
Nature Chemical Biology

nature chemical biology

https://doi.org/10.1038/s41589-024-01778-zArticle

Detecting features of antibody structure 
through their mediator-accessible redox 
activities

Dana Motabar  1,2,3, Eunkyoung Kim2,3, Jinyang Li1,2,3, Zhiling Zhao  2,3, 
Trina Mouchahoir2,4, D. Travis Gallagher2,4, John E. Schiel2,4, Mamatha Garige5, 
Carole Sourbier5, Gregory F. Payne  2,3  & William E. Bentley  1,2,3

Protein function relies on sequence, folding and post-translational 
modi
cation and molecular measurements are commonly used to reveal 
these structural features. Here, we report an alternative approach that 
represents these molecular features as readily measurable electronic 
patterns and validate this experimental approach by detecting structural 
perturbations commonly encountered during protein biomanufacturing. 
We studied a monoclonal antibody standard (from the National Institute 
of Standards and Technology) and focused on the electronic detection 
of variants that have undergone interchain disul
de bond reduction 
and methionine oxidation. Electronic detection of these structural 
perturbations is based on mediated electrochemical probing (MEP) that 
discerns patterns associated with the antibody’s mediator-accessible 
redox activity. We demonstrate that MEP can rapidly (within minutes) and 
quantitatively detect alterations in the antibody’s structural features and 
produce robust electronic signals that could enable monitoring of bioma-
nufacturing processes. The ability to transduce information regarding a 
protein’s structural perturbations into a more convenient electronic domain 
o�ers opportunities to apply the power of microelectronics and real-time 
data analytics to chemical and biological analysis.

The amino acid sequence of proteins encodes information regarding 
their structure, folding and post-translational modifications. Commonly, 
the amino acids undergo redox (reduction–oxidation)-based modifica-
tions by redox-active molecules (for example, reactive oxygen species), 
which can impact protein structure and function. In some cases, these 
post-translational redox modifications may be essential to biological 
structure and function (for example, thiol-to-disulfide sulfur switching of 
cysteine residues)1–4 or detrimental (for example, oxidative damage)5–7.

Here, we report a rapid method to detect features of protein 
structure through their mediator-accessible redox activities (MARA) 
and we use therapeutic monoclonal antibodies (mAbs), as our model. 
Therapeutic antibodies have an important role in human health (ther-
apeutics and diagnostics) and account for a substantial portion of 
global sales revenue for all biopharmaceutical products8–10. Through-
out their development and manufacture, mAbs can be altered by 
redox reactions resulting in interchain disulfide bond reduction or 
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Here, we extend an emerging electrochemical method, mediated 
electrochemical probing (MEP)23–26, for the simple, rapid and sensitive 
detection of mAb reduction and oxidation variants. As illustrated in 
Fig. 1b, this method probes the mAb-containing sample using a dif-
fusible redox mediator and an electrode with a precisely imposed 
voltage input sequence. In our case, the mediator is oxidized at the 
electrode and then diffuses into the sample where it probes the mAb for 
oxidizable residues. Among the most important in mAbs are cysteine 
residues that confer structural integrity through their ability to form 
disulfide bonds linking adjacent fragments. Importantly, while cysteine 
residues are often buried within the three-dimensional structure of 
a protein, cysteines in mAb are often exposed and this enables their 
redox reaction. In a reduced fragment, exposed thiols of the cysteine 
residues are oxidizable by the mediator, leaving the mediator in a 
reduced state. Thus, the MARA of the mAb is detected when the reduced 
mediator returns to the electrode and its redox state is measured. 
Information of the mAb’s MARA is, thus, embedded in the electronic 
output features that are assessed using data analytics and compara-
tive analysis27,28. In this way, simple addition of mediators whose redox 
potential enables reaction with accessible redox-active residues can 
be detected by simply measuring current at the appropriate applied 
potential. Experimentally, we demonstrate the detection of reduced 
protein thiols (cysteine) and oxidized sulfur residues (methionine) 
using a standard reference material (National Institute of Standards 
and Technology (NIST) mAb reference material 8671) and a commercial 
product, durvalumab. Overall, we believe that this work demonstrates 
that mediated electrochemistry allows complex molecular informa-
tion (for example, of protein structure) to be rapidly converted into an 
electronic format that, in turn, enables broad application for on-site, 
remote and deployable analysis.

Results
Reduction probing the model amino acid, cysteine
To demonstrate MEP, in Fig. 2, we show how cysteine, one of the most 
important redox-sensitive molecular ‘switches’ in biological systems, 
can be electrochemically characterized. When antibodies undergo 
reduction, the disulfide bonds are disrupted and cysteine thiol groups 
are exposed. Our method leverages the exposed thiol groups to dis-
cern when the antibody is reduced. The scheme in Fig. 2a describes the 
proposed reaction mechanism for oxidative redox cycling between the 
redox mediator ferrocene dimethanol (Fc) and cysteine. Fc was cho-
sen as the mediator as it is a weak oxidant that is selective for exposed 
cysteines; it is too mild to oxidize other amino acid residues (that is, 
lysine and tyrosine), as shown in our previous work29. In MEP, redox 
mediators (acting as electron shuttles) are added to biological samples, 
which then interact with redox-active elements through the exchange 
of electrons27,30. When the appropriate input voltage is applied, Fc is 
oxidized by the electrode (FcOx), diffuses away from the electrode sur-
face and exchanges electrons with cysteine. This redox cycling reac-
tion regenerates the reduced form (FcRed) because of the transfer of 
electrons from cysteine, resulting in an amplification in the oxidative 
current relative to the mediator alone in solution. Conversely, in the 
second panel of Fig. 2a, attenuation in the reductive current occurs 
because of the decrease in availability of FcOx. The choice of media-
tor, Fc, is ideally suited for probing the oxidation state of cysteine as 
it can redox cycle (amplify the signal) at slightly oxidizing potentials 
(relative to cysteine), has a well-defined electrochemical signal and is 
easily quantified.

As illustrated in Fig. 2b, Fc-mediated oxidation of cysteine can be 
measured using either of two electrochemical methods with distinct 
voltage input schemes, cyclic voltammetry (CV) or chronocoulometry 
(CC). For CV, as shown with the Fc (50 µmol L−1) control, the input poten-
tial was scanned in the forward (positive) direction, which led to an 
oxidative peak (FcRed → FcOx + e−), and then scanned in the reverse (nega-
tive) direction, which led to a reductive peak (FcOx + e− → FcRed). The Fc 

methionine oxidation, which dramatically affect therapeutic efficacy, 
quality and safety11–13.

As illustrated in Fig. 1a, antibody reduction is a common upstream 
bioprocessing issue that has been observed both in the bioreactor and 
during centrifugal harvest14–16. Reduction of the antibody’s disulfide 
bonds leads to lower-molecular-weight forms (containing free sulfhy-
dryl groups), impacting product stability, bioactivity and downstream 
process performance13,17. Irreversible oxidation of methionine residues 
can occur at all stages of bioprocessing and storage because of expo-
sure to light, oxygen or metal ions. Methionine oxidation also alters 
product quality and pharmacokinetic profiles18,19. Redox-based modi-
fications are closely monitored to ensure optimal production, patient 
safety and approval by the Food and Drug Administration (FDA)20.

Importantly, tools that enable access to redox-based biologi-
cal information are critical. Gold-standard analytical methods (for 
example, mass spectrometry (MS) and capillary electrophoresis 
(CE)) provide highly detailed chemical information that enables the 
comprehensive and robust characterization of mAbs. However, these 
technologies tend to be expensive and labor intensive; they may also 
require lengthy processing times. As such, it is well recognized that 
new process analytical methodologies are needed for therapeutic mAb 
production21,22, specifically those that allow for rapid, sensitive and 
convenient measurement and that can serve as a complement to more 
traditional analytical methods. These methodologies should provide 
ready access to key process information so that they can be incorpo-
rated into advanced control schemes. We suggest that electrochemical 
measurements using electrodes are ideal for this purpose; sterilizable 
pH and dissolved oxygen electrochemical probes, for example, are 
standard measurement tools in bioprocessing because of their reli-
ability, ease of use and ability to connect to electronics.
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Fig. 1 | MEP to detect mAb variants. a, During manufacturing and storage, redox 
reactions can yield mAb reduction and oxidation variants. b, MEP measures the 
mAb’s MARA and allows information of protein structure to be converted into a 
convenient electronic format.
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reaction is electrochemically reversible as evidenced by the oxidation 
and reduction peak currents having a potential separation (80 mV) that 
is relatively similar to that of the expected value (approximately 60 mV) 
for a reversible one-direction electron transfer reaction31. For CC, the 
applied potential is fixed but the principle is the same: quantification of 
the current generated by redox reactions occurring at the applied volt-
age. Here, the first voltage input was a 1-min step change to an oxidative 
value, which oxidized Fc (+0.4 V versus Ag–AgCl), and the second volt-
age input was a 1-min step change to a reductive value, which reduced 
the oxidized Fc (+0.1 V versus Ag–AgCl). When cysteine (50 µmol L−1) 
was added to Fc (50 µmol L−1), the CV and CC responses were dramati-
cally altered as compared to the Fc controls. Specifically, the oxidative 
responses were greatly amplified and the reductive responses were 
attenuated, following from Fig. 2a. When reduced cysteine is present, Fc 
oxidized at the electrode exchanges electrons with cysteine, becomes 
reduced and then returns to the electrode to be oxidized. The current 
generated is the oxidative peak. The reaction with cysteine (reactive 
sink) enables greater current generated by Fc–electrode interactions 
than in the absence of cysteine, as shown in the controls.

Importantly, because both CV and CC have characteristic shapes 
and are highly reproducible, signal metric analyses can be applied 
to quantitatively analyze the data. We suggest that this is analogous 
to the assessment of cardiac function with electrocardiogram (EKG) 
measurements in which electrodes are used to discern a signature 
pattern that characterizes the health and functioning of the heart32. 
Figure 2c lists the parameters and calculations by which our metrics 
are defined. For CV, the oxidative and reductive charges (QOx or QRed) 
were defined as the area under the curve (AUC) below and above the 

zero-current baseline, respectively. The oxidative and reductive peak 
currents (ipeak,ox or ipeak,red) are the minima and maxima of the CV peak 
currents, respectively. For CC, the oxidative charge (∆QOx) is defined as 
the change in the charge after the first minute and the reductive charge 
(∆QRed) is defined as the difference between the charges of the first and 
second minutes. Metrics based on the amplification of the oxidative 
response were expected to increase (that is, metrics A, C, D and F) in 
the presence of reduced cysteine because of the free thiol content, 
whereas metrics based on the attenuation of the reductive response 
were expected to decrease (that is, metrics B, E and G). For brevity, the 
metrics are later referred to by their identifier (metrics A–G, Fig. 2c).

Detection of antibody reduction using MEP
Next, we investigated the ability of MEP to evaluate the MARA of pro-
teins. We selected NISTmAb as a test case because of its relevance as 
a reference standard in the biopharmaceuticals industry. NISTmAb 
oxidation and reduction, for example, are well studied using a variety 
of techniques and reference protocols33. To evaluate states that might 
be produced during biomanufacturing15–17,34, we intentionally reduced 
NISTmAb using TCEP (Methods and Supplementary Fig. 1) to generate 
reduction variants and used these to provide samples of known quan-
tities. In this way, we could systematically evaluate our protocol for 
structural information of the lower-molecular-weight species (light, 
heavy, light–heavy and heavy–heavy), where free thiols are generated 
from the broken disulfide linkages of the otherwise intact antibody35.

Ellman’s assay and microchip CE were used to characterize 
antibody reduction. Using these methods, we first verified that our 
treated samples were indeed reduced. Details are provided in the 
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Supplementary Information. In brief, Ellman’s assay (Supplementary 
Fig. 1b) confirmed the presence of free thiol groups in the reduced 
samples across all concentrations evaluated (3, 1.5, 0.75 and 0.25 g L−1). 
Importantly, the increase in mAb concentration was directly correlated 
with increased free thiol content. Microchip CE (Supplementary Fig. 1c) 
was also used to evaluate free heavy-chain and light-chain monomers 
and intermediate species generated upon antibody reduction. The 
non-reduced CE results demonstrated that the reduction protocol 
was effective as there was minimal intact mAb and high levels of fully 
reduced heavy and light chains. Importantly, these data confirm that 
the reduction of NISTmAb resulted in free-thiol-containing antibody 
fragments that are structurally similar to those produced in bioprocess-
ing settings because of interchain disulfide bond reduction16,17,34.

For electrochemical analysis, Fc (50 µmol L−1) was added to intact 
and reduced NISTmAb samples. As shown in the CV and CC plots of 
Supplementary Fig. 2a, we first determined that there were no notable 
alterations in the electrochemical responses of the Fc mediator in the 
presence of intact mAb (Fc versus Fc + intact). In Supplementary Fig. 2b, 

we show that the reduction protocol had no independent influence 
from residual TCEP36. The top panels of Fig. 3a show the results of MEP 
analysis of Fc (50 µmol L−1) mixed with a range of industrially relevant 
NISTmAb concentrations (3, 1.5, 0.75 and 0.25 g L−1). As expected, we 
observed that the intact mAb responses (that is, pink shades) remained 
essentially unchanged across all concentrations evaluated. This indi-
cates that there was no Fc-mediated electron exchange with NISTmAb 
in its native form. The electrochemical ‘silence’ of the intact NISTmAb is 
consistent with expectations that (1) there are no mediator-accessible 
cysteine residues and (2) Fc is too weak an oxidant to react with other 
surface-accessible amino acid residues. In contrast, for the reduced 
mAb, we observed (1) redox cycling between Fc and the reduced mAb, as 
noted by increased oxidative current and decreased reductive current 
at the peak potentials, and (2) higher oxidative amplification and reduc-
tive attenuation as the reduced mAb concentration increased. The 
concentration-dependent alterations in the CV and CC responses can 
be correlated with the free thiol content of the samples (Supplemen-
tary Fig. 1b, table). Independent MS analysis of Fc-mediated cysteine 
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For the ROC curve of 0.25 g L−1 NISTmAb, the discriminatory power of the model 
increased as additional metrics were combined: metric C, AUC = 0.833; metrics 
C + F, AUC = 0.972; metrics C + A + D, AUC = 1.000. b, Representative CV and 
CC plots of ratios of intact to reduced mAb (total mAb, 3 g L−1; n = 3 replicates): 
100% intact, 75% intact–25% reduced, 50% intact–50% reduced, 25% intact–75% 
reduced and 100% reduced. The corresponding plot of best fit signal metrics is 
shown. Data are presented as the mean values ± s.d.
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oxidation indicated the formation of cysteine rather than any other 
oxygenated forms (for example, sulfenic, sulfonic and sulfinic acids)29. 
Furthermore, MS and CV data from other redox-active residues such 
as lysine and tyrosine showed no redox interaction with Fc, confirming 
the specificity of Fc to exchange electrons with cysteine29.

We applied signal metric analyses to further confirm that observed 
differences between intact and reduced mAbs were statistically sig-
nificant. First, the Mann–Whitney test was used to evaluate whether 
the calculated metrics for the two groups were distinct (n = 6 for both 
groups). In the bar graphs of Fig. 3a, metric C provided clear discrimi-
natory power among all samples at higher concentrations (3, 1.5 and 
0.75 g L−1). Furthermore, we found that all the calculated metrics ena-
bled powerful discrimination, particularly at the higher concentra-
tions (Supplementary Fig. 3a). Supplementary Figure 3b shows that 
simple linear regression analyses revealed concentration dependence 
(R2 ≥ 0.95) for all metrics across all concentrations. Interestingly, we 
also found no correlation with intact mAb for nearly all metrics (outli-
ers: metrics E and G), which is consistent with the earlier result that Fc 
does not redox cycle with intact mAb, presumably because it has no 
surface-accessible cysteine residues.

Akin to evaluating cardiovascular function wherein several metrics 
of an EKG are combined for comprehensive understanding, we applied 
a logistic regression model37 to evaluate combinations of metrics to 
further increase the probability of discriminating between intact and 
reduced forms. Akaike information criterion (AIC) values were used to 
assess the goodness of fit, while receiver operating characteristic (ROC) 
curves with the AUC and P values were used to assess the discriminating 
power. In Fig. 3a, at higher mAb concentrations (3, 1.5 and 0.75 g L−1), a 
single metric (metric C) was sufficient to discriminate between intact 
and reduced samples (AUC = 1). However, combining metrics increased 
the AUC and the statistical significance (P value) of the analysis such 
that even the lowest mAb concentration (0.25 g L−1) could be discrimi-
nated. That is, when three metrics were used cooperatively (metrics 
C, A and D), the discriminating power improved (AUC = 1). Complete 
analyses are shown in Supplementary Fig. 4.

We next tested the hypothesis that MEP can distinguish between 
intact and reduced mAb in samples comprising varied concentrations 

of reduced and intact mAb. That is, we wanted to check whether the 
detection of reduced mAb was influenced by the intact form. To assess, 
Fc (50 µmol L−1) was added to NISTmAb mixed in the following ratios: 
100% intact, 75% intact–25% reduced, 50% intact–50% reduced, 25% 
intact–75% reduced and 100% reduced (total mAb for all samples, 
3 g L−1). Representative CV and CC plots are shown in Fig. 3b. As the 
percentage composition of reduced mAb increased, the oxidative 
response was amplified and the reductive response was attenuated, 
as anticipated. Clear linear trends were revealed for metrics A and E 
(additional metrics shown in Supplementary Fig. 5a). Upon further 
examination (Supplementary Fig. 5b), we found not only that MEP 
metrics could distinguish intact from reduced mAb but also that the 
results were concentration dependent and virtually all metrics showed 
linearity across the full range of mAb concentrations evaluated.

Importantly, it would expand the usefulness of our methodology 
if samples could be analyzed in conditions where interfering compo-
nents may be present. In bioprocessing settings, mAbs are in cell cul-
ture medium containing vitamins, amino acids and other potentially 
redox-active components. To evaluate the degree to which the matrix 
affects our assay, NISTmAb (in PBS) was diluted in a 1:1 ratio (total mAb, 
2 g L−1) with PBS, fresh medium (Advanced Mammalian Biomanufac-
turing Innovation Center (AMBIC) basal medium 1.1) or conditioned 
medium (spent Ex-Cell advanced fed-batch medium from Chinese 
hamster ovary cell cultivations). CV and CC plots (Fig. 4a) suggest that 
MEP consistently discerned between intact and reduced mAbs in each 
process setting. Signal metrics analyses (Fig. 4b) further indicated that, 
for all conditions, all oxidative response metrics were observed to 
increase and all reductive response metrics decreased, as anticipated. 
While the discriminatory power of MEP was shown to be independent of 
the solution background, it is important to note that sample conditions 
do impact the magnitude of the electrochemical responses. For exam-
ple, the reduced mAb in conditioned medium had slightly lower values 
for metrics A, D and F compared to samples in buffer or fresh medium. 
Overlaid CV plots of samples in different backgrounds (Supplementary 
Fig. 6) show how redox-active components contribute to the CV or CC 
spectra as ‘signature’ patterns deviate mainly from the Fc spectrum and 
less so from the blank solutions (denoted ‘background’). Not shown 
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CV and CC plots of intact and reduced mAb, which were diluted in a 1:1 ratio with 
PBS, fresh medium or conditioned medium (total mAb, 2 g L−1) (n = 3). b, Signal 
metric analysis showing that MEP can significantly discern intact from reduced 

mAb over all conditions tested. Data were analyzed using the Mann–Whitney two-
tailed test; statistical significance defined as ****P ≤ 0.0001. Exact P values for all 
tests were <0.0001. Data are presented as the mean values ± s.d.
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are data from many experiments of varied mediator concentration, 
electrode material and analyte concentration used to determine the 
most effective conditions, as discussed below.

In sum, by quantifying electrochemical features, calculating met-
rics and statistically assembling their significance, MEP enables the 
rapid and statistically valid assessment of mAb reduction.

Oxidation probing the model amino acid, methionine
Analogously to targeting cysteine, we wanted to establish that MEP 
interacts with the primary target of antibody oxidation, methionine. 
Recognizing that methionine has a higher redox potential than cysteine, 
the redox mediator hexachloroiridate(IV) (Ir) was used because it is 
a stronger oxidant than Fc (+0.67 V for Ir versus +0.25 V for Fc) and it 
can target the sulfur of methionine. Figure 5a describes the proposed 
reaction mechanism between Ir and methionine using MEP; when Ir 
(50 µmol L−1) is added to methionine (2 mmol L−1 methionine; Ir + Met), 
redox cycling occurs, resulting in a great amplification in the oxidative 
response for both CV and CC measurements (most notable at potentials 
above 0.6 V). When methionine is oxidized (2 mmol L−1 methionine 
sulfoxide added to buffer) and, therefore, electron deficient, redox 
cycling no longer occurs and the oxidative response reverts to a level 
similar to that of the Ir control. In turn, Ir has no discernable reductive 
peak at these potentials. These data establish that Ir can redox cycle with 
methionine but not with oxidized methionine (no electron exchange). 
Hence, only oxidative signal metrics were applied to quantitatively ana-
lyze the results, potentially limiting discrimination. The CV and CC plots 
in Fig. 5b illustrate the parameters by which the metrics were defined. 
For CV, the oxidative charge (QOx) was defined as the AUC below the no 
current baseline and the peak oxidative current (ipeak,ox) was defined 
as the maximum peak in the oxidative region. For CC, the potential 
was stepped to +0.85 V for 1 min, which oxidizes Ir and is defined as 
the oxidative charge (∆QOx). The table (Fig. 5b, bottom) defines the 
equations and identifiers (1–6) of the metrics.

Detection of antibody oxidation using mediated probing
We next investigated the ability of MEP to discern between control 
(nonoxidized) and oxidized mAbs. As before, we used NISTmAb and 
treated NISTmAb with a protocol for altering its oxidative state. We 
also examined durvalumab, a clinically relevant immunotherapeutic. 

For oxidation of NISTmAb (Supplementary Fig. 7a), hydrogen peroxide 
(1% v/v) was added to the mAb (4 g L−1) and incubated in the dark for 
48 h. This treatment was previously used at NIST to assess NISTmAb 
oxidation and preferentially oxidizes solvent-exposed methionine 
residues38–40. Samples were then buffer-exchanged into PBS before 
further analysis. Oxidation of the antibody’s methionine residues 
(identified for NISTmAb in Supplementary Fig. 7b) was confirmed by 
liquid chromatography (LC)–MS/MS peptide mapping. In brief, Sup-
plementary Fig. 7c reveals that six methionine residues (heavy chain 
M34, M101, M255, M361 and M431; light chain M4) showed significant 
oxidation (>95 %). The remaining two residues (heavy chain M87 and 
light chain M32) were only partially oxidized (<7 %), likely because of 
their limited solvent accessibility, as described in the solvent-accessible 
surface area (SASA) analysis (Supplementary Fig. 7d). That is, we expect 
that the MARA assessed by MEP would reveal features among residues 
that are solvent accessible. Durvalumab was identically oxidized and 
LC–MS/MS peptide mapping results (Supplementary Fig. 7e) indicate 
that three of the five methionine residues (heavy chain M256, M362 
and M432) were significantly oxidized (>97 %) while the two remain-
ing residues (heavy chain M34 and M83) were only partially oxidized 
(<3 %). Overall, these data confirm that the methionine residues of 
NISTmAb and durvalumab were oxidized because of incubation with 
hydrogen peroxide.

For electrochemical analysis, control and oxidized NISTmAb 
and durvalumab samples were diluted to 0.25 g L−1, mixed with Ir 
(50 µmol L−1), and assayed as above. In Supplementary Fig. 8a, the 
oxidative response of the intact mAb (Ir + intact) was amplified com-
pared to the mediator by itself (Ir only). This demonstrates that Ir redox 
cycles with the surface-exposed redox-active amino acids. The results 
from the CV and CC measurements for control and oxidized NISTmAb 
(Fig. 6a) reveal that oxidized mAb exhibited a decreased oxidative 
response compared to control mAb. While less dramatic, these data 
are consistent with the methionine results.

Mann–Whitney tests and logistic regression models were applied to 
evaluate the characteristic metrics. For the Mann–Whitney test, shown 
in the bar graphs of Fig. 6a and Supplementary Fig. 8b, all metrics exhib-
ited significantly different responses (P ≤ 0.05 and **P ≤ 0.01). We note, 
however, that a higher number of replicates were required to achieve 
these differences (CV: n = 20 and CC: n = 15 versus n = 6 for mAb reduction 
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studies). The logistic model again indicated that combinations of metrics 
increased resolving power (Fig. 6a, ROC plot, and Supplementary Fig. 8c, 
table). Here, a combination of multiple metrics (1, 3 and 6) increased the 
discriminating power of MEP for evaluating mAb oxidation.

As noted above, the mediator and mAb concentrations are impor-
tant for effective MEP analysis. In Supplementary Fig. 9, we varied the 
NISTmAb concentration (62.5, 125, 250 and 500 mg L−1) while main-
taining the same Ir concentration (50 µmol L−1). Conversely, we also 
maintained the NISTmAb concentration (250 mg L−1) while varying the 
Ir concentration (25, 50, 75 and 100 µmol L−1). We then quantitatively 
evaluated our data by applying select metrics (metrics 1 and 2, which 
appeared most distinguishing). In both cases, we found that the same 
conditions (125 and 250 mg L−1 NISTmAb and 50 µmol L−1 Ir) resulted in 
the largest difference between control and oxidized samples. That is, at 
several other NISTmAb–Ir concentrations and ratios, we were unable 
to differentiate control from oxidized samples.

For durvalumab, which had three oxidized methionine residues in 
a heavy–light chain pair (Supplementary Fig. 10a), using the identical 
concentrations as NISTmAb, we observed that the oxidative response 
of the control mAb (Ir + control) was also amplified compared to the 
mediator by itself (Ir only). Results for metrics 1, 4 and 6 are shown 
in Fig. 6b. Like NISTmAb, oxidized durvalumab had a lower average 
oxidative response compared to the intact protein in both CV and CC 
measurements. The statistical analysis, shown in the bar graphs of 
Fig. 6b and Supplementary Fig. 10b, with the Mann–Whitney test (using 
the same number of CV and CC replicates as NISTmAb) revealed that, 
although the metrics trended as expected, only metric 6 had a statis-
tically significant difference (P ≤ 0.05) between the groups. Interest-
ingly, metric 6 also yielded the highest significant difference (P ≤ 0.01) 
for NISTmAb. For the logistic model, as displayed in Supplementary 
Fig. 10c (ROC plot and table), the combination of two metrics (metrics 
6 + 1) improved the ability to distinguish between control and oxidized 
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durvalumab (AUC = 0.796), while the addition of a third metric (metrics 
6 + 1 + 4) had minimal impact (AUC = 0.791).

Discussion
A protein’s functional attributes (for example, activity and immuno-
genicity) are intimately linked to structure; thus, measurements are 
integral to protein characterization. The challenge, however, is that 
protein structure extends over various length scales (from sequence to 
quaternary structure); thus, structural characterization often requires 
multiple methods of analysis (for example, MS and X-ray crystallogra-
phy). While these gold-standard methods are essential for establishing 
structure–function relationships, they are slow and require specialized 
skills, making them difficult to adapt for near-real-time information 
that is often essential for decision-making in a biomanufacturing envi-
ronment. Here, we report the use of MEP as an alternative; it rapidly 
converts a protein’s structural information (for example, quaternary 
structural alterations because of interchain disulfide bond reduction) 
directly into an electronic format. Specifically, MEP uses mediators 
and a precisely controlled potential (that is, voltage) inputs to probe 
a protein’s MARA and generates output response signals (that is, cur-
rents) that can be correlated to relevant structural features. In essence, 
it provides an electronic signature of the accessible redox residues; for 
proteins such as antibodies, these residues (typically containing sul-
fur) are of pivotal importance as they often reflect structural variants.

First, we used the standard reference protein, NISTmAb, and exam-
ined how MEP with a thiol-targeting mediator, Fc, could be used to 
detect partially reduced variants generated by interchain disulfide 
bond reduction. We observed that the weakly oxidative Fc redox media-
tor can selectively detect the free thiols of cysteine residues and, when 
variants with higher thiol contents were probed, stronger MEP-based 
current responses were shown (Fig. 3a,b). Importantly, the reduction of 
mAb disulfides that yields free thiols also results in partial dissociation 
of protein subunit chains. Thus, the MEP-based detection of free thiols 
in the reduced variants is also a measure of the loss of the mAb’s native 
quaternary structure. Second, we observed that MEP was able to dis-
cern between intact and reduced samples in the presence of interfering 
analytes (for example, buffer, fresh medium and conditioned medium). 
As shown in Fig. 4, signal metrics trended similarly for samples in all 
three conditions. This is a major advantage of the MEP methodology as 
it can lower the processing time and effort required to detect reduced 
mAb, especially by lowering the number of time-consuming steps 
required for sample preparation. While our focus was the detection 
of molecular perturbations to protein structure, we expect that these 
measurements could be extended to quantitative (or semiquantitative) 
analysis because the intact mAb showed no signal upon Fc mediator 
probing while the reduced mAb showed concentration-dependent 
changes in signal metrics.

Similarly, we used MEP to probe partially oxidized antibody vari-
ants using both NISTmAb and durvalumab. In this case, we used a more 
strongly oxidative mediator, Ir, that can detect methionine’s oxidation. 
First, we showed that MEP detected statistically significant differences 
between the partially oxidized (versus unoxidized) mAbs and these dif-
ferences appeared correlated to solvent-exposed methionine residues 
that are common sites of mAb oxidation. Figure 6a,b indicate that the 
lower significance in the differences between the oxidized and unoxi-
dized mAb for durvalumab (versus NISTmAb) may be related to the 
smaller number of oxidized methionine residues (three for durvalumab 
and six for NISTmAb in a heavy–light chain pair). Importantly, these 
results suggest that the MEP methodology is sensitive to the amino 
acid composition of proteins. Second, we observed that the detec-
tion of mAb oxidation variants was more challenging (than detecting 
reduction variants) and required greater experimental optimization 
and more extensive logistic regression analysis to increase the discern-
ing power of the MEP-generated signals. Perhaps this is because of the 
number of MARA cysteine versus methionine residues in intact mAbs.

Overall, this work demonstrates the potential of MEP to convert 
information of molecular structure into a convenient electronic format. 
There are two important practical implications of this work. First, MEP 
measurements are made using simple, inexpensive and miniaturizable 
electrodes that can be deployed in manufacturing settings. Our spe-
cific example is relevant to the biomanufacturing of mAbs where we 
envision that MEP could enable a new, device-based process analytical 
technology21. Second, MEP provides near-real-time electronic data that 
allow instantaneous statistical analysis and decision-making. Thus, 
we envision that MEP can provide timely, actionable information of 
molecular structure that will eventually enable product-based process 
control in a biomanufacturing setting.
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Methods
Materials
NISTmAb RM8671 (lot 14HB-D-002, humanized IgG1κ) was obtained 
from the NIST. Durvalumab (MedImmune, AstraZeneca) was purchased 
from McKesson Specialty Health. Fc was purchased from Santa Cruz 
Biotechnology. Trizma HCl and Trizma base (collectively, Tris), guani-
dine HCl, EDTA, iodoacetamide (IAM), urea, recombinant porcine 
trypsin, K2IrCl6 and PBS (pH 7.4) were purchased from Sigma-Aldrich. 
L-Histidine monohydrochloride monohydrate and L-histidine were 
purchased from Avantor. Formic acid (0.1%) was purchased from Hon-
eywell. The 5 mmol L−1 stock solutions of Fc and K2IrCl6 were prepared 
in PBS and aliquots were stored at −20 °C. TCEP bond breaker solution, 
Zeba spin desalting columns (7-kDa molecular weight cutoff (MWCO)), 
Slide-A-Lyzer Dialysis Cassettes (10-kDa MWCO), DTNB (Ellman’s Rea-
gent) and DTT were purchased from Thermo Fisher Scientific. AMBIC 
basal medium 1.1 (Lonza) was provided by AMBIC.

Antibody reduction protocol
NISTmAb samples (10 g L−1 stock) were first diluted to 5 g L−1 with PBS 
(pH 7.4). For reduced samples, TCEP was added to 1 ml of NISTmAb 
(5 or 10 g L−1) to a final TCEP concentration of 10 mmol L−1. The intact 
and reduced samples were then incubated for 4 h at room temperature. 
Both intact and reduced samples were then dialyzed using Slide-A-Lyzer 
dialysis cassettes (0.5–3 mL, 10-kDa MWCO) in 2 L of PBS (pH 7.4) over-
night at 4 °C. After dialysis, samples were stored at −20 °C until analysis. 
Buffer controls were also produced to confirm there was interference 
on the electrochemical signal from the buffer. Buffer controls were 
generated using 25 mmol L−1 histidine buffer (pH 6.0; NISTmAb formu-
lation buffer) with and without the addition of TCEP. The controls were 
then dialyzed and diluted with PBS (pH 7.4) in an identical manner to 
experimental samples. Finally, buffer controls for intact and reduced 
mAb (Supplementary Fig. 2b) verified that the TCEP was effectively 
removed and that the background responses among the samples were 
similar. TCEP is known to have has its own electrochemical signature41

and these data illustrate its absence after dialysis.

Determination of antibody reduction by standard approaches
To analyze antibody reduction, microchip CE was performed using 
a 2100 Bioanalyzer (Agilent). Intact and reduced NISTmAb samples 
were run using the Agilent Protein 230 kits under nonreducing condi-
tions according to the manufacturer’s protocols. A sulfhydryl assay 
was performed to determine free thiol content in reduced antibody 
samples. Briefly, 625 µl of reaction buffer (0.1 mol L−1 sodium phosphate 
and 1 mmol L−1 EDTA, pH 8) was mixed with 12.5 µl of 4 mg ml−1 of DTNB 
solution (in reaction buffer). Then, 62.5 µl of intact or reduced NISTmAb 
(3, 1.5, 0.75 and 0.25 g L−1; dilutions were made with PBS) was added 
to the mixture and samples were then incubated for 15 min at room 
temperature. Spectral absorption at 412 nm was measured and the free 
thiol content was calculated using the molar extinction coefficient of 
TNB (14,150 L mol−1 cm−1) according to the manufacturer’s instructions.

Antibody oxidation protocol
NISTmAb stock (10 g L−1) and durvalumab stock (50 g L−1) were first 
diluted to 4 g L−1 in PBS. To oxidize the antibodies, hydrogen perox-
ide (1% v/v) was added. Both control and oxidized samples were incu-
bated for 48 h in the dark at room temperature. The samples were then 
buffer-exchanged into PBS using Zeba spin desalting columns (7-kDa 
MWCO). Samples were then stored at −20 °C until analysis. Buffer con-
trols were performed using 25 mmol L−1 histidine buffer (pH 6.0) with and 
without the addition of hydrogen peroxide. The controls were diluted 
with PBS (pH 7.4) in an identical manner to experimental samples.

LC–MS/MS peptide mapping
Control and oxidized sample concentrations were diluted to 1.9 µg µl−1

with denaturing buffer (5.4 mol L−1 guanidine HCl, 0.9 mmol L−1 EDTA 

and 90 mmol L−1 Tris, pH 7.8). Samples were reduced by adding DTT to a 
final concentration of 15 mmol L−1, followed by incubation at 4 °C for 1 h. 
Samples were then alkylated by adding IAM to a final concentration of 
29 mmol L−1, followed by incubation at 4 °C for 1 h in the dark. Samples 
were exchanged to digestion buffer (1 mol L−1 urea in 0.13 mol L−1 Tris) 
using Zeba spin columns per the manufacturer’s instructions. Trypsin 
was added to the samples for a final enzyme: IgG mass ratio of 1:18, fol-
lowed by incubation at room temperature for 4 h. Finally, 0.1% formic 
acid was added at a 1:1 volume ratio to each sample. Digested samples 
were stored at −80 °C until analysis. Then, 5 µg of peptide digests were 
loaded using an autosampler onto a C18 column and analyzed by LC–
MS. Peptide identification and quantification of methionine oxidation 
were performed using Genedata Expressionist version 15.0.6.

SASA analysis
Solvent-exposed areas of sulfurs in methionine residues in Protein 
Data Bank (PDB) 5K8A (the NISTmAb Fab, with five methionines) and 
PDB 5VGP (the NISTmAb Fc, with three methionines) were calculated 
by AREAIMOL in the CCP4 software suite42, neglecting protein hydro-
gens and using default van der Waal radii. To account for flexibility, 
sulfur exposure numbers were averaged with their adjacent carbons 
and weighted for sequence proximity to peptide termini (only one 
methionine was close enough to affect its exposure value). The result-
ing structure-based estimates of peroxide exposure had a correlation 
of 0.87 with oxidation measurements (Supplementary Fig. 7d).

Detection of cysteine and antibody reduction by MEP
CV and CC measurements were taken using a CHI1040C electrochemi-
cal analyzer (CH Instruments). The measurements were performed 
with a three-electrode system containing a 2-mm-diameter glassy 
carbon working electrode, a Pt wire serving as the counter electrode 
and an Ag–AgCl reference electrode. For electrochemical measure-
ment, samples were diluted to the appropriate concentration and then 
Fc (50 µmol L−1) was added. For model amino acid studies, cysteine 
(50 µmol L−1 diluted in PBS) was used. For studies with fresh medium, 
NISTmAb (total mAb, 2 g L−1) was spiked into AMBIC 1.1 basal medium. 
For studies with conditioned medium, NISTmAb (total mAb, 2 g L−1) was 
spiked into spent Ex-Cell advanced fed-batch medium (cells removed) 
from a CHOZN23 (Millipore Sigma) cell culture. CV measurements 
were taken over a potential range of 0–0.5 V at a scan rate of 2 mV s−1. 
CC measurements were taken at a constant potential of +0.4 V for 
1 min and then switched to a reductive potential of +0.1 V for 1 min. All 
electrochemical measurements were taken from distinct samples. The 
working electrode was polished using 0.05 µm of alumina and rinsed 
with double-distilled H2O between each measurement. All potentials 
are reported versus Ag–AgCl.

Detection of methionine and antibody oxidation by MEP
The electrochemical measurements were performed the same as above 
but with some modifications. Briefly, methionine and methionine 
sulfoxide (both at 2 mmol L−1 diluted in PBS) were used as the model 
amino acids. For antibody studies, NISTmAb and durvalumab samples 
were first diluted to the appropriate concentrations and then potas-
sium hexachloroiridate(IV) (50 µmol L−1) was added to samples. CV 
measurements were taken over a potential range of 0–0.85 V at a scan 
rate of 10 mV s−1. CC measurements were taken at a constant input 
potential of +0.85 V for 1 min. All electrochemical measurements were 
taken from distinct samples. The working electrode was polished using 
0.05 µm of alumina and rinsed with double-distilled H2O between each 
measurement. All potentials are reported versus Ag–AgCl.

Statistics and reproducibility
Our experiments were performed on more than two dozen vials of 
NISTmAb (10 mg ml−1) on more than 20 different occasions. The s.d. 
indicated represents more than five repeated sample preparations 
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from different vials, all prepared at the indicated concentrations. 
Statistical analysis was performed with Prism Graphpad and R version 
3.4.3. Differences between intact and reduced or oxidized antibodies 
were assessed using the Mann–Whitney U-test (two-sided). A logistic 
regression model (‘nnet’ package) was used to assess the combination 
effect of multiple signal metrics for differentiating intact from reduced 
or control from oxidized mAbs. The AIC was used to estimate the quality 
of each model. The discriminating ability was evaluated using the ROC 
metric with the AUC (that is, c statistic) and P values.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The data supporting the findings of this study are available within the 
article and Supplementary Information. Raw data files are available are 
available from Zenodo (https://doi.org/10.5281/zenodo.13829075)43. 
Source data are provided with this paper.
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