S9 Agarose gel electrophoresis of pVAX1 during static EMS at +1.6 V in 10 mM NH₄Cl and 5 mM Na₂SO₄. For each electrolyte, lanes correspond to the before-adsorption sample (b_ads), the OCP control (OCP), and samples collected after wash for each replicate (Rep1, Rep2). Supercoiled (sc) and linear (lin) references are included for comparison, with the open-circular (oc) and supercoiled (sc) plasmid topologies indicated

S6. PATfix®-based pVAX1 isoform analysis after static EMS
PATfix® analysis was used to assess the sc/oc isoform distribution of pVAX1 after selected static EMS conditions. The values shown in the main manuscript were calculated from the integrated PATfix® peak areas of the assigned supercoiled (sc) and open-circular (oc) peak groups. Each condition represents one PATfix® injection of one sample (n = 1). The corresponding peak-group integration data are listed in Table S1.


Table S1 Full PATfix® peak-group integration data for untreated pVAX1 stock and pVAX1 recovered after the selected static EMS conditions presented in the main manuscript
Sample	Peak assignment	Retention time/min	Absolute area/mAU s	Area/%
Untreated pVAX1 stock solution	oc	7.2767	32.0542	17.2587
Untreated pVAX1 stock solution	sc	8.6167	153.6738	82.7413
DI-H₂O, OCP	oc	7.6000	47.2375	18.2809
DI-H₂O, OCP	sc	8.8467	211.1604	81.7191
DI-H₂O, +1.6 V	oc	7.5967	51.3671	24.1045
DI-H₂O, +1.6 V	sc	8.8533	161.7343	75.8955
10 mM Tris, OCP	oc	7.6000	52.3000	19.1813
10 mM Tris, OCP	sc	8.8400	220.3621	80.8188
10 mM Tris, +1.6 V	oc	7.2433	35.3469	27.7045
10 mM Tris, +1.6 V	sc	8.5700	92.2386	72.2955
1 mM NaCl, OCP	oc	7.2700	23.6936	21.7840
1 mM NaCl, OCP	sc	8.5967	85.0727	78.2160
1 mM NaCl, +1.6 V	oc	7.2667	25.9440	25.7903
1 mM NaCl, +1.6 V	sc	8.5767	74.6518	74.2097
10 mM NaCl, OCP	oc	7.2667	25.3418	19.2891
10 mM NaCl, OCP	sc	8.5733	106.0372	80.7109


S7. DLS-derived apparent hydrodynamic descriptors
Dynamic light scattering was performed for selected pVAX1 samples to provide complementary information on electrolyte-dependent changes in apparent sample state during static EMS (Fig. S10). Measurements were performed before adsorption (b_ads), after OCP washing/desorption (OCP), and after washing/desorption following adsorption at +1.6 V (After wash). The tested conditions included DI-H₂O, 10 mM Tris buffer (pH 8), 1 mM NaCl, 10 mM NaCl, and 10 mM CaCl₂.
The DLS-derived Z-average is reported as an apparent, intensity-weighted hydrodynamic descriptor and should not be interpreted as an exact molecular dimension of pVAX1. This limitation is particularly relevant for post-EMS samples, where electrode-derived particles, visible precipitates, or heterogeneous sample states may disproportionately affect the scattered-light intensity. Accordingly, increased Z-average values and larger standard deviations are interpreted as indicators of altered sample state rather than as evidence for a defined pVAX1 size, conformation, or aggregation mechanism .
Within these limitations, the DLS data showed pronounced sample-state changes in several post-EMS samples, including DI-H₂O and 1 mM NaCl. The largest apparent Z-average value was observed for 10 mM NaCl after +1.6 V treatment, while the visibly precipitating 10 mM NaCl and 10 mM CaCl₂ samples also showed high variability. Because several post-EMS samples had PDI values close to 1, the DLS results do not support a simple classification into compatible and destabilizing conditions but provide complementary descriptors of post-EMS sample heterogeneity. 

Fig. S10 DLS-derived apparent hydrodynamic descriptors of pVAX1-containing samples after static EMS under selected electrolyte conditions. DLS-derived Z-average values were measured before adsorption (b_ads), after OCP washing (OCP), and after washing following adsorption at +1.6 V (After wash). Electrolytes included DI-H₂O, 10 mM Tris buffer (pH 8), 1 mM NaCl, 10 mM NaCl, and 10 mM CaCl₂. Bars represent the mean of five technical measurements; error bars indicate the corresponding standard deviation. Values are reported as apparent intensity-weighted descriptors. Asterisks indicate samples with visible precipitates
The corresponding Z-average hydrodynamic diameters and PDI values are summarized in Table S2.


Table S2 Mean DLS-derived Z-average and PDI values of pVAX1-containing samples before adsorption and after selected static EMS conditions. Corresponding standard deviations of the Z-average measurements are shown in Fig. S10
Electrolyte	Sample state	Z-average/nm	PDI
DI-H₂O	b_ads	491.8	0.474
DI-H₂O	OCP	658.4	0.563
DI-H₂O	After wash	1734.0	1.000
10 mM Tris	b_ads	451.0	0.643
10 mM Tris	OCP	515.0	0.659
10 mM Tris	After wash	258.3	0.511
1 mM NaCl	b_ads	600.8	0.525
1 mM NaCl	OCP	559.3	0.525
1 mM NaCl	After wash	1749.2	0.985
10 mM NaCl	b_ads	499.7	0.604
10 mM NaCl	OCP	617.7	0.619
10 mM NaCl	After wash	3004.3	0.951
10 mM CaCl₂	b_ads	174.0	0.513
10 mM CaCl₂	OCP	267.5	0.656
10 mM CaCl₂	After wash	1250.4	0.749
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