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Recombinant antibody therapeutics have become an important class of biopharmaceuticals that 

have shown effectiveness in treating a variety of diseases such as cancer, infection, and 

inflammation due to their high binding affinity and specificity. Importantly, process conditions 

established during the development and manufacture of antibodies dramatically impacts their 

quality, clinical efficacy, and safety. For process monitoring and control purposes, analytical 

technologies that enable rapid and cost-effective assessment of therapeutics are needed as they 

trim development time and costs. To address this need, we developed electrochemical-based 

analytical technologies that will enable low volume, near real-time monitoring of product quality 

attributes and process parameters. First, we demonstrate the development of thiolated PEG-based 

sensor interfaces for the detection of antibody titer and N-linked glycosylation. The interfaces 

couple electrochemical techniques with molecular recognition-based elements and a novel 



  

spectroelectrochemical reporter to provide rapid assessment of titer and galactosylation. Next, we 

demonstrate successful integration of the sensor interfaces with a microfluidic device in order to 

enable rapid, low volume sampling that is amenable to on-line monitoring. Lastly, we apply a 

mediated electrochemical probing (MEP) approach that uses redox mediators to quantitatively 

characterize redox-based quality information of antibodies that have undergone reduction or 

oxidation events. We believe that these technologies can provide fast, quantifiable results for 

bioprocessing applications and offer advantages in their simplicity, rapid response, and 

connectivity to electronics.  
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Chapter 1 : Introduction 
 

1.1 Background  

Recombinant protein therapeutics constitute a large segment of the biologics market 

as they have shown clinical and commercial success in many therapeutic areas, 

including cancer, respiratory and autoimmune diseases, among others. However, the 

development process for biologics is costly and time-intensive due to the 

complexities associated with optimizing processing conditions and the need for 

product characterization. Reducing the cost and the time required to characterize and 

develop these therapeutics is important in order for biopharmaceutical companies to 

maintain competitiveness, reach their clinical goals, and most importantly, deliver 

safe and effective therapeutics for patients.  

 

Gold standard analytical tools for quality characterization can provide detailed 

characterization of the antibody but are expensive, time intensive, and require 

specialized training (e.g., mass spectrometry, HPLC-based capillary electrophoresis). 

Additionally, the information that is obtained from these methods can rarely be used 

for in-line characterization (i.e., continuous sample analysis performed in the process 

vessel or stream) as these tools are primarily off-/at-line (i.e., manual sampling 

followed by discontinuous sample preparation and evaluation). Analytical 

technologies that can quickly provide estimates and trends about quality attributes are 

also needed as they can be integrated with several data analytic methods providing 

discrimination and model-based control of manufacturing processes. These 
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technologies are not meant to replace the gold standard tools, but rather provide rapid, 

cost efficient, and potentially high-throughput approaches that can be used for process 

monitoring and control purposes. 

1.2 Aim and scope of dissertation  

The aim of this dissertation is to develop electrochemical-based analytical 

technologies that will enable low volume, near real time monitoring of critical quality 

attributes. This work will focus on the development of two technologies: (i) interfaces 

for spectroelectrochemical-based detection and rapid sampling of antibody titer and 

galactosylation and, (ii) a mediated electrochemical probing (MEP) approach for 

characterization of redox-based information from cell culture components.  

 

In Chapter 2, we will provide a background and overview on bioprocessing analytical 

technologies, electrochemical sensors, and our MEP approach. In Chapter 3, we will 

describe the development of the thiolated PEG-based sensor interfaces which can be 

covalently crosslinked with thiolated sugars or proteins to enable the detection of 

antibody galactosylation and titer, respectively. In Chapter 4, we will develop an 

enzyme reporter, protein G: ɓ-galactosidase, that can be applied to the interfaces to 

enable spectroelectrochemical detection. In Chapter 5, the hydrogel interfaces will be 

adapted to a microfluidic device that allows for rapid, small volume sampling. In 

Chapter 6, we apply a MEP approach to determine redox signatures of antibody 

samples that have undergone inter-chain disulfide bond reduction and damage due to 

oxidation, respectively. We will be using two antibodies, NISTmAb reference 



 

 

3 

 

material and a commercial product, durvalumab, for analysis. Our results using MEP 

will be compared to results from established protocols and technologies.  

 

In this dissertation, we address the need for rapid, analytical technologies that could 

increase the efficiency of the development process for antibody therapeutics. We 

develop analytical technologies that can characterize quality attributes, such as 

antibody titer, N-linked glycosylation, and redox variants, that are critical for 

upstream and downstream process development and production. To achieve this goal, 

our efforts focus on leveraging electrochemical methods to develop these tools. 

Simple electrochemical transduction methods are ideal for our purposes as they allow 

for both rapid and sensitive measurement as well as convenient connectivity to 

process control systems. We believe that these tools can address a major analytical 

need in the biopharmaceutical industry. 
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Chapter 2 : Analytical toolkit for bioprocess monitoring and 

control of antibody therapeutics  

2.1 Antibody based therapeutics  

In the last decades, the recombinant antibody therapeutics market has been growing at 

a rapid rate and has come to constitute a large sector of the biopharmaceutical market. 

Antibody therapeutics have shown major success in many important therapeutic areas 

including cancer, infection, and inflammation, due to their high level of specificity 

and selectivity1-3. As a result, monoclonal antibody (mAb) based therapeutics are the 

highest selling class of biologic products, representing over 50% of new product 

approvals since 2015, and are the largest sector of therapeutics being tested in clinical 

trials1,4-6. The global mAb market was valued at approximately 115.2 billion dollars 

in 2018 and is expected to generate a revenue of 300 billion dollars by 20257,8. In 

addition to the well-established mAb therapeutics, novel antibody formats, such as 

bispecific antibodies and antibody drug conjugates (ADC), are also being developed 

and tested in clinical trials and may serve as the next generation of improved 

antibody-based therapeutics for the treatment of human diseases9. 

 

Unlike small molecule pharmaceuticals, which are chemically synthesized, 

recombinant antibody therapeutics are larger and more complex molecules which are 

produced in mammalian host cell lines including NS0 murine myeloma cells and 

Chinese hamster ovary (CHO) cells. As a result, the biopharmaceutical development 

process for antibody therapeutics is costly and time-intensive due to the complexities 
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associated with optimizing host cell lines, bioreactors, and processing conditions, 

along with the post-synthesis product characterization4,10-12. The average biologic 

takes 10 years from initial discovery until it reaches the market and 2.6 billion dollars 

to research and develop13. Reducing the cost and time to develop and manufacture 

antibody therapeutics is a major challenge for the biopharmaceutical industry ï 

however, doing so is necessary in order to generate safe and effective therapeutics 

that can reach more patients. 

 

2.1.1 Structure of antibodies 

Human antibodies can be categorized into five isotypes (IgG, IgM, IgA, IgE, and 

IgD), where each isotype has its own respective characteristics and functions. The 

immunoglobin G (IgG) isotype is the most abundant in serum, representing 

approximately 75% of antibodies in circulation14. Currently, all licensed monoclonal 

antibody (mAb) therapeutics are of the IgG isotype. Moreover, human IgG can be 

categorized into four subclasses (IgG1-4), with the majority of approved therapeutics 

being of the IgG1 subclass. In terms of structure, all IgG subclasses are composed of 

two identical light chains (LCs) and two identical heavy chains (HCs) that form the 

Y-shaped intact antibody. Both HCs and LCs contain constant and variable domains 

that are comprised of two ɓ-sheets15.  

 

As illustrated in Figure 2.1, the intact antibody is made of three functional moieties: 

two fragment antigenic-specific binding (Fab) domains and a singular fragment 

crystallizable (Fc) domain16. The two Fab domains are linked to the Fc domain 
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through a flexible hinge region. The Fc domain makes up the tail end of the protein 

and is important for effector site functions which are used to activate the immune 

system. The two symmetric Fab domains make up the arms of the Y-shaped protein 

and contain regions that are used to bind specific antigens. As mAbs are derived from 

the same unique parent cell, they bind specifically to a single epitope of an antigen. 

 

 

A key structural feature of IgG is the intra-chain and inter-chain disulfide bond 

linkages that are necessary to form the correct complex structure. Without these 

bridges, the LCs and HCs would only be kept associated through non-covalent 

interactions. Structurally, intra-chain disulfide bonds connect the ɓ-sheets in a single 

domain whereas inter-chain disulfide bonds connect the HCs and LCs15. With the 

common mammalian expression systems (e.g., CHO), the correct intra- and inter-

chain disulfide bonds of the antibody are formed before its secretion in the cell 

culture broth. While all IgG subclasses contain 12 intra-chain disulfide linkages, they 

differ in their inter-chain disulfide bond patterns. Specifically, the IgG1 subclass 

Figure  2.1. Structure of IgG1 antibody. Antibodies have a Y-shaped structure with a Fab 

and Fc region and 4 inter-chain disulfide bonds.   
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contains a total of four inter-chain disulfide bonds: two in the hinge region that 

connect the HCs and two that connect LCs to HCs17. Importantly, the level of solvent 

of exposure of inter-chain and intra-chain disulfide bonds is significantly different. 

The cysteine residues that comprise the inter-chain bonds of IgG1 are highly solvent 

exposed whereas the intra-chain bonds are buried within each domain and are not 

solvent-exposed, which may account for their higher stability15,18. Solvent exposure 

allows for the reduction of the interchain-disulfide bonds, an issue that will be 

discussed in greater detail later in the dissertation. 

 

2.1.2 Production of antibody therapeutics  

As illustrated in Figure 2.2, therapeutic mAb production begins with upstream 

bioprocessing. Upstream bioprocessing includes critical tasks such as: cell line 

generation and selection, clone selection, and process and media optimization10. 

During process optimization, upstream scientists must adjust cell culture and 

bioreactor conditions with the goal of increasing protein expression while maintaining 

acceptable product quality. Typically, large-scale commercial production of mAbs 

use a suspension culture of mammalian cells such as CHO, NSO, and hybridoma. 

Approximately 60% of all mAbs are produced in CHO cell lines due to their 

scalability, ease of genetic manipulation, and prior approval from regulatory 

agencies19-21.  
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Figure  2.2. Bioprocess development. Process development steps for production of mAb 

therapeutics includes upstream, downstream, and analytic development.  

 

In the bioreactor, physical, chemical, and biological parameters can impact cell 

culture conditions22. Physical parameters describe the physical state of the reactor and 

include agitation speed, temperature, and gas flow rates. Chemical parameters refer to 

chemical compounds in the bioreactor and typically include pH, redox potential, 

nutrients, metabolites, waste by-products and the target protein10. Biological 

parameters are measured to characterize the state of the cells in the culture and 

include cell viability, cell density, and intra- and extra-cellular. Importantly, slight 

alterations in culture conditions can have significant implications for productivity of 

the culture and quality of the protein product.  

 

After cell culture harvest, downstream processing is needed for purification of the 

target protein from various contaminants. The main goal of this process step is to 
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achieve acceptable purity levels and assure the safety of the product while 

maximizing protein yield. Downstream processing is comprised of various unit 

operations: protein A capture, low pH viral inactivation, polishing chromatographic 

steps, viral filtration, and ultrafiltration/diafiltration (UF/DF) in order to achieve the 

final product23. During each unit operation, important performance and operational 

parameters such as chromatographic column and filter selection, column loading 

volumes, elution buffer components and pH, need to be optimized as they can have 

significant impacts on the therapeutic quality and yield24.  

 

Throughout both upstream and downstream processes, analytical methods are used 

for process monitoring and control purposes and to characterize the final product. 

Analytical methods are validated based upon their suitability for the intended purpose 

and are used to ensure that the process and the product meet the specified acceptance 

criteria. Analytical analysis is important in order to understand the effect of process 

parameters on key performance indicators and product quality. As further discussed 

in this dissertation, advances in analytical technologies are needed to continue to 

improve process speed, productivity, and performance.  

 

2.2  Process monitoring during antibody production  

2.2.1 Measurement of critical process parameters and quality attributes   

For each process step, the critical process parameters (CPPs) and the affected critical 

quality attributes (CQAs) of the product need to be identified along with the 

acceptable target and variable ranges. Based on FDA guidance, CPPs are assessed by 
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the extent to which their variation can impact the CQAs of the product. Inconsistency 

in CQAs can result in undesirable adverse biological effects, such as alterations in the  

immunogenicity or pharmacokinetic properties of the therapeutic. As such, it is 

important to select appropriate analytical methods for CPPs and CQAs to ensure that 

they are monitored throughout the development process.  

 

For production of mAbs, there are several common CPPs during upstream process 

development. For the purposes of this dissertation, one of the major CPPs that we 

focus on is product titer (further discussed in Chapter 3). Titer refers to the 

concentration of antibody per liter of cell culture broth and is generally considered to 

be a CPP for characterizing upstream efficiency25. Rapid, accurate, and robust titer 

quantification is important as it informs critical process decisions such as cell line 

selection, process optimization, and optimal culture harvest time26,27. Traditionally, 

offline, affinity high-performance liquid chromatography (HPLC) is used to 

characterize titer28. For this, protein A or protein G affinity chromatography columns 

are used as these proteins possess high binding affinity for the Fc domain of human 

IgG. The purified protein is then eluted from the column and the corresponding 

elution peak can be compared to a calibration curve in order to determine titer 

concentration.  

 

During upstream processes, the CQAs of mAbs can be affected by cell culture 

components and parameters. For the purpose of this dissertation, we will focus on the 

following CQAs: N-linked glycosylation and antibody redox variants. N-linked 
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glycosylation is defined as a CQA as it can significantly affect the antibodyôs 

stability, in-vivo half-life, efficacy, and immunogenicity20,29-31. N-linked 

glycosylation refers to the covalent attachment of carbohydrate groups to the N-

terminal of an asparagine (Asn) at a consensus sequence of Asn-X-Ser/Thr32. 

Generally, mAbs have two identical N-glycosylation sites, one on either side of the 

heavy chain of the Fc region. N-glycosylation is of the biantennary type with a core 

structure that is composed of two N-acetylglucosamine (GlcNAc) groups linked to 

three mannose groups. Other glycan groups, such as galactose, sialic acid, and fucose, 

can then modify the core glycan structure20. Although many types of glycan 

combinations are possible, for mAbs produced in CHO cells, only a few combinations 

are typically observed32. During cell culture, it has been shown that process 

parameters such as pH, temperature, dissolved oxygen (DO), and feed composition 

can significantly impact the glycan composition33-35. Gold-standard methods for 

detailed characterization of glycosylation include off-line or at-line techniques that 

either analyze released glycans or analyze glycopeptides20,36,37. For analysis of 

released glycans, the mAbôs glycans are enzymatically or chemically removed from 

the antibody, labelled with a fluorescent molecule to increase detection, and 

quantified using liquid chromatography, mass spectrometry, or capillary 

electrophoresis. For site-specific analysis, shorter glycopeptides can be produced by 

digesting the mAb with proteases, such as trypsin, and the glycopeptides can be 

analyzed using tandem mass spectrometry approaches.  
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Antibody redox (reduction-oxidation) variants are also considered a CQA that needs 

to be monitored and characterized. Redox events can lead to the production of 

undesirable alteration of the antibody such as fragmentation, aggregation, and charge 

variation. Reduction of the antibodyôs inter-chain disulfide bonds has become a 

common issue during the development and manufacturing of antibodies and needs to 

be characterized as it can cause a decrease in the biologic effectiveness of the 

therapeutic. Reduction of the antibody has been observed in the bioreactor and during 

the centrifugal harvest step38. Reduction occurs during harvest due to the centrifugal 

shear forces that lyse cells and leads to the release of reductase proteins (e.g. 

glutathione and thioredoxin systems) into the cell culture fluid that contains the 

antibodies39,40. When the reductase proteins are present, the level of product reduction 

(i.e. the fragments produced) is dependent on a variety of factors such as incubation 

time, temperature, and DO level41. Primarily, disulfide bond reduction is 

characterized by liquid chromatography or microchip-based capillary 

electrophoresis15. Both methods are at-line and typically require sample preparation 

and optimization to obtain clear separation between the various reduction species.     

 

mAb oxidation is also a significant issue during antibody development and 

manufacture. Importantly, oxidative modifications of the antibody can alter the 

proteinôs stability and biological activity which impact the effectiveness of the 

therapeutic42. These oxidation events can occur in both the Fc and Fab domains of the 

antibody, which can lead to different functional consequences. Oxidation can occur 

during all stages of process development and storage through exposure to hydrogen 
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peroxide, UV light, and metal ions. During storage, added excipients (e.g. PEG, 

polysorbate) can undergo autooxidation leading to the formation of peroxides that can 

oxidize mAbs. Solvent-exposed amino acids of mAbs that are sulfur containing, such 

as cysteine and methionine, or that are aromatic, such as histidine, phenylalanine, 

tryptophan, and tyrosine, are all susceptible to oxidation43,44. However, methionine 

has been found to be the residue that is most commonly oxidized42,45. Typically, 

oxidation of the antibody is characterized by several different off-line or at-line 

methodologies. Primarily, mass spectrometry (MS) techniques (e.g., LC-MS peptide 

mapping, hydrogen-deuterium exchange MS) are used as they can provided detailed 

site-specific information regarding the amino acid residues that were oxidized46,47.   

 

2.2.2. Process analytical technologies  

Generally, production of biologics is considered a more challenging process as 

compared to chemical drugs due to the inherent complexity of biological molecules. 

As such, it is important to improve process understanding to rapidly, reproducibly, 

and cost effectively develop and manufacture biopharmaceuticals. To address this 

concern, the process analytical technology (PAT) regulatory framework was put forth 

by the Food and Drug Administration (FDA)48,49. The PAT initiative was launched to 

improve the performance of biopharmaceutical manufacturing and ensure consistent 

product quality throughout the process rather than only characterizing the quality of 

the end product.  With this initiative, the FDA was aiming to ñbuild quality into the 

pharmaceutical manufacturing processò resulting in lowering processing times, 
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improving product yields, increasing process efficiency, and reducing production 

costs48.  

 

PAT are a broad set of monitoring techniques that assess CPPs and CQAs at all stages 

of the development process. One of the major principles of PAT focuses on the 

development of on-/in-line monitoring tools that can provide more frequent and 

automated measurements as compared to standard off-/at-line techniques50. Off-line 

sampling occurs when the sample is taken from the culture and analyzed separately 

farther away from the process line. At-line measurements describe when the sample is 

removed and processed nearby the process line. Whereas, with on-/in-line detection, 

sample removal is not necessary and evaluation can occur directly from the process 

line. Many analytical methods still employ off-/at-line approaches for product 

monitoring and characterization. As on-/in-line methods allow for more frequent and 

more rapid sampling, these technologies will enable the creation of more robust 

processes and allow for greater process understanding which will lower development 

time and cost. 

 

To develop a well-defined process using PAT, CPPs and CQAs for the process need 

to first be identified. Then, the appropriate analytical technology can be selected 

based upon the needs of the process, including attributes such as range, control 

system integration amenability, sensitivity, measurement frequency, and specificity. 

Next, the appropriate technology is implemented along with the most suitable data 

acquisition strategies to allow for quick decision making. Implementation of these 
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methods allow for a control process to be developed for CPPs and CQAs to maintain 

consistent and reproducible production of the therapeutic19.  

 

The use of in-process analytics in development and manufacturing could result in a 

significant cost savings for the biopharmaceutical industry by increasing the 

efficiency of processes and reducing the likelihood of product failure. It has been 

estimated that implementation of PAT could result in cost-savings in key areas such 

as reducing testing costs, costs of goods, and waste in both upstream and downstream 

processing. It is important to note however that the specific amount of cost reduction 

will depend on the product and the complexity of the development and manufacturing 

process and that there will also be upfront costs associated with the implementation of 

these new technologies.  

 

There are still many challenges associated with implementing PAT in bioprocessing 

settings.  The complexity of the biological mechanisms in all parts of the bioprocess 

makes it difficult to comprehensively monitor all process variables.  Furthermore, the 

implementation of these technologies may require greater time than standard systems 

due to the need to establish new data processing workflows and procedures51. 

Improvements in developing user-friendly data analysis, such as application of 

machine learning approaches, will greatly improve implementation and allow for 

high-throughput analysis of large data sets that are generated by PAT methodologies. 

Overall, advancements in PAT will  further improve process understanding and 

biologics production. 
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2.3 Electrode measurements for process monitoring 

2.3.1 Overview of electrochemical sensors 

Electrodes are common tools that have been used in a variety of applications 

including in bioprocessing settings. Electrodes have shown advantages in their 

sensitivity, low-cost, speed, connectivity to electronics, and amenability to 

miniaturization and can be used to control and measure potential and current inputs 

and outputs52.  

 

Electrochemical sensors use a transduction element (i.e., the electrode) to transform 

chemical information, such as the concentration of a sample, into an analytical 

measurement. As electrochemical reactions are measured close to the electrode 

surface, electrode properties (i.e., dimensions, materials, surface modifications) can 

have a significant impact on performance53. A three-electrode setup is commonly 

used for electrochemical sensors consisting of a: reference, counter and working 

electrode. The reference electrode, typically silver chloride (Ag/AgCl), is used to 

provide a stable and known potential. The counter electrode, commonly a gold or 

platinum (Pt) wire, is used to complete the circuit thus allowing current to flow. The 

working electrode, where the electrochemical reaction is occurring, needs to be 

chemically stable and conductive. Therefore, it is commonly made from gold, glassy 

carbon, platinum, or silicon depending on the analyte of interest. 

 

Electrochemical sensors can be classified based upon their method of signal detection 

as: amperometric (current), potentiometric (voltage), or conductimetric 
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(impedance)54,55. Most commonly, amperometric methods are employed for sensing 

as they have advantages in their sensitivity and robust linear range. However, a 

disadvantage of amperometric detection is the lack of selectivity as it measures all  

electroactive chemical species in a solution, making it difficult to discern individual 

species.  One common strategy to improve selectivity is to combine amperometric 

sensors with select molecular recognition elements, such as enzymes, protein 

receptors, or antibodies52.  

 

2.3.2 Electrochemical sensors for bioprocess monitoring and control  

Well-established methods for electrochemical monitoring of protein product have 

been implemented in bioprocessing settings. The most common are electrochemical 

probes, such as DO and pH probes, that are used for in-line monitoring of bioreactor 

systems. In the bioreactor, DO concentration is controlled at a specific set point, 

usually between 20-100% of air saturation, to ensure that oxygen concentration is not 

limited as that results in detrimental effects to cell growth and product quality. Most 

commonly, membrane covered amperometric sensors, known as Clark type 

electrodes, are used for DO measurements22,55. With this design, a permeable 

membrane allows for oxygen to diffuse into an electrolyte solution where it is then 

reduced at the cathode (negatively charged) surface. The response that is generated 

(with respect to a reference electrode) can then be directly correlated to DO 

concentration in the sample. Another important bioreactor measurement is pH, as 

slight deviations (0.1 units from the set value) can have significant impacts on the cell 

culture. Both potentiometric and amperometric sensors can be used for pH 
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measurement, however, potentiometric sensors are more common in bioprocessing 

settings. Although there are many designs, pH probes generally consist of a working 

electrode which is measured against the reference electrode22.  

 

In upstream bioprocessing, electrochemical methods have also been applied for 

measurements of cell culture components. For instance, dielectric spectroscopy, also 

known as electrochemical impedance spectroscopy, is used for biomass and cell 

density measurements. In dielectric spectroscopy, an alternating electric input is 

applied to the cell culture, viable cells with intact plasma membranes act as capacitors 

storing the charge, and then the charge is released when the electrical field is 

reversed56,57. The capacitance is directly related to the viable cell density as nonviable 

cells do not contribute as their membranes are not intact and are permeable.   

 

Another common use for electrochemical sensors is for the measurement of nutrients 

and secondary metabolites. In the bioreactor, the feeding strategy is tightly controlled 

to ensure optimum cell growth and viability. Nutrients, such as amino acids, vitamins, 

glucose (carbon source), and glutamine (nitrogen source) are consumed and then 

secondary metabolites, such as ammonia, lactate, and acetate, are produced by cells10. 

As nutrients and metabolite concentrations significantly impact culture conditions, it 

is important to closely monitor them for process optimization. Electrochemical 

enzymatic biosensors are often used to increase specificity and signal response for the 

nutrient or metabolite of interest. For instance, glucose biosensors commonly modify 

the electrode with the glucose oxidase (GOx) enzyme which catalyzes the oxidation 
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of glucose. Similarly, lactate electrochemical biosensors often use lactate 

dehydrogenase (LDH) and l-lactate oxidase (LOx) as the molecular recognition 

elements58. Overall, electrochemical sensors have proven useful in bioprocessing 

settings as they can have high sensitivity, provide rapid results, and are relatively 

cost-effective.  

 

2.4 Mediated electrochemical probing and targeting  

This section was primarily reproduced, with permission, from the publication: 

Motabar, D., Li, J., Payne, G.F., Bentley, W.E. ñMediated electrochemistry for redox-

based biological targeting: entangling sensing and actuation for maximizing 

information transferò, Current Opinion in Biotechnology, 2021, 71, 137-144. 

 

2.4.1 Overview of mediated electrochemical probing  

Electrochemistry is a broad field that encompasses a large number of applications and 

concerns the flow of electrons at the electrode surface. A subset of the field is 

mediated electrochemistry, where redox mediators are used to shuttle electrons from 

the electrode surface into solution in a manner analogous to biologyôs use of 

diffusible oxidants (e.g. O2) and reductants (e.g. NADPH) to shuttle electrons within 

and between cells. Our approach for using mediated electrochemical probing is 

approximately analogous to how bats use echolocation to hunt for prey. As depicted 

in Figure 2.3A, bats echolocate by transmitting a finely tuned signal (i.e. a high-

frequency sound wave) to probe their local environment. This signal propagates 

through air and is perturbed by interactions with objects to generate a response signal 
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(i.e. the echo) that is detected by the batôs ears and transduced into an electrical signal 

that is decoded in the brain. The batôs survival depends on its ability to convert these 

real-time measurements of the activities in a local environment into actionable 

information. 

 
Figure  2.3. Redox probing. (A) Analogy to echolocation. (B) Mediated electrochemical 

probing to access redox-based biological information. (C) Mediated electrochemistry for 

redox-based actuation of biology. Reactive oxidants target molecules and cells, modifying 

function.  

 

Similar to echolocation, mediated electrochemical probing uses a tunable electrode-

generated transmission that probes a local environment for redox-based information. 

As illustrated in Figure 2.3B, these transmissions are redox-active mediators (i.e., 

(A) (B) 

(C) 
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electron shuttles) that are either exogenously added or natively present. Information is 

then coded into these transmissions using the electrode to set the mediatorsô redox 

state. These diffusible mediators propagate into the local environment where they 

undergo redox-based electron-transfer interactions with a biological component that 

switches the mediatorôs redox state. The changes in the mediatorôs redox state then 

serve as the response signal (analogous to the echo). The response signal is 

sensitively detected by the electrode and transduced into an electronic format that can 

be decoded using advanced information processing methods. Thus, mediated 

electrochemical probing offers a sensitive real-time measurement that provides 

information of redox characteristics and activities in a local environment. This 

echolocation analogy emphasizes the use of mediated electrochemical probing for 

sensing, and various studies have shown the detection of information that ranges from 

intracellular redox activities59-64, to cell viability65, and metabolic activity64, as well as 

new insight on biological materials66-68and to extracellular measures of oxidative 

stress69-72. Further, mediated electrochemistry is being extended from sensing to 

actuation73. In this case, Figure 2.3C shows how redox input signals can be imposed 

to ótargetô biological interactions that induce changes in structure and function. In 

terms of a biological analogy, such redox mediated actuation mimics biologyôs use of 

reactive oxidants (including reactive oxygen species; ROS) for the targeted post-

translational modification of proteins. Importantly, advances in redox biology are 

revealing a broader range of biological redox targets and this knowledge is being 

translated into an expanding redox-based biotechnological toolbox. Next, we 
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highlight recent advances in mediated electrochemistry for molecular level and 

cellular-level redox-targeting. 

2.4.2 Applications of MEP: molecular-level redox targeting 

As noted above, our use of mediated electrochemistry is analogous to biologyôs use of 

reactive oxidants (e.g., ROS) when used for targeting. Initially, ROS were recognized 

as important molecules for the immune systemôs targeting of pathogens74,75, but more 

recently there has been a growing appreciation of the broader roles of reactive 

oxidants. We now realize that biology uses redox as a communication modality, with 

ROS serving as redox signaling molecules that transfer information and actuate 

responses through electron transfer reactions. Further, the oxidation of amino acid 

residues by ROS provides mechanisms for post-translational modification that can 

adjust a proteinôs functional attributes. Importantly, emerging research in redox 

biology is revealing a surprising level of chemical selectivity in the reactions of 

reactive oxidants which further supports their roles in targeting. 

 

Analogous to biologyôs use of reactive oxidants, mediated electrochemistry allows 

the controlled generation of oxidants for the selective targeting of amino acid residues 

for protein post-translational modification. For instance, Figure 2.4A depicts three 

redox mediators that can each be oxidized at an electrode but have differing abilities 

to oxidize (i.e. target) amino acid residues76. In some cases, the differing reactivities 

of the mediators can be simply explained in terms of their thermodynamic redox 

potential. The mediator with the least oxidative redox potential, ferrocene dimethanol 

(Fc), can oxidize Cys to generate a disulfide, but Fc cannot oxidize the amino acids 
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Lys or Tyr. In contrast, acetosyringone (AS) and K3IrCl6 (Ir) have more oxidative 

redox potentials and these mediators can oxidize all three amino acids76. This 

example demonstrates that redox mediators can be selected to have different 

oxidative targeting abilities analogous to biologyôs use of different ROS to target 

different amino acid residues. 

In biology, oxidative post translational modifications can alter a proteinôs structure 

and function. The most familiar example is probably the oxidation of cysteine thiols 

to disulfides (sometimes referred to as sulfur switching) with the resulting change in 

protein structure sometimes being integral to intracellular signal transduction 

pathways that regulate biological response77. For example, oxidation of the cysteine-

rich protein, Keap1, leads to activation of the transcription factor, Nrf2, which acts as 

a master regulator of the antioxidant responses78,79. Similarly, redox mediators can be 

used as reactive oxidants to alter a proteinôs activity. Such mediated electrochemical 

actuation is illustrated in Figure 2.4B, which shows the AS-targeting of solvent-

accessible sulfhydryl groups to attenuate enzymatic activity80. In this example, a 

multi-domain fusion protein was engineered by fusing the enzymes (LuxS and Pfs) 

from a two-step biosynthetic pathway for the bacterial quorum sensing (QS) signaling 

molecule, autoinducer-2 (AI-2)81. Both enzymes have labile Cys residues that upon 

oxidation leads to an attenuation in the generation of the AI-2 quorum signal80. This 

attenuation of AI-2 signal generation attenuates an AI-2-inducible biological response 

in a surrounding bacterial population (e.g. in this example expression of a fluorescent 

protein). The plot in Figure 2.4B shows that an increase in electrical input (i.e., the 

number of electrons transferred during AS-mediated oxidation) results in a systematic 
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attenuation of both the AI-2 signal generated and the response of the bacterial 

population. This study illustrates how mediators and electrical inputs can controllably 

attenuate the generation of a biochemical signaling molecule to modulate biological 

function. 

 

Figure  2.4. Molecular-level redox targeting . (A) Mediators can selectively target a proteinôs 

amino acid residues. (B) Mediated oxidation of an enzymeôs sulfhydryl residues actuates signal 

response. Adapted from ref [81]. (C) Covalent bond formation is electrochemically controlled 

to generate functional materials. 

 

In addition to oxidatively modifying proteins to alter structure and function, biology 

also uses oxidation reactions for hierarchical assembly. Familiar examples of 

oxidative crosslinking include those that target the: cysteine residues of mucin; lysine 

residues of collagen82; tyrosine residues of the insectôs resilin protein83; and dopamine 

residues of the mussel glue protein84. In an analogous manner, mediated 

(C) 

(B) (A) 
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electrochemistry can be used for oxidative assembly. For instance, Figure 2.4C 

shows a thiol-functionalized hydrogel can be oxidatively activated for protein 

conjugation through accessible sulfhydryl residues. This will also be further discussed 

in Chapter 3. As depicted in Figure 2.4C, the bacterial protein, protein G, was 

engineered to have a redox-responsive fusion tag (five added cysteine residues at its 

C-terminus) to facilitate its oxidative assembly to the activated hydrogel85. This 

covalently assembled protein G retained its functional activity and was capable of 

binding IgG antibodies86 to generate antibody-presenting surfaces. This example 

demonstrates how mediated electrochemistry and protein engineering can be 

leveraged to rapidly and simply control covalent bond formation for the hierarchical 

assembly of functional materials87. 

2.4.3 Applications of MEP: cellular-level redox targeting  

In biology, ROS are known to impose oxidative stresses that induce cellular stress-

responses (e.g., the Keap1-Nrf2 pathway)88,89. Two of the best-known examples are 

the redox-responsive SoxRS and OxyR regulons in Escherichia coli that induce 

separate antioxidant defense responses. SoxRS has an iron-sulfur cluster that is 

believed to be targeted by superoxide-related activities and upregulates several genes 

including superoxide dismutase90-92, while OxyR has sulfur switching thiols believed 

to be targeted by H2O2 and upregulates H2O2 inducible genes such as catalase93-95. 

These examples illustrate that biology is equipped with the molecular machinery to 

recognize imposed redox inputs and transduce these inputs into changes in gene 

expression. These examples have also motivated efforts to use mediated 
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electrochemistry to impose redox inputs capable to accessing this native redox-based 

information processing machinery. 

 

Analogous to ROS, mediated electrochemistry can be used to target intracellular 

redox machinery to regulate signal transduction. As shown in Figure 2.5A, dual 

mediators can actuate gene expression from the SoxRS regulon through targeted 

oxidation of the iron-sulfur clusters of the SoxR protein96. One of the mediators, the 

bacterial metabolite pyocyanin (Pyo), is believed to enter the cell to actuate gene 

induction by oxidizing SoxR. The second mediator, ferricyanide (Fcn), is 

electrochemically controlled by the electrode and was used to modulate the level of 

induction. The plot in Figure 2.5A shows that as the electrodeôs voltage was 

increased to be more oxidative, the electrons transferred for Fcn-oxidation increased, 

thus exposing the cells to a greater redox input (labeled as óInput Changeô). This 

increased oxidative input resulted in a greater cellular response as measured by the 

SoxR-inducible expression of a fluorescent protein. The electrochemically inducible 

SoxRS regulon was then engineered (i.e. re-programmed) to produce a QS signaling 

molecule that subsequently altered the biological response of a second population of 

cells96. This example illustrates how mediated electrochemistry enables controlled 

access to biologyôs redox signaling modality to target programmable cellular 

responses. 

 

Similar to how the SoxRS and OxyR regulons protect against oxidative stress, 

CRISPR serves as bacteriaôs protective immune system against viruses97. Using 
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synthetic biology approaches, the CRISPR system has been engineered for a 

multitude of applications including mammalian cell biocomputing98, information 

storage99, and antibody production. Recently, an electrically controllable CRISPR 

system (referred to as eCRISPR) was integrated with mediated electrochemistry to 

enable extensive intracellular control100. As depicted in Figure 2.5B, the eCRISPR 

genetic system consists of two parts: (i) the redox responsive SoxS-based promotor 

and, (ii) CRISPR-based transcriptional factors designed to silence the expression of 

multiple genes associated with the native oxidative stress response. Dual mediators, 

Pyo and Fcn, were used to actuate the response of the SoxS-based promotor resulting 

Figure  2.5. Cellular-level redox targeting.  (A) Mediators target intracellular gene expression 

to modulate cell behavior. Adapted from ref  [91] . (B) eCRISPR is electrochemically 

controlled to actuate gene expression from multiple targets. (C) Electrochemically generated 

oxidants actuate biological response. 
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in expression of CRISPR-based transcriptional factors100. The dovetailing of synthetic 

biology and mediated electrochemistry offers the unique opportunity to program the 

cellôs molecular machinery to be interfaced to electronics through a communication 

modality (i.e., redox) that is common to both101-104. 

 

 

In the examples above, we described how electrochemical inputs could be coupled 

with redox mediators for the oxidative targeting of intracellular machinery. However, 

it is also possible to use electrodes to directly generate some of the same reactive 

oxidants used by biology (e.g., H2O2, HOCl)105. For instance, as illustrated in Figure 

2.5C, electrochemically generated H2O2 (in place of exogenously added mediators) 

was used to induce the OxyR regulon through oxidative targeting of the cysteine 

residues of the OxyR protein106. The bacterial cells were specifically engineered with 

(i) a cell surface peptide to allow their uniform assembly onto the electrode surface; 

and (ii) H2O2-responsive gene expression from the OxyR regulon which was re-

programmed to produce a QS signal. This synthetic biology construct thus allows 

electrochemically generated H2O2 to locally activate QS signal production to actuate 

the biological responses from two separate surrounding populations of cells106. This 

example demonstrates how precisely controlled electronic inputs can be transduced 

into chemical-based molecular outputs by accessing the information processing 

capabilities of biology. 

2.5 Concluding remarks  

Our ultimate goal is to create an electrochemical-based toolkit that can be leveraged by 

the biopharmaceutical industry to increase productivity and decrease development 
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times for antibody therapeutics. This dissertation is focused on the development of 

complementary devices that can be used to aid upstream and downstream process 

scientists in rapidly characterizing CPPs and CQAs of antibody therapeutics. In 

Chapter 3, we will develop PEG-based hydrogel interfaces that can be used for rapid 

monitoring of antibody titer and N-linked galactosylation. In Chapter 4, we will 

engineer a protein G: ɓ-galactosidase fusion protein that can be used for 

spectroelectrochemical detection. In Chapter 5, we will apply the hydrogel sensor 

interfaces to a microfluidic device that is amendable to rapid, low volume monitoring 

of antibody product. In Chapter 6, we will use mediated electrochemical probing to 

analyze and characterize inter-chain disulfide reduction and oxidation of antibodies, 

respectively. We believe that our work illustrates the potential for developing a redox-

based biotechnology toolbox for bioprocessing.  
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Chapter 3 : Development of sensor interfaces for electrochemical 

-based detection of antibody titer and glycosylation                         

This chapter was reproduced, with permission, from the publication: Motabar, D., Li, 

J., Wang, S., Tsao, C.Y., Tong, X., Wang, L.X., Payne, G.F., Bentley, W.E. ñSimple, 

rapidly electroassembled thiolated PEG based sensor interfaces enable rapid 

interrogation of antibody titer and glycosylationò, Biotechnology and Bioengineering, 

2021, 118(7), 2744-2758. 

3.1 Introduction 

The development process for antibody therapeutics is costly and time-intensive due to 

the complexities associated with optimizing host cell lines, bioreactors, and 

processing conditions. Reducing the cost and the time required to characterize and 

develop these therapeutics is important in order for biopharmaceutical companies to 

reach their clinical goals and develop safe and effective therapeutics for patients.   

 

An important part of the antibody development process includes monitoring and 

characterizing critical process parameters (CPP) (e.g., antibody titer) and the 

productôs critical quality attributes (CQA) (e.g., N-linked glycosylation). Monitoring 

and characterization of CPPs and CQAs is exceedingly important as any deviations 

can significantly impact the safety and efficacy of the therapeutic 4,26,27,31. Gold 

standard analytical tools used for monitoring and characterization can provide 

detailed information but are expensive, time intensive, and require specialized 

training (e.g., mass spectrometry, HPLC-based capillary electrophoresis).  
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Analytical technologies that can quickly provide estimates of CPPs and CQAs are 

also needed, however, as they can be integrated with several data analytic methods 

providing discrimination and model-based control. Simple electrochemical 

transduction methods are ideal for this application as they allow for rapid and 

sensitive measurement as well as convenient connectivity to process control systems, 

as has been the case for decades with electrochemical pH and dissolved oxygen (DO) 

probes for on-line monitoring in bioreactors.   

 

To build on this theme, in this work we developed sensor interfaces for titer and N-

linked galactosylation detection that produce electrochemical outputs from electrodes 

upon which the sensing domains are also electroassembled. Unlike traditional 

analytical chemistry methods, our interfaces couple electrochemical techniques with 

biological molecular recognition elements. As illustrated in Figure 3.1A, the 

interfaces are based on a thiolated polyethylene glycol (PEG) hydrogel film  that is 

rapidly assembled by simply biasing an electrode that is immersed in a solution of 

thiolated PEG and a redox mediator, ferrocene (Fc), at pH 7 for 1 minute. The film 

thickness can be modified based on the time over which the electroassembly takes 

place. After electrodeposition, the hydrogel is submerged in Fc solution and further 

oxidized for 2 minutes in order to ñactivateò sulfhydryl groups to reactive sulfenic 

acid groups (SOH as indicated). 
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The ñactivatedò hydrogels are then able to be linked with either thiolated sugars (for 

assembly of glycan-recognizing lectins) or a newly developed cysteine-tagged protein 

G. The sulfenic acid groups of the PEG will spontaneously form disulfide linkages 

with thiols of sugars or exposed cysteine residues cloned into proteins at their termini. 

In this way, molecular recognition elements are covalently grafted onto the PEG, 

which in turn, is electroassembled directly onto the sensing electrodes.  PEG is an 

ideal material for the interfaces as it enables the covalent linkage of the biological 

(A) 

(B) 

Figure  3.1. Sensor interface construction and measurement. (A) Process to construct and 

achieve an electrochemical response from the titer and galactosylation detection interfaces. (B) 

The electron transfer mechanism to achieve an electrochemical response involved the cycling 

of Fc, HRP, and H2O2.   

 

 

 



 

 

33 

 

recognition elements and it provides anti-fouling properties that reduce non-specific 

binding 76,107,108.  

 

For titer detection, the cysteinylated protein G construct is layered onto the PEG, 

where it enables total antibody titer detection via binding interactions with the 

antibodyôs fragment crystallizable region. For glycosylation detection, instead of 

assembling the cysteinylated protein G, thiolated sugar groups (e.g., ɓ-galactose, 

Galɓ) occupy many of the open thiol-PEG binding sites so that the sugar groups act 

as a lectin bait. Then, sugar-specific lectins (e.g., Ricinus communis agglutinin I, 

RCA120) are layered on top of the galactosylated and thiolated PEG hydrogel. These 

surfaces then provide selective capture of antibodies based on traditional lectin-

glycan binding. Further, when coupled with a protein G conjugated to horseradish 

peroxidase reporter (protein G:HRP), these interfaces enable near real time 

electrochemical outputs, based upon the electron transfer mechanism between HRP, 

ferrocene, and hydrogen peroxide (H2O2) as shown in Figure 3.1B 109-111. As 

depicted, the same electrodes used to assemble the sensing components are used for 

electrochemical detection of the antibodies. As such, there are many advantages 

associated with the coupling of electroassembly and electrochemical readouts 112-114, a 

most simple example being that the size of the electrode can be used to vary the 

sensor binding capacity and signal strength. The methodology is simple, portable, 

inexpensive and can provide fast, quantifiable results for a variety of applications, 

including bioprocessing applications, noted here. 
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3.2 Results 

3.2.1 Design, expression, and characterization of cysteinylated protein G 

Protein G is a bacterial protein that possesses high binding affinity for the Fc domain 

of human immunoglobulin G (IgG) 86,115,116. We used protein G for the titer detection 

interface as it has been well-established that it can bind the most commonly used IgG 

subclasses for therapeutics development, IgG1 and IgG2, in cell culture broth 117,118.  

We have previously used this protein G:antibody methodology for assembly of 

enzymes and cells onto various substrates 119-121. To incorporate protein G into this 

assembly and detection scheme, we introduced 5 cysteine codons into the C-terminus 

of the structural gene and expressed and purified the protein from E. coli. In this way, 

because it is expressed in E. coli, the protein G was not glycosylated, which could 

otherwise confound subsequent antibody binding. The extra cysteine residues, in 

effect, become an activatable ñpro-tagò and could potentially be electroassembled 

based on the formation of a sulfenic acid enabled disulfide bond between the PEG 

and the protein G 122. In our example, the sulfenic acid of the PEG and the sulfhydryl 

of the cysteine residues enable covalent coupling. In Figure S1, we show the plasmid 

vector (Supplementary Figure 1A), the protocol for expression and purification 

from E. coli, and the corresponding western blot (Supplementary Figure 1B). 

Briefly, we cultured cells in LB media, induced with IPTG at OD600 ~ 0.4, and 

centrifuged the cells after they were grown overnight at room temperature. The cell 

pellets were then resuspended in lysis buffer, sonicated for 10 minutes, and then 

centrifuged to remove cell debris. The N-terminal His-tagged protein G was then 

purified using immobilized metal affinity chromatography (IMAC). The purified 
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protein was confirmed by western blot and then used for assembly onto the thiolated 

PEG previously electroassembled onto gold electrodes.  

3.2.2 Assembly and characterization of the interfaces 

For both titer and galactosylation detection, a PEG hydrogel serves as the initial layer 

of the interfaces. Figure 3.2A provides an illustration detailing the proposed 

mechanism for thiolated PEG electrodeposition. An oxidative potential (+0.4 V, 1 

minute) is first applied to a bare gold electrode that is immersed in a mixture of Fc, a 

redox mediator, and 4-arm thiolated PEG. Fc near the surface of the electrode will 

become oxidized, diffuse away from the electrode surface, and oxidize the free thiol 

groups of PEG, converting them to sulfenic acid groups. Sulfenic acid groups will 

react with nearby thiol groups attached to PEG, thus establishing inter-molecular 

bonds allowing a hydrogel to form 76,123,124. The thiolated PEG directly assembles 

onto gold through the sulfur-gold interactions commonly used for templated assembly 

on gold. Mediated electroassembly using Fc is advantageous as it enables a level of 

control over the oxidation of the thiol groups of PEG, which allows for a significant 

level of consistency in the production of the hydrogels 125. That is, the 

electrodeposition process serves to ñactivateò the thiolated PEG in that the sulfenic 

acid groups will spontaneously bond with sulfhydryl groups forming covalent 

disulfide linkages 76,126. After PEG electrodeposition, the hydrogel is submerged in Fc 

solution and further oxidized for 2 minutes in order to ñactivateò the hydrogel (i.e., 

oxidize sulfhydryl groups to reactive sulfenic acid groups) to enable covalent bonding 

of the molecular recognition elements. For titer detection, the PEG modified electrode 

is then immersed in a solution of cysteinylated protein G enabling its assembly 
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through disulfide bond formation between the cysteine tag of protein G and the 

sulfenic acid groups on the PEG hydrogel (upper path, Figure 3.2A). The subsequent 

topmost protein G layer serves as the detection interface for IgG. For galactosylation 

detection, the electroactivated thiolated PEG surface can be immersed in a solution of 

thiolated Galɓ, which will covalently bond with the available sulfenic acid groups on 

(B) 

(A) 

Figure  3.2. Assembly and characterization of interfaces. (A) Oxidation of thiolated PEG 

enabled the construction of the interfaces. (B) Fluorescence microscopy of FITC cysteinylated 

protein G with interfaces (n = 3) of (i) electrodeposited thiolated PEG, (ii) bare gold, and, 

FITC RCA120 with interfaces of (iii) electrodeposited thiolated PEG incubated in thiolated 

Galɓ, (iv) bare gold, (v) electrodeposited thiolated PEG, and (vi) thiolated Galɓ. The area of 

the gold surface of the electrode is 3.1 mm2. 

 

(B) 
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the surface of the hydrogel (lower path, Figure 3.2A). Subsequently, immersion in a 

solution containing RCA120, a Galɓ binding lectin, allows for bio-specific binding 

between RCA120 and thiolated Galɓ, thus forming the galactose-detection surface of 

the interface.   

 

In Figure 3.2B, fluorescence microscopy was used to qualitatively characterize layer 

formation for both interfaces. FITC cysteinylated protein G and FITC RCA120 were 

used to visualize the binding of the proteins to the interfaces. For the titer detection 

interface, the presence of a PEG film was needed to establish fluorescence upon 

protein G capture. That is, there was no fluorescence in the absence of PEG (layering 

the assemblies onto bare gold). For the galactosylation detection interface, (iii) a 

strong fluorescence signal was observed only when all the interface layers were 

assembled. Controls, which included: (iv) bare gold ; (v) an interface with no 

thiolated Galɓ ; (vi) and an interface with no thiolated PEG , were all weakly 

fluorescent, as expected. That is, when a component of the completely functional 

interface was not present (i.e., PEG or thiolated Galɓ), there was essentially no FITC 

RCA120 binding. It is important to note that for all interfaces, the electrodeposition 

of PEG is localized on the pattern of the electrode, allowing for the interface to form 

only on the gold surface. This is an important attribute of our process as 

electrochemical outputs (later) will be confined to activity that is localized directly 

onto the electrodes. Again, this is a feature of electroassembling functional 

components such as proteins, cells, and other molecules that are otherwise difficult to 

array with great spatial resolution 127,128. Because of this, electrochemical systems can 
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be designed, and outputs quantified based on electrode area. This makes for well-

controlled microfluidic application of the methodology 65,129,130.  Importantly, our data 

support the conclusion that the interfaces were successfully assembled when layers 

were sequentially formed, and all necessary components were present.  Moreover, 

these data show that the thiolated PEG serves an important function as it provides a 

great number of binding sites (i.e., thiols) for protein assembly, enabling the 

interfacesô detection capabilities. In other work, we showed that the electroactivated 

hydrogel properties could be extended away from the electrode (normal to the 

surface) the longer the voltage was applied, demonstrating programmable control of 

hydrogel chemistry 76. While not shown here, we expect the number of sulfenic acid 

residues available for coupling could be electronically programmed.   

 

Next, cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 

were used as an orthogonal means to provide physical evidence of interface assembly 

using redox probe, Fe(CN)6
3-/4-. For CV measurements, bare gold electrodes for both 

interfaces had well-defined, reversible oxidation and reduction peaks, as shown in 

Figure 3.3A-B. When the surfaces were electrodeposited with PEG, there was a clear 

reduction in both peak currents and an increase in the oxidation to reduction peak 

separation, as evidenced in the CV profiles and corresponding bar graphs. This 

indicates that electron transfer at the electrode surface was significantly decreased as 

a result of PEG hydrogel formation 131,132. For both interfaces, once the subsequent 

protein layer was assembled (i.e., cysteinylated protein G or RCA120), the peak 

current responses decreased further, and the peak-to-peak separation became larger, 
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indicating that both proteins were successfully bound to the PEG-modified surfaces. 

EIS was also performed as it can sensitively detect changes in impedance through 

Figure  3.3. Electrochemical evidence of interface construction. CV profiles and resultant 

bar graphs (n=3) showed an increase in peak-to-peak separation (indicated by arrows) and 

decrease in peak current response for (A) titer detection and (B) galactosylation detection 

interfaces. Corresponding Nyquist plots for (C) titer detection and (D) galactosylation 

detection demonstrated that layers form on electrode surfaces as evidenced by the increase in 

the diameter of the semi-circular area (indicated by arrows). 

 

(D) 
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alterations in the surface charge of the assembled interface layers. The Nyquist plots 

of the titer and galactosylation detection interfaces are shown in Figure 3.3C-D, 

respectively. At higher frequencies, the spectra have a semi-circular area that is 

related to charge transfer resistance (RCT) and at lower frequencies, they contain a 

linear portion which is related to diffusion processes. For the bare gold electrodes, the 

plots are essentially linear, indicating that there is minimal resistance to charge 

transfer 132. The diameter of the semi-circular area of the spectra becomes larger as 

the subsequent protein layers are formed on the surfaces (illustrated by the dotted 

arrows), indicating that RCT has increased due to further impedance of electron 

transfer 114,131,133. In both cases, CV and EIS measurements reinforce our conclusion 

that the interface layers were successfully assembled onto the electrode surfaces.  

 

3.2.3 Reproducibility of hydrogel and interface formation 

We next wanted to characterize the uniformity and reproducibility of hydrogel 

electrodeposition and interface assembly. We first monitored the charge profile over 

time throughout individual hydrogel electrodepositions for 3 separate electrodes. The 

results are shown in Figure 3.4A, where the charge is directly correlated to the 

number of sulfhydryl groups of PEG that are oxidized to sulfenic acid groups (i.e. 

electrons exchanged) 134. Across all 3 hydrogel electrodepositions, the charge profiles 

were nearly identical (as depicted in the bar graph insert, the average final charge 

transfer was 1.1 mC +/- 0.004). This data indicates that the number of sulfenic acid 

groups formed during deposition was identical and after considering the substantial 
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reactivity of sulfenic acid 126,135 it suggests that the degree of crosslinking among the 

hydrogels was also similar.  

 

We also wanted to test whether the current measurements across different hydrogel 

preparations were consistent. To evaluate, the individually electrodeposited and 

ñactivatedò hydrogels were immersed in a solution of 0.5 mM Fc and CV scans were 

performed. Results are shown in Figure 3.4B. Here, the CV scans of the 3 electrodes 

Figure  3.4. Evidence of interface reproducibility. (A) The charge profiles during individual 

hydrogel electrodepositions were consistent (n=3). (B) CV profiles (n=3)  indicated that current 

measurements of individually prepared thiolated PEG hydrogels were reproducible. (C) 

Fluorescence microscopy images and corresponding fluorescent intensity measurements (n =3)  

of individually prepared titer detection and galactosylation detection interfaces showed that 

interface construction is consistent. 

 

(A) 
 
 
(A) 

(B) 
 
 
(A) 

(C) 
 
 
(A) 
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appear nearly superimposed, indicating that the current measurements are consistent 

for individually prepared hydrogels (i.e., electron exchange between Fc and the gold 

electrode was not impacted). To provide quantitative measure, we calculated the 

average oxidative (QOx) and reductive (QRed) charge transferred 76 from the CV 

profiles and found the values to be consistent (QOx=  2247 ɛC +/- 42; QRed= 1327 ɛC 

+/- 48).   

 

Lastly, we used fluorescence microscopy to gauge whether binding of the molecular 

recognition elements to individually assembled titer and galactosylation interfaces 

was also consistent. This is important in order to ensure that the interfaces provide for 

reproducible measurements. Electrodes were individually electrodeposited and 

ñactivatedò, as in Methods. The hydrogels were then incubated in either FITC-labeled 

cysteinylated protein G (250 ɛg/mL) or thiolated Galɓ (50 ɛg/mL) and FITC-labeled 

RCA120 (500 ɛg/mL). Fluorescence microscopy images were taken, and the 

fluorescence intensity of the images was analyzed using ImageJ. Results are shown in 

Figure 3.4C. As indicated at the far right, we analyzed both the full circular area and 

5 windows within each circular electrode. The bar graphs represent the average 

intensities of the electrodes (T1 to T3 or G1 to G3) for either the full electrode area or 

smaller areas from within the electrodes (A-E). For both interfaces, the variation in 

the intensity across the individual electrodes (error bars depict the standard deviation) 

was minimal, indicating that binding of molecular recognition elements to the 

hydrogels was remarkably consistent across separate electrode preparations.   
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3.2.4 Detection of antibody titer 

We next evaluated the ability of the cysteinylated protein G interface to detect 

antibody. The experimental process and set-up is illustrated in Figure 3.5A. The 

assembled cysteinylated protein G interfaces were incubated with serially diluted 

concentrations of human IgG, washed with buffer containing 0.05% Tween-20 to 

remove any non-specific binding, and then immersed in protein G:HRP to form a 

sandwich configuration. It is important to note that IgG has 2 protein G binding sites 

on either side of its Fc portion (located in the hinge region that connects the CH2 and 

CH3 domains)136. This allows protein G to serve as both the recognition (cysteinylated 

protein G) and detection element (protein G:HRP). After many experiments, we 

found that a 0.1 g/L concentration of protein G:HRP (diluted in PBS) was best to 

maximize the electrochemical responses of the assembled 3.1 mm2 interfaces while 

minimizing responses from non-specific binding. The cysteinylated protein G-IgG-

protein G:HRP interfaces were then submerged in a stirred solution containing 0.5  

mM Fc (diluted in phosphate buffer) and with an applied potential of 0 V. The 

solutions were equilibrated for 200 seconds and then 25 µM H2O2 was spiked into the 

solutions to achieve the current responses from the cysteinylated protein G-IgG-

protein G:HRP interfaces, shown in Figure 3.5B. In an analogous manner to our 

studies with protein G:HRP, we had earlier performed studies with varied amounts of 

H2O2; we found that 25 uM was optimal for the conditions tested.  Our results 

similarly indicate that response time is very rapid. After the initial transient, the 

current at all IgG concentrations reached a steady value within 2 sec, and importantly, 

reached a very steady value that was maintained for an additional 2 minutes. The 
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current appeared to be related to the concentration of IgG in the incubation buffer. In 

Figure 3.5C, we indeed found that when the interfaces were incubated with IgG 

concentrations ranging from 15.6 -1000 µg/mL, the average of the peak current 

response linearly increased with the concentration of IgG (R2=0.98). Importantly, this 

linear range for the interface is appropriate for many antibody therapeutics produced 

in mammalian cell lines such as Chinese hamster ovary (CHO) cells 25,137,138. That is, 

the response was observed to saturate above a concentration of 1000 µg/mL of IgG 

(note the 1000 ɛg/mL vs. the 2000 ɛg/mL responses). Using 3 times the standard 

Figure 3.5. Detection of antibody titer. (A) Schematic illustrating the experimental setup. 

Upon addition of H2O2, an electrochemical response that can be correlated to antibody 

concentration is achieved. (B) Representative current responses from each IgG concentration 

evaluated by the titer detection interface. (C) A linear concentration dependent response, 

ranging from 15.6-1000 µg/mL of IgG, was achieved.  Each point represents the average 

current response from 4 individual titer detection interfaces. 

 

(A) 

(B) (C) 
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deviation of the negative control, we found that the lower limit of detection was 88 

µg/mL. We note that these results are from separate measurements across separate 

batches of individually assembled interfaces and their linearity demonstrates that the 

method is highly reproducible even when using different gold electrodes. The 

responses from the negative controls further show that non-specific binding from 

protein G:HRP was minimal (Supplementary Figure 2). As noted above, a low level 

of non-specific binding is likely attributed to the anti-fouling properties of PEG 108. 

Overall, these data support the interfaceôs applicability for use in monitoring titer in 

support of antibody production and separation operations.  

3.2.5 Detection of antibody galactosylation 

The selectivity of the galactosylation detection interface for Galɓ terminating 

oligosaccharides was then evaluated. Figure 3.6A depicts the experimental process 

and set-up, which was performed in an identical manner as the titer studies above. 

Solutions containing dilutions of 1 g/L of each respective antibody glycoform (i.e., 

antibodies with a defined N-linked glycan pattern) were incubated with the interfaces. 

The antibody glycoforms we used to interrogate the selectivity of the interface had 

glycan patterns of G0, G0F, G2, G2F, and S2G2, which are described in Table 1 and 

depicted in Figure 3.6B.  

 

These represent many of the common glycan structures of antibody therapeutics, 

which are of the complex biantennary type that contain variable additions of fucose, 

galactose, and sialic acid 20,139. These antibody glycoforms were developed in our labs 

140,141. We chose Galɓ as a model terminal glycan group for interface detection as it is 
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one of the most predominant terminal N-linked glycan modifications 142. That is, 

several interfaces were examined with the test case being RCA120 assembled onto 

PEG with thiolated Galɓ. Controls with different interface assemblies (no thiolated 

PEG, no thiolated Galɓ) and different IgG (altered glycan patterns, including sialic 

acid capped galactose) were also evaluated. We chose to use the lectin RCA120 for   

affinity for Galɓ terminating oligosaccharides, making it ideal for interface assembly 

as one binding site is already occupied by the thiolated Galɓ 143-145. In order to 

maintain consistency, concentrations of 1 g/L IgG, 0.1 g/L protein G:HRP, and 25 

µM H2O2 were selected as these conditions helped to maintain linearity for the titer 

detection interface. 

Table 1. N-glycosylation patterns of antibodies. Descriptions of the N-linked glycan 

patterns of the antibody glycoforms used to evaluate the galactosylation detection interface. 
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Results are shown in Figure 3.6B. As expected, the lectin-containing interface shows 

the highest current for the antibody glycoforms that contain terminal Galɓ (i.e., G2 

and G2F). For antibody glycoforms not containing Galɓ (i.e., G0 and G0F) or when 

capped by a different glycan, such as sialic acid (i.e., S2G2), the current responses 

were significantly lower and relatively similar to one another, indicating that the 

Figure  3.6. Detection of antibody galactosylation.  (A) Schematic describing the 

experimental setup for galactosylation detection is similar to that of the titer detection interface. 

(B) Antibody glycoforms used to characterize the interface are shown above each 

corresponding bar in the graph. Each bar represents the average current response from 4 

individual galactosylation detection interfaces. Statistical significance (p < 0.005) was 

determined between groups * and ** using ANOVA: Single Factor analysis. 

(A) 

(B) 
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interface selectively recognizes glycan structures that contain terminal Galɓ. That is, 

measurements for galactosylated antibodies, G2 and G2F, were statistically different 

than the non-galactosylated antibodies, G0, G0F, and S2G2 (p < 0.005). Similar to 

the titer detection interface, there was minimal response for the controls with no 

assembled IgG. This confirms that there was minimal contribution to the response 

from non-specific binding of protein G:HRP. We tested this using other thiolated 

sugars, RCA120, and galactose-capped IgG and there was essentially no signal (not 

shown here). As this methodology relies upon a thiolated sugar and its corresponding 

lectin, our results suggest that the functionalized thiolated PEG interface could serve 

as a platform for other glycan specific, lectin-based detection interfaces for 

glycoprofiling purposes. Multiple interfaces that detect different glycan groups might  

then be used in parallel to give a rapid, high-throughput analysis of the glycan 

structures that are present on the antibodies. Lectin arrays using different assembly 

methodologies are commercially available, often employing fluorescence outputs on 

spotted membranes or microscope slides. Further work needs to be completed to 

determine the limits of detection of the interface and the selectivity of the interface 

for antibody glycoforms that contain varying numbers of galactose (i.e., G1, G1F) 

and sialic acid moieties (i.e., S1G1, S1G2). 

3.2.6 Evaluation with culture media 

To expand on the applicability of the interfaces for upstream bioprocessing, we 

wanted to characterize the interfaces with a representative sample from an upstream 

setting. We chose to evaluate the interfaces with IgG spiked into mammalian cell 

culture media (i.e., Dulbeccoôs Modified Eagle medium, DMEM) to determine if 



 

 

49 

 

media components effected the performance of the interfaces. Incubation and current 

measurement conditions using the interfaces were identical to those in previous 

sections, except that the interfaces were immersed in solutions of IgG that were 

spiked into either PBS with 0.05% Tween-20 or DMEM. Results are shown in Figure 

3.7. Importantly, in Figure 3.7A, linearity was re-established for the IgG spiked in 

PBS with 0.05% Tween-20, consistent with results in Figure 3.5. However, the 

average current values in Figure 3.7 were uniformly higher than those in Figure 3.5 

even though identical experimental conditions were used. Interestingly, as film 

assembly is robust and reproduceable, this suggests these differences were due to 

batch-to-batch differences in the preparations of cysteinylated protein G and/or 

protein G:HRP. Both of these are added to the interfaces as mg quantities and their 

activity might vary based on batch. We also obtained a strong linear response for the   

Figure  3.7. Evaluation with culture media. (A) Evaluation of the titer detection with IgG 

spiked in PBS with 0.05% Tween-20 or in DMEM. (B) Normalized values for all titer detection 

interface measurements. (C) Galactosylation detection interfaces with IgG spiked in PBS or in 

DMEM. Each point and bar represent the average current response from 3 individual interfaces. 

 

(A) (B) (C) 
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IgG spiked DMEM samples, but with a lower slope. We suggest that the apparent 

lower currents coincide with media components lowering the number of binding 

events between the protein G and the IgG. We next superimposed all data for 

antibody titer in Figure 3.7B by normalizing each dataset by the maximum current 

obtained for the 1 g/L incubations; importantly linearity was maintained. 

 

Interestingly, we found negligible differences between measurements of IgG in PBS 

or DMEM for the galactosylation detection (Figure 3.7C). As current responses from 

both samples were nearly identical, DMEM did not seem to impact the binding 

between RCA120 and galactosylated IgG. In discussion below, we provide a 

hypothesis for these observations. Overall, these data indicate that both of the 

interfaces can be used to evaluate IgG in samples of mammalian cell culture media.  

 

3.2.7 Regeneration of interfaces 

Finally, we wanted to investigate whether the interfaces could withstand surface 

regeneration with the intent being to test whether they could be used for more than a 

single measurement. After several experiments and in concordance with the literature 

146-148, we found that 0.1M acetic acid and 1M sodium chloride, pH 2.8 could be used 

as a regeneration buffer as low pH conditions are often used to effectively decouple 

many protein-antibody interactions. We used this regeneration buffer to remove IgG 

while retaining the cysteinylated protein G (for the titer detection interface) and the 

thiolated sugar and hopefully, bound lectin (for the galactosylation detection 

interface). In this way, we retain the oxidized disulfide bonds and the functionalized 

hydrogel, but release product IgG.  
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As depicted in the schematics (top) in Figure 3.8A-B, after initial measurements of 

samples containing IgG (2 mg/mL IgG for titer detection, 1 mg/mL IgG for 

galactosylation detection) and 0.1 g/L protein G:HRP, we washed the surfaces of the 

assembled titer and galactosylation detection interfaces 3 times (15 minutes each) 

with the low pH regeneration buffer. Then, after the regeneration washes, we made 

additional control measurements (added H2O2) to ensure that the current responses 

were removed and that the surfaces had been successfully stripped of IgG and protein 

G:HRP. As seen in representative current responses (left) shown in Figure 3.8A-B, 

the interface responses were entirely diminished suggesting that complete 

regeneration was achieved. Then, the interfaces were sequentially incubated with 

solutions containing IgG and protein G:HRP and repeat measurements were taken. 

After re-incubation using the same IgG concentrations, the responses returned to 

nearly identical signal strengths as the initial measurements. Interestingly, the 

dynamic responses were also unchanged. In all cases, the peroxide-mediated signal 

transfer was rapid (within seconds) and very stable. These data demonstrate that the 

interfaces could replicate the initial responses without incurring significant loss of 

activity. Both bar graphs (right) show that the absolute differences in response 

between the initial and re-incubation measurements for both the titer and 

galactosylation detection interfaces were 6.8% and 12%, respectively. We further 

note that the variations observed were both positive and negative in direction, 

suggesting there was no systematic error involved. Instead, deviations were likely due 

to random errors associated with the re-use protocol developed. 
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While these results were quite satisfactory, we decided to delve into the regeneration 

process to evaluate the apparent discord between maximum currents obtained in 

DMEM and PBS noted above. In Supplementary Figure 3, we regenerated the 

interfaces after an initial measurement and then, unlike in Figure 7, we incubated the 

surfaces with protein G:HRP only to confirm that bound IgG had been removed. The 

low current obtained confirmed its effective removal from the interfaces. That said, 

we noted that during the regeneration and reuse of the galactosylation interface, 

subsequent addition of IgG indicated that the RCA120 lectin had been retained and 

was apparently not rate limiting in the analysis (Figure 7b). This was unexpected 

given that the manner of binding of RCA120 to the thiolated Galɓ on the hydrogel is 

non-covalent. To investigate further, we used fluorescence microscopy with FITC 

RCA120 after regenerating the surface (Supplementary Figure 4A). A strong 

fluorescent signal was retained (although, as expected, there was an observable loss 

compared to pre-wash) suggesting that a significant quantity of RCA120 remained 

bound to the interface. We re-evaluated the surfaces with both CV and EIS. Results 

shown in Supplementary Figure 4B-C suggest a potential explanation; RCA120 was 

nonspecifically bound to the hydrogel through direct interactions with the thiolated 

PEG and thus was still attached to the surface after regeneration. That is, we ran the 

CV (Supplementary Figure 4B) and EIS (Supplementary Figure 4C) profiles 

without the thiolated Galɓ and there was a degree of binding of RCA120 to the 

hydrogel. We suggest that these results might provide insight regarding the retention 

of galactose binding activity after regeneration, as noted above in Figure 3.6. We had 
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found that the addition of DMEM did not decrease detection of galactosylation, while 

the titer measurement had dropped in half at the highest concentrations tested. We 

Figure  3.8. Regeneration of interfaces. (A) Experimental protocol for evaluation of the 

regeneration of the titer detection interface (top). Titer detection interfaces were regenerated 

for reuse (bottom). (B) The identical protocol as in (a) was used for regeneration of the 

galactosylation detection interface (top). Galactosylation detection interfaces were also 

regenerated for reuse (bottom). Each bar represents the average current responses from 3 

individual interfaces. 

 

(A) 

(B) 
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believe media components in DMEM might have lowered the number of binding 

events between protein G and the IgG, but since there were likely many RCA120 

sites beyond those of the Galɓ, this attenuation was not observed. Certainly, more 

studies would be needed to substantiate this hypothesis, but we note further that the 

enhanced stability of the lectin assembly to the oxidized thiolated PEG was a 

welcome surprise.  

 

That is, our exploratory binding studies reinforced that the thiolated and 

functionalized PEG interfaces were robust and have the potential for multiple 

antibody-based measurements, potentially providing significant benefits to antibody 

development and production processes. Moreover, we had not anticipated RCA120 

binding to the thiolated PEG, but this is a welcome finding.  Further work to 

characterize the lifetime and the robustness of the interfaces after multiple 

regeneration cycles is underway, along with the integration of these interfaces into a 

microfluidic device. 

 

3.3 Discussion  

We have developed novel thiolated PEG interfaces that are easily assembled onto 

gold electrodes and that, owing to the abundance of  thiol groups and the ease by 

which they can be oxidized or reduced, offer the ability to be functionalized for 

bioprocess monitoring applications. We demonstrated this by showing new formats 

for the detection of antibody titer as well as the glycosylation pattern on human IgG 

using a simple and rapid electrochemical reporting method. That is, the platform 
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might be amenable for a variety of thiolated sugars and lectins. This would expand its 

use beyond the galactosylation detection shown here, providing for a more high-

throughput analysis of the glycan structures. Equally importantly, we generated a 

cysteine-tagged protein G reagent that was expressed and purified from E. coli (it has 

no glycosylation). This cysteine-tagged reagent, when coupled with the thiolated PEG 

interface, enables versatile functionalization of the surfaces in that antibody assembly 

and near real time monitoring of antibody titer is enabled. Further, we have shown 

that both interfaces can be successfully regenerated for reuse. This helps in terms of 

cost savings and accelerated analysis. We anticipate that these interfaces and the ease 

by which they can be assembled will enable many such functionalized surfaces, 

especially those that integrate biological components within microelectronic devices. 

In biomanufacturing, rapid assessment of antibody titer and galactosylation should 

reduce both cost and time associated with the development and production processes. 

 

3.4 Materials and Methods  

3.4.1 Materials 

4-arm PEG thiol was purchased from JenKam (Plano, TX). RCA120 and fluorescein 

labelled conjugate (FITC RCA120) were purchased from Vector Laboratories 

(Burlingame, CA). 2-Thioethyl ɓ-Galactopyranoside (thiolated Galɓ) was purchased 

from Sussex Research Laboratories (Ottawa, ON Canada). Immunoglobulin (IgG) 

from human serum, SILU Lite SigmaMAb, and protein G:HRP conjugate were 

purchased from Millipore Sigma (Burlington, MA). 1,1ǋ-Ferrocenedimethanol (Fc) 

was purchased from Santa Cruz Biotechnology (Dallas, TX). Dulbeccoôs Modified 



 

 

56 

 

Eagle medium, high glucose, HEPES, no phenol red (DMEM) was purchased from 

Thermo Fisher Scientific (Waltham, MA).  

 

3.4.2 PEG electrodeposition  

A mixture of Fc (5 mM) and PEG thiol (50 mg/mL) was first prepared in phosphate 

buffer (0.1 M, pH 7.0). The surface of a 2 mm diameter gold standard electrode 

(working electrode) was fully immersed in the solution along with a platinum wire 

(counter electrode) and an Ag/AgCl reference electrode. PEG electrodeposition 

occurred for 1 minute at a constant potential of 0.4 V. After PEG hydrogel formation, 

remaining sulfhydryl groups were ñactivatedò to sulfenic acids by immersing the 

surface in a solution of Fc (5 mM). A constant voltage of 0.4 V was applied for 2 

minutes to ensure maximal sulfenic acid group formation on the surface of the 

hydrogel. Hydrogel electrodeposition and sulfhydryl ñactivationò were performed 

individually for each electrode preparation.  

3.4.3 Assembly of interfaces 

For the titer detection interface, the PEG-coated electrodes were individually 

immersed in cysteinylated protein G (250 µg/mL in 0.1 M PBS, pH 7.4) overnight. 

After 3 rinses with wash buffer (0.1 M PBS, 0.05% Tween-20, pH 7.4), the electrodes 

were sequentially immersed in IgG (diluted in 0.1 M PBS, 0.05% Tween-20, pH 7.4) 

and protein G:HRP (0.1 g/L in 0.1 M PBS, pH 7.4) for 1 hour at room temperature, 

respectively. IgG concentrations were confirmed by protein A280 measurements prior 

to incubation using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific). 

Between each immersion, the electrode was washed 3 times in wash buffer. For the 
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fluorescence microscopy study, FITC cysteinylated protein G (250 µg/mL in 0.1 M 

PBS, pH 7.4) was used. Prior to use, cysteinylated protein G was FITC-labelled using 

the FluoReporter FITC labelling kit (Invitrogen; Waltham, MA) following 

instructions from the manufacturer. For the galactosylation detection interface, the 

PEG-coated electrodes were individually immersed in thiolated Galɓ (50 Õg/mL in 

0.1 M PBS, pH 7.4) overnight at room temperature. After 3 rinses with wash buffer, 

the electrodes were sequentially immersed in RCA120 (0.5 mg/mL in 0.1 M PBS, pH 

7.4), antibody glycoforms (1 mg/mL, diluted with 0.1 M PBS, pH 7.4), and protein 

G:HRP (0.1 g/L) for 1 hour at room temperature, respectively. RCA120 and antibody 

glycoforms concentrations were confirmed prior to incubation with protein A280 

measurements. For the fluorescence microscopy study, FITC RCA120 was used. 

3.4.4 Electrochemical and fluorescence evidence of interface assemblies 

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 

measurements were taken using a CHI6273c electrochemical analyzer (CH 

Instruments; Austin, TX). The measurements were performed with a 3-electrode 

system containing bare gold or interface assembled electrodes (working electrode), a 

Pt wire (counter electrode), and a Ag/AgCl reference electrode, which were immersed 

in a phosphate buffered solution (0.1 M, pH 7.0) containing K3Fe(CN)6/ K4Fe(CN)6 

(1 mM). CV scans were performed from 0 to 0.5 V at a scan rate of 0.1 V/s. EIS 

measurements were taken over a frequency range of 100 kHz to 1 Hz at a potential 

that was the average of the reduction and oxidation peak potentials. Fluorescence 

microscopy images were then taken with an upright microscope with exposures of 90 

ms (titer detection interface) and 50 ms (galactosylation detection interface).  



 

 

58 

 

3.4.5 Evaluation of hydrogel and interface reproducibility 

PEG hydrogels were electrodeposited and activated as in Section 2.2. Charge profiles 

were measured during hydrogel electrodeposition. After electrodeposition and 

ñactivationò, CV scans were performed from 0 to 0.5 V at a scan rate of 0.5 V/s in a 

solution of Fc (0.5 mM, diluted in phosphate buffer). For interface reproducibility, 

titer and galactosylation interfaces were individually assembled with FITC 

cysteinylated protein G (250 ɛg/mL) and FITC RCA120 (500 ɛg/mL) as in Section 

2.3. Fluorescence microscopy images of the individual electrodes were taken with an 

upright microscope using exposure times of 20 ms (galactosylation detection) and 

400 ms (titer detection). ImageJ was used to calculate the mean grey intensity values 

of the images. 

3.4.6 Titer and galactosylation detection interface measurements  

Measurements of the current response from the interfaces were performed with the 3-

electrode set-up (same as above) using a CHI1040C electrochemical analyzer (CH 

Instruments). The electrodes were immersed in buffered solution (0.1 M phosphate, 

pH 7.0) containing Fc (0.5 mM) which was mechanically stirred at a constant rate 

with an applied potential of 0 V. To achieve a response from the interfaces, 25 µM 

H2O2 was added to the mixture and the increase in current from the baseline was 

recorded. The lower limit of detection for the titer detection interface was calculated 

as previously described 149.  



 

 

59 

 

3.4.7 Evaluation with culture media 

Titer and galactosylation detection interfaces were assembled as in Section 2.3. Titer 

detection interfaces were incubated in IgG from human serum (0 ï 1 g/L) that had 

been diluted with 0.1 M PBS or with DMEM. Galactosylation detection interfaces 

were incubated in SigmaMAb (1 g/L) diluted with 0.1 M PBS or with DMEM. We 

chose to use this antibody standard as it has a known concentration of galactosylated 

IgG. Interfaces were then incubated in protein G:HRP (0.1 g/L). All incubations 

occurred at room temperature for 1 hour. Between incubations, interfaces were rinsed 

with wash buffer 3 times. Current measurements were taken as described above.    

3.4.8 Interface regeneration studies 

To evaluate regeneration, the detection interfaces were assembled with IgG from 

human serum (2 g/L for titer detection, 1 g/L for galactosylation detection) and 

protein G:HRP (0.1 g/L) and measurements of the current response were taken using 

the same conditions as above. The interfaces were then washed with 0.1 M acetic 

acid, 1 M sodium chloride, pH 2.8 (3 washes, 15 minutes each) to strip IgG and 

protein G:HRP from the surfaces, leaving only the detection proteins (i.e., protein G 

or RCA120) conjugated to PEG surface. Current measurements were taken to  

confirm that IgG and protein G:HRP were removed. The interfaces were once again 

re-assembled with IgG and protein G:HRP. Current measurements were taken to 

confirm the re-binding of IgG and protein G:HRP to the interface surfaces.  
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Chapter 4 : Engineering and characterization of protein G: ɓ-

galactosidase for use in multi-modal analytical application 

This chapter was reproduced, with permission, from the publication: Motabar, D., 

Wang, S., Tsao, C.Y., Payne, G.F., Bentley, W.E. ñProtein G: ɓ galactosidase fusion 

protein for multi modal bioanalytical applicationsò Biotechnology Progress, 2022, 

38(6), e3297.  

4.1 Introduction 

In applications that span clinical and biotechnological or manufacturing settings, 

immunoglobin G (IgG) is an important bioanalytical component. Its level is a direct 

measure of physiological health in clinical settings, it is widely used as a recognition 

element in a variety of biotechnological applications (e.g., ELISA, histochemical, 

etc.) and therapeutic IgGs are a large and growing segment of the biopharmaceutical 

market. Protein G from Streptococcus is often used for IgG detection as it has high 

binding affinity to the Fc portion of both mouse and human IgG 86,115. 

Correspondingly, protein G is often linked to a reporter enzyme which produces a 

response (e.g., colorimetric, luminescence, etc.) that can be correlated to IgG 

concentration. In our previous work87, we showed that an electroassembled IgG 

capture interface comprised of thiolated polyethylene glycol (PEG) and a 

cysteinylated covalently coupled protein G, could be conveniently assembled directly 

onto a gold sensor interface. We then showed how commercially available protein G, 

when coupled with horseradish peroxidase (HRP), could provide an electrochemical 

readout of IgG titer when the interface was used to assess IgG titer in various 
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bioprocessing samples. That said, the tetrameric enzyme ɓ-galactosidase (ɓ-gal)150,151 

expressed and purified from Escherichia coli, is also used in cellular and 

biomolecular applications and for decades has been a gold standard for localizing and 

assessing biomolecular function. ɓ-gal functions by hydrolyzing lactose and other ɓ-

galactosides into monosaccharides151. In many assays, this enzyme is used with the 

chromogenic substrate, ortho-nitrophenyl-ɓ-galactoside (ONPG), which is cleaved to 

produce a colorimetric response152. Analogous substrates enable detection at various 

wavelengths and via fluorescence153-157. Additionally, analogous to HRP, ɓ-gal can be 

used to produce an electrochemical response through the cleavage of 4-Amino-phenyl 

ɓ-D-galactopyranoside (PAPG) yielding redox active p-aminophenol (PAP)158-161.  

We constructed a protein G: ɓ-gal fusion protein that can be used for analytical 

applications involving IgG. Importantly, because ɓ-gal exhibits activity towards a 

variety of substrates the fusion protein enables multiple modes of detection (i.e., 

optical, electrochemical). That is, addition of substrate, ONPG or PAPG, will produce 

either a spectrophotometric or electrochemical response, respectively. The fusion 

protein is easily expressed in E. coli and, owing to the inclusion of a hexahistidine tag 

at its N-terminus, rapidly purified using immobilized metal affinity chromatography 

(IMAC). ɓ-gal provides a significant benefit compared to other reporter enzymes (e.g. 

horseradish peroxide, HRP) which involve more complicated electron transfer 

schemes as they often employ both a substrate and a redox mediator in order to 

enable an electrochemical response 111,162. While ɓ-gal activity is associated with its 

tetrameric form163,164, chimeric proteins expressed from E. coli are free to associate 

into active conformations and importantly, since the protein when expressed in E. coli  
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is not glycosylated, its use in evaluating an analyteôs glycosylation state is 

facilitated87. Overall, our protein G: ɓ-gal may serve as a versatile reporter in a 

variety of analytical applications.  

4.2 Results 

4.2.1 Binding protein G: ɓ-gal to IgG 

As illustrated in Figure 4.1A, a bait-prey assay was performed. The His-tagged 

protein G:ɓ-gal expressed and purified from E. coli (see Supplemental Note 1) bound 

the IMAC resin and served as ñbaitò. IgG, serving as ñpreyò, was next added to the 

mixture and bound to protein G. The ñbait-preyò complex was then eluted from the 

column using imidazole and the fractions were analyzed via SDS-PAGE (Figure 

4.1B). The band corresponding to protein G: ɓ-gal (~126 kDa, lane 2), the IgG 

heaving chain (~50 kDa, lane 3), and the IgG light chain (~25 kDa, lane 3) all aligned 

nicely with the molecular weight ladder (lane 1). Also, the IMAC eluate (lane 4) 

clearly showed three distinct bands aligning with the molecular weights of protein G: 

ɓ-gal, IgG heavy chain, and IgG light chain, respectively. Because the eluate 

contained both protein G: ɓ-gal and IgG, these data confirm that IgG was bound to 

the protein G: ɓ-gal that, in turn, was immobilized on the IMAC resin. Additional 

supportive data is shown in Supplementary Figure 6.  We also wanted to 

quantitively compare the IgG binding capability of protein G: ɓ-gal to both a protein 

G only control and similar commercially available reporter (protein G:HRP). For this 

analysis, protein G: ɓ-gal from two different sample preparations (protein expression 

and purification) were used in order to assess batch to batch reproducibility. The 

samples were then  
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Figure  4.1. Binding of protein G: ɓgal to IgG. (A)  Bait-prey assay experimental protocol. 

(B) SDS-PAGE results of bait-prey assay: ladder (lane 1), protein G:ɓ-gal (lane 2), IgG (lane 

3), and bait-prey assay eluate (lane 4). All lanes loaded with 10 ɛg protein. The presence of 

protein G: ɓ-gal and IgG in the eluate indicate that protein G: ɓ-gal binds IgG. (C) SPR 

experiments indicate that the IgG binding capacity for protein G, protein G: HRP, and protein 

G: ɓ-gal (two separate preparations) is consistent. 

 

evaluated using surface plasmon resonance (SPR) and the results from the SPR 

kinetic analyses are shown in Figure 4.1C and Supplementary Figure 6B. For 

protein G, protein G: HRP, and both preparations of protein G: ɓ-gal, we observed 

strong binding to IgG with all samples having similar equilibrium dissociation 

constants (KD= 3.56E x 10-8, 1.89 x 10-8, and 3.34 x 10-8 / 4.18 x 10-8, respectively).  

In sum, these results demonstrate that protein G: ɓ-gal binding affinity, when 
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expressed and purified from E. coli, is similar to the commercially available protein 

G:HRP as well as protein G without a fusion partner.   

4.2.2 Spectrophotometric and electrochemical responses 

We next wanted to determine protein G: ɓ-gal functionality in both electrochemical 

and spectrophotometric settings. In Figure 4.2A, ONPG is cleaved to produce o-

nitrophenyl (ONP), which generates a yellow color that is measured by absorbance at  

420 nm. For our measurements, serially diluted samples of protein G: ɓ-gal (3.9-125 

µg/mL) were spiked with 4 mg/mL ONPG and the absorbance was measured every 

15 seconds over a 5-minute interval. Correspondingly, PAPG was also cleaved by ɓ-

gal but produced p-aminophenol (PAP) (lower scheme of Figure 4.2A), which can be 

electrochemically detected by oxidation to p-iminoquinone at the electrode (see 

Methods). Here, a bare gold electrode was incubated with serially diluted samples of 

protein G: ɓ-gal (3.9-125 µg/mL). Next, PAPG was added to the solution, 

electrochemical cyclic voltammetry (CV) measurements were taken every minute 

over a 10-minute interval, and the peak oxidative currents from the CV measurements 

(Supplementary Figure 7A) were recorded. As expected, for both detection 

schemes, higher concentrations of protein G: ɓ-gal produced stronger and more rapid 

responses (Figure 4.2B). The data depicted illustrate the rapid responses that are 

dependent on protein quantity. The data in Figure 4.2C (top) demonstrate linearity 

for each. Both the electrochemical (R2=1.00)  and spectrophotometric (R2=0.98) 
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assays were linear over the full range of protein G:ɓ-gal tested (3.9-125 mg/mL). The 

lower limit of detection for the methods was calculated to be 10.8 g˃/mL 

(spectrophotometric) and 19.8 g˃/mL (electrochemical). In the lower panel of Figure 

2C, we plot the electrochemical measurements as a function of the 

spectrophotometric method. Naturally, the calculated rates for both modalities were 

linear relative to each another across the entire concentration range evaluated 

(R2=0.98). The spectrophotometric and electrochemical responses of ɓ-gal only 

Figure 4.1 Spectrophotometric and electrochemical responses. (A) Protein G:ɓ-gal 

produces spectrophotometric (top) and electrochemical (bottom) responses using the substrates 

ONPG and PAPG, respectively. (B) Spectrophotometric (top) and electrochemical (bottom) 

responses increased as a function of protein G:ɓ-gal concentration (3.9-125 ɛg/mL). (C) Linear 

increase in electrochemical and spectrophotometric responses as a function of protein G: ɓ-gal 

concentration. Observed a linear correlation (R2 =0.98) between the spectrophotometric and 

electrochemical responses (bottom). Values are based on the initial rates shown in Figure 4.2B. 
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(enzyme only) were performed to confirm that the fusion protein configuration had no 

effect upon the responsiveness of the enzyme. For both measurement modalities, the 

results in Supplementary Figure 7B shows that there is minimal difference between 

ɓ-gal and protein G: ɓ-gal.  Lastly, the storage stability of the fusion protein was 

characterized by performing freeze thaw studies. Results are shown in 

Supplementary Figure 7C. Protein G: ɓ-gal maintained its spectrophotometric and 

electrochemical reaction rates (shown in the table) for two freeze thaw cycles 

(reaction rates within 10% variance of initial response). 

4.2.3 Spectrophotometric Measurement of IgG 

We next wanted to evaluate function in fixed formats. In Figure 4.3A, a microplate 

with high protein binding wells was incubated overnight with serially diluted IgG 

(0.16 -5 µg/mL). After washing to remove non-specific binding, protein G: ɓ-gal 

(0.001-0.1 g/L) was added and allowed to incubate for 1 hour. ONPG was then added 

and absorbance (l = 420nm) measurements were taken (Figure 4.3B). As expected, 

both increased IgG and protein G:ɓ-gal concentrations resulted in higher responses. 

Our results, which show saturation at IgG concentrations above 1 mg/mL, suggest 

that there was significant and perhaps excess binding capacity for additional protein 

G: ɓ-gal. We note that IgG has two protein G binding sites on its Fc region. This 

allows for increased binding per IgG and perhaps these additional sites become 

increasingly occupied with increased protein G: ɓ-gal, akin to positive cooperativity.  

The saturation phenomena was confirmed by replotting the data in a Lineweaver-

Burke type plot (Supplementary Figure 8). 
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4.2.4 Evaluation using a hydrogel detection interface 

Lastly, we wanted to demonstrate the capability of protein G: ɓ-gal when used in an 

electroassembled sensor format. We first created a sensor interface directly assembled 

onto sensing electrodes via electronic signals, as described above87, and then used the 

same electrode to assess IgG level in a complex sample. This electroassembly 

methodology enables spatially defined functionalization of electronic surfaces101,165.  

Figure 4.4A illustrates the configuration and use of the interface. Here, an initial 

layer of a thiolated polyethylene glycol (PEG) is electrodeposited as a cross-linked 

hydrogel onto the surface of a gold electrode by applying a charge in the presence of 

Figure  4.2. Spectrophotometric measurement of IgG. (A) Experimental protocol to evaluate 

the concentration dependent response of protein G:ɓ-gal. (B) Spectrophotometric response 

increased as a function of protein G:ɓ-gal concentration (n=3). 
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a redox mediator (ferrocene) 166. While previous efforts have assembled 

polysaccharides such as chitosan167-169, the use of thiolated PEG here minimizes non-

specific binding of various contaminants to an electrode-based sensor107,166. The PEG 

is crosslinked by the oxidative coupling of PEG thiols into disulfide bonds. The 

electroassembled hydrogel is then overlayed with the recognition element (cys-tagged 

protein G170) whose cysteine tag engineered onto its C-terminus allows it to 

covalently bond via disulfide bonds under an additional oxidative charge to the 

electrode (some thiol groups of the PEG are electrochemically oxidized to sulfenic 

acid and this covalently couples to the thiols of the terminal cysteines engineered onto 

protein G). This hydrogel film thus forms the detection interface87,166,170. To measure 

IgG, the detection interface was then incubated with IgG (serving as the analyte) and 

protein G: ɓ-gal of this work (serving as the reporter). Shown in Supplementary 

Figure 9A, circular interfaces were constructed, functionalized with protein G and 

IgG and then FITC labeled protein G:ɓ-gal was allowed to bind. The near uniform 

green color suggests near uniform binding (see Methods). Then, with constructed 

interfaces and using identical incubations in IgG (0- 1000 µg/mL; 0- 6.7 ˃ M) and 

protein G: ɓ-gal (0.01 g/L; 0.08 ˃M), both spectrophotometric and electrochemical 

responses to ONPG and PAPG additions were taken. The transient electronic currents 

produced from the interfaces by adding PAPG into the mixture are depicted. The 

responses were rapid, reaching maxima within seconds (Supplementary Figure 9B). 

For spectrophotometric evaluation, the interfaces were incubated in ONPG for 5 

minutes at 37°C and the absorbances were measured. The averaged peak currents and 

absorbance measurements at 5 min, respectively, were then depicted in Figure 4.4B. 
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For both modalities, the results indicate that the electrochemical (R2=0.99) and 

spectrophotometric (R2=0.97) responses were robust and linear over a large 

concentration range of IgG (0-1000 µg/mL). The lower limit of detection was 

calculated to be 44 ˃g/mL (electrochemical) and 127 ˃g/mL (spectrophotometric). 

This range of detection is significant for therapeutic IgGs which can have wide titer 

range depending on the product138,171; measurement ranges for IgG can be optimized 

by performing appropriate dilutions of IgG and protein G: ɓ-gal to ensure that the 

response is within the linear range of the assay. Importantly, these results also 

confirm that both spectrophotometric and electrochemical modalities can be 

facilitated within the same electrode assembled assay system, providing both 

redundancy and independent confirmation. Controls without cysteinylated protein G, 

protein G: ɓ-gal, or IgG are shown in Supplementary Figure 9C for both the 

spectrophotometric (left) and electrochemical (right) modalities. In sum, our results 

Figure  4.3. Evaluation using a hydrogel detection interface. (A) Sensor interface with 

protein G:ɓ-gal as the reporter produces spectrophotometric and electrochemical outputs that 

can be correlated to the concentration of IgG in a sample. (B) Observed linear 

spectrophotometric (R2=0.97) and electrochemical (R2=0.99) responses across IgG 

concentrations (n=3). 
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confirm that the protein G: ɓ-gal fusion protein can be used to accurately enable 

quantification of IgG in a variety of settings. 

4.3 Discussion 

We developed a protein G: ɓ-gal fusion protein that enables both solution-based and 

electrode-based spectrophotometric and electrochemical assessment of IgG. Its 

substitution for protein G: HRP simplifies the electrochemical assessment of IgG titer 

describe in our previous report and owing to the ease with which it can be assembled 

onto electrodes, might enable simultaneous measurement of glycan structure and IgG 

titer. Naturally, further evaluation with complex samples (IgG of different subclasses, 

IgG in cell culture media,  IgG in process storage vessels, etc.) is needed to better 

understand the effectiveness of the fusion protein. Moreover, it may prove interesting 

to determine if PAPG and ONPG can be used together for simultaneous 

spectrophotometric and electrochemical measurement, as added redundancy. We 

suggest that the new protein G: ɓ-gal will expand upon the analytical toolkit by 

providing sensitive, linear, and rapid multi-modal responses.  

4.4 Materials and Methods 

4.4.1 Construction and expression of protein G: ɓ-gal 

The protein G: ɓ-gal, protein G only, and ɓ-gal only constructs were created using 

standard cloning methods (See Supplemental Note 1). Materials such as 4-Amino-

phenyl ɓ-D-galactopyranoside (PAPG), ortho-Nitrophenyl-ɓ-galactoside (ONPG), 

and human IgG from serum were purchased from Millipore Sigma (Burlington, MA). 
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4-arm PEG thiol was purchased from JenKam (Plano, TX). 1,1ǋ-Ferrocenedimethanol 

(Fc) was purchased from Santa Cruz Biotechnology (Dallas, TX). 

4.4.2 Bait prey assay 

A bait-pray assay was performed to evaluate protein G: ɓ-gal binding to IgG. 730 µg 

of purified protein G: ɓ-gal (bait) was added to an Eppendorf tube (2 mL) containing 

500 µL TALON metal affinity resin (Takara Bio; Mountain View, CA). 500 µg of 

IgG (prey) was then added and allowed to incubate for 1 hour at RT. After each 

respective incubation (protein G: ɓ-gal and IgG), 3 washes were performed for 5 

minutes each using 0.1 M phosphate buffered saline (PBS), 0.05% Tween-20. Bound 

proteins were eluted with elution buffer (20 mM phosphate, 0.5 M NaCl, 0.5 M 

imidazole, pH 7.4). Purified fractions were then run on an SDS-PAGE gel for 45 min 

under 200 V. Experimental controls were also performed which included: (i) a ñbaitò 

only control in which the protein G: ɓ-gal was added to resin and eluted (no IgG was 

added) and, (ii) a ñpreyò only control in which the IgG is applied to the resin and 

eluted (no protein G: ɓ-gal was applied). 

4.4.3 Surface plasmon resonance analysis 

Human IgG was covalently bound to the surface of flow cell 2 of a CM5 chip to a 

final level of 1000 RU, using the NHS-EDC kit from Cytiva Life Sciences and a 

BiaCore T200 instrument, also from Cytiva.  Flow cell 1 was treated as a blank. 

Protein G, protein G: ɓ-gal, and protein G:HRP (0 to 500 nM in 120 µl of HBS-EP 

buffer, 10 mM Hepes, 150 mM NaCl, 3 mM EDTA, 0.05% P20), were injected into 

flow cells 1 and 2 and binding was recorded for 2 min. The surfaces were washed 
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with buffer for 3 minutes while the dissociation of analyte-ligand complexes was 

followed time.  The surfaces of the flow cells were regenerated by injecting 15 µl 

aliquots of 10 mM glycine, pH 1.5, and the process was repeated. For data analysis, 

sensorgrams were analyzed with BIAeval 3.1 software (Biacore).  Values from the 

reference flow cell were subtracted to obtain the values for specific binding. Data 

were globally fitted to the Langmuir model of 1:1 binding. 

4.4.4 Spectrophotometric and electrochemical characterization of ɓ-gal activity 

For spectrophotometric detection, protein G: ɓ-gal (3.9 -125µg/mL) was spiked with 

ONPG (1 mg/mL; Km value: 120 ˃a160,172,173) and the absorbance at 420 nm was 

measured every 15 seconds over a 5-minute interval. For electrochemical detection, 

PAPG (0.5 mg/mL; Km value: 18.7 Ñ 0.7 ÕM174) was added to the same 

concentrations of protein G: ɓ-gal. Cyclic voltammetry (CV) measurements were 

performed using a CHI6273c electrochemical analyzer (CH Instruments; Austin, TX) 

with a 3-electrode system consisting of a standard 2 mM diameter gold disk electrode 

(working electrode; CH Instruments), a platinum wire (counter electrode) and an 

Ag/AgCl reference electrode. CVs were run from -0.1 to 0.4 V at a scan rate of 0.05 

V/s every minute over a 10-minute interval. The peak oxidative current from the CVs 

was recorded and averaged. The lower limit of detection for the responses was 

calculated as described previously175.To assess linearity, serially diluted IgG (0.16-5 

µg/mL) was added to 96 well EIA/RIA microplates (Millipore Sigma) and incubated 

overnight at 4°C. Plates were washed  three times (0.1 M PBS, 0.05% Tween-20) and 

then blocked with bovine serum albumin (1%) for 1 hour at RT. After washing three 

times, protein G: ɓ-gal was added (0.001, 0.01, and 0.1 g/L) and incubated for 1 hour 
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at RT. Wells were subsequently washed three times.  For spectrophotometric 

responses, ONPG (1 mg/mL) was added to the wells and allowed to incubate for 

various times depending on protein G: ɓ-gal concentration (4, 6, and 12 minutes). To 

stop the reactions,  NaHCO3 (1 M) was added and absorbance measurements at 420 

nm were taken. 

4.4.5 Evaluation using a hydrogel detection interface  

A thiolated polyethylene glycol hydrogel interface was electroassembled as described 

previously87. Briefly, the interfaces were constructed by immersing the surface of a 2 

mm diameter gold standard electrode (working electrode) in a solution containing Fc 

(5 mM) and PEG thiol (50 mg/mL) along with a platinum wire (counter electrode) 

and an Ag/AgCl reference electrode. PEG electrodeposition occurred for 1 minute at 

a constant potential of 0.4 V. After PEG hydrogel formation, remaining sulfhydryl 

groups were oxidized by immersing the surface in a solution of Fc (5 mM) and 

applying a constant voltage of 0.4 V for 2 minutes.  For the titer detection interface, 

the PEG-coated electrodes were immersed in cysteinylated protein G (250 µg/mL in 

0.1 M PBS, pH 7.4) overnight. After 3 rinses with wash buffer (0.1 M PBS, 0.05% 

Tween-20, pH 7.4), the interfaces were sequentially incubated in serially diluted 

concentrations of IgG (0-1000 ɛg/mL) and protein G: ɓ-gal (0.01 g/L), respectively, 

for 1 hour at room temperature. After each respective incubation (IgG and protein G: 

ɓ-gal), 3 washes were performed for 5 minutes each with 0.1 M PBS, 0.05% Tween-

20. Current measurements were then performed using constant potential 

amperometry. Specifically, electrodes were submerged in a stirred beaker containing 

0.1 M potassium phosphate buffer under an applied potential of 0.4 V. PAPG (0.5 
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mg/mL) was spiked into to the mixtures and the increase in current from the baseline 

was recorded. For spectrophotometric measurements, electrodes were incubated in 

Eppendorf tubes containing ONPG (1 mg/mL) and incubated at 37°C on a shaker 

plate (shaking at approximately 100 RPM) for 5 minutes and then absorbance 

measurements at 420 nm were taken. The lower limit of detection for the responses 

was calculated as described previously175. 
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Chapter 5 : Application of hydrogel sensor interfaces to a 

microfluidic device that enables rapid, small volume sampling 

5.1 Introduction 

In biopharmaceutical bioprocessing, a key goal is to maximize productivity and 

process performance. To achieve this goal, it is critical to acquire sufficient data in 

order to have a complete understanding of process variables and product quality 

attributes when developing biopharmaceutical products, such as mAb therapeutics. 

However, this can be challenging due to limited time, high costs, and the complexities 

associated with the product and the production process. Thus, to improve process 

understanding, there is a need for increased efficiency of analytical monitoring 

techniques.   

 

More recently, miniaturized devices, such as microfluidic with integrated sensors, 

have shown applicability for on-line and in-situ monitoring176,177. Microfluidics with 

integrated sensors have several advantages as compared to more traditional off-/at-

line analytical technologies. Microfluidic devices typically have low sample volume 

requirements and allow for multiple, simultaneous measurements which lowers the 

time and costs associated with therapeutics production. Importantly, microfluidics are 

amenable to multiplexing which enables analysis and control of different process 

parameters thus increasing throughput177. Additionally, these devices have greatly 

benefited from advances in 3D-printing technology which has allowed them to be 

produced relatively quickly and at low-cost, making them ideal for single-use 
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processes. The development and application of microfluidic sensor technology is 

especially important for process analytical technology (PAT) implementation19. 

Microfluidics with integrated sensors can quickly acquire high quality, information-

rich data which can enable a greater in-depth of understanding of production process. 

Devices can be integrated with a variety of sensor types (optical, fluorescence, 

luminescence, etc.), however, electrochemical sensors are especially suitable for PAT 

implementation as they allow for easy connectivity to electronics and control 

systems55.  

 

Previously, we have demonstrated the creation of an electrochemical-based hydrogel  

interface for detection of antibody titer (referred to as the titer detection interface) that 

can be directly assembled onto sensing electrodes via electronic signals, as described 

before87. The hydrogel interface is constructed by first electrodepositing a layer of a 

thiolated polyethylene glycol (PEG) which forms a cross-linked hydrogel by applying 

a charge in the presence of a redox mediator (ferrocene). The electroassembled 

hydrogel is then covalently linked to a cysteine-tagged protein G construct which 

serves as the recognition element for IgG. In our previously published work, the titer 

detection interface was constructed on commercially purchased gold electrodes which 

required manual interface construction and measurement. We believe that the 

applicability of the interface as a process development tool will be further improved 

when integrated with a microfluidic device that is amenable to rapid, low volume 

sampling with potential for automation.  
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Here, we demonstrate the successful integration of the titer detection interface with a 

3D-printed microfluidic device. First, to improve adaption of the sensor interfaces for 

commercialization, we optimized process steps for construction of the interfaces and 

measurement of IgG. Next, we constructed the sensor interfaces on an 8-channel 

microfluidic device and evaluated the performance. We believe that the integrated 

device can become a platform process that is amenable to on-line sensing and can 

improve bioprocess monitoring and control.  

5.2 Results 

5.2.1 Optimization of sensor parameters for commercialization  

For optimization of sensor construction, we wanted to determine if  the number of 

steps required to construct the titer detection interface could be decreased. In our 

previously published work87, the interface required two steps for construction: (1) the 

electrodepositon of thiolated PEG onto the electrode surface and, (2) incubation of 

the PEG-modified surface in cysteinylated protein G. We evaluated if the two-step 

process could be reduced to a one-step process by electrodepositing the thiolated PEG 

and cysteinylated protein G simultaneously. This would significantly improve the 

time and effort required for interface construction. In parallel, we also wanted to 

evaluate whether we could improve the binding efficiency of cysteinylated protein G 

by changing the location of the 5x-cysteine tag on the construct. In our prior 

work87,178, the 5x-cysteine tag on protein G was located on the C-terminus of the 

construct, as illustrated in Figure 5.1A. Based on analysis of the binding site and 

previous literature179, we hypothesized that changing the location of the tag to the N-
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terminus could improve binding efficiency due to the location of the IgG binding site 

relative to the cysteine tag.  

 

 

Figure  5.1. Optimization of titer interface construction. (A) Design for the N- and C- 

terminus cysteine tagged protein G constructs. (B) Schematic illustrating the 1 vs. 2 step 

electrodeposition processes. (C) C-terminus cysteine tagged protein G with 1 step deposition 

displays the highest linearity (R2=0.98) across sensor configurations (n=4). 

 

 

(A) 

(B) (C) 
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In order to investigate both optimization parameters, we constructed a variety of titer 

detection interfaces as follows: (i) C-terminus tag, 2-step deposition, (ii) N-terminus 

tag, 2-step deposition, (iii) C-terminus tag. 1-step deposition, and, (iv) N-terminus 

tag, 1-step deposition. As illustrated in Figure 5.1B, for two-step deposition, thiolated 

PEG was first electrodeposited for 1 minute onto a bare gold electrode. The PEG-

modified electrode was then incubated in cysteinylated protein G (either with a C- or 

N- terminus cysteine tag). To construct the N-terminus cysteine tagged protein G, 

standard cloning techniques were used and are further described in Supplemental 

Note 3. For one-step deposition, thiolated PEG and cysteinylated protein G (either 

with a C- or N- terminus cysteine tag) were mixed in a single solution and 

electrodeposited onto a bare gold electrode for 1 minute. After interface construction, 

all interfaces were incubated in a range of IgG concentrations (0-1 g/L) and protein 

G: HRP (0.1 g/L), respectively. Current measurements were taken and peak current 

values were averaged and plotted. Results are shown in Figure 5.1C. We found that 

C-terminus cysteine tagged protein G construct coupled with  the 1-step deposition 

process had the highest current responses and had the best linearity (R2=0.98) across 

all combinations evaluated.   

 

We also evaluated shorter incubation times for the analyte (IgG) and reporter (protein 

G:HRP) to lower the time to results using our detection method. In our established 

method, the standard incubation times for both IgG and protein G:HRP were 1 hour, 

respectively. To evaluate lower incubation times, we first constructed the titer 

detection interfaces using the optimized procedure from the previous section: 1- step 

deposition and C-terminus cysteine tagged protein G. After interface construction, we 
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incubated the interfaces in IgG (1 g/L) and protein G:HRP (0.1 g/L). We evaluated 3 

different incubation times: 15, 30 and 60 minutes. As shown in the plot and 

corresponding table, the 60-minute (current standard) incubation produced the highest 

current response and the lowest Signal to Noise (SNR), whereas, the 15 minute 

incubation had the least optimal SNR (1.2). We chose to move forward with the 30-

minute incubation time as it signtificantly decreases the incubation time (50% 

reduction) while maintaining an acceptable SNR (3.1).  

5.2.2 Integration of sensor interfaces with a microfluidic device   

After interface optimization, we wanted to integrate the titer detection interface with 

the microfluidic design to enable rapid, low-volume sampling. The published sensor 

Figure  5.2. Optimization of incubation times.  Incubation times were varied (15, 30, and 

60 min) for IgG (1 g/L) and protein G: HRP (0.1 g/L) (n=3). 30 and 60-minute incubation 

demonstrates the highest current responses and most optimal signal to noise ratios (SNR) 

(n=3).  
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construction used commercially purchased bare gold electrodes that were not easily 

amenable to microfluidic applications. The schematic in Figure 5.3A describe the 

design and dimensions of the microfluidic device. The device has 8 individual 

Figure  5.3. Microfluidic device design. (A) Device is assembled with a 3D-printed housing 

with all fluidic channels and patterned electrode chip with desired conductive materials (e.g. 

gold or ITO). (B) Device is fit into a connector (made of 3D-printed holder with spring 

connectors) to allow for ease of connection pump system and to electrochemical analyzer that 

has the potential to allow for full automation of the process. Device design, printing, and 

construction was performed by Chen-Yu Chen. 

 

 

 

(A) 

(B) 
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electrode channels that are constructed of indium tin oxide (ITO). The total volume 

necessary for measurement with the device is approximately 150 µL. Importantly, the 

device includes locations for the use of an Ag/AgCl reference electrode and a Pt wire 

counter electrode that are needed for the 3-electrode set-up. As shown in the images 

in Figure 5.3B, additional to the device, a connecter was developed that the device 

plugs into and allows for quick and easy connection to an electrochemical analyzer 

Figure 5.4. Measurement with integrated device. (A) Schematic illustrates the steps to 

produce a titer measurement. (B) Measurements taken with IgG (concentrations of 0, 62.5, 

250, 1000 mg/L) and protein G: HRP (0.1 g/L)  with the integrated microfluidic housing and 

ttier detection sensor. Current responses from channels are consistent, rapid, and 

reproducible. (C) Averaged responses can be fit with Langmuir isotherm model.   

 

 

(A) 
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and a pump system. The device and connector were both designed and 3D-printed in 

our labs by Chen-Yu Chen.   

 

To construct the titer detection interface, we first injected a mixture of .thiolated PEG 

and cysteinylated protein G (C-terminus tagged) into the device and plugged the 

device into the connector. Next, a potential of 0.8V was applied for 1 minute to 

electrodeposit the sensor interfaces onto the device channels. To remove any non-

specific binding, the channels were washed (PBS, 0.05% Tween-20) for 10 minutes at 

20 RPM. To evaluate the integrated device performance, we injected a range of IgG 

concentrations (0- 1g/L) and protein G:HRP (0.1 g/L) and incubated for 30 minutes, 

respectively. For measurement,  a solution of Fc (0.5 mM) was flowed through the 

channels until the baseline was flat and then was switched to a solution of Fc (0.5 

mM) + H202 (100 µM) to generate an electrochemical response. Then, the 

measurement was repeated to generate a second replicate response using the 

integrated device. The current responses are pictured in Figure 5.4B. As can be seen 

in the plot, all chamnnel responses were rapid, consistent, and reproducible. The 

responses from baseline were then averaged and plotted as shown in Figure 5.4C. 

The responses relative to their IgG concentration were then modelled with a 

Langmuir isotherm and showed good fit  (R2= 0.96). These results demonstrate that 

the integrated device has the potential to be used for measuring process parameters 

(i.e., antibody titer) in bioprocessing settings.  
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5.3 Discussion 

We have developed an integrated microfluidic device that can be used to 

electrochemically interrogate antibody titer. We first optimized the titer detection 

interface construction and measurment which resuted in lower analysis time and a 

less complex fabrication of the sensor. Specifically, we determined that the interfaces 

can be constructed in a single, rapid step and we lowered the incubation times of the 

analyte and reporter proteins to 30 minutes, respecitvely. We next demonstrated that 

the microfluidic device is amenable to integration with the titer detection interface. 

The integrated device detected a range of IgG concentrations and the responses were 

modelled by a Langmuir isotherm. For future experiments, we are planning to 

evaluate a lower IgG concentration range (between 0- 16 µg/mL) to determine if there 

is a linear response region. We are also planning to evaluate if the microfluidic device 

can be integrated with a sensor interface for galactosylation (similar constructions to 

titer detection interface). We also plan to perform lifetime studies to determine if the 

interface surfaces can be regenerated and thus used more than once. Lastly, further 

improvements that allow for full automation of sampling and measurement processes 

with the microfluidic sensors will improve product quality consistency and make it 

more attractive for on-line monitoring consistent with PAT. Overall, we believe that 

this device can serve as a standardized platrform for electrochemical sensors.  
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5.4 Materials and Methods 

5.4.1 Materials  

4-arm PEG thiol was purchased from JenKam (Plano, TX). Immunoglobulin (IgG) 

from human serum and protein G:HRP conjugate were purchased from Millipore 

Sigma (Burlington, MA). 1,1ǋ-Ferrocenedimethanol (Fc) was purchased from Santa 

Cruz Biotechnology (Dallas, TX).  

5.4.2 Optimization of interface parameters 

For evaluation of cysteine- tagged protein G, titer detection interfaces were 

constructed as previously described87. After thiolated PEG electrodeposition, the 

disulfide-linked hydrogels were incubated in either C- or N-terminus tagged protein 

G (250 µg/mL). Next, the fully assembled titer detection interfaces were incubated in 

IgG (0 -1.5 g/L) and protein G:HRP (0.1 g/L) at room temperature. The incubation 

times were either 15, 30 or 60 minutes, respectively. Between incubations, interfaces 

were washed with wash buffer (PBS, 0.05% Tween-20, pH 7.4) 3 times for 10 

minutes each. Measurements of the current response from the interfaces were 

performed with the 3-electrode set-up using a CHI1040C electrochemical analyzer 

(CH Instruments). The electrodes were immersed in buffered solution (0.1 M 

phosphate, pH 7.0) containing Fc (0.5 mM) which was mechanically stirred at a 

constant rate with an applied potential of 0 V. To generate a response, 25 µM H202 

was spiked into the solution. The change from baseline was recorded and averaged.  
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5.4.2 Integration of sensor interfaces onto microfluidic device   

For construction of titer interfaces on the microfluidic device, a solution of Fc (25 

mM), PEG thiol (50 mg/mL) and C-terminus cysteine tagged protein G (250 µg/mL 

in 0.1 M PBS, pH 7.4)  was prepared and injected into the microfluidic device (using 

the device injection port). Interface electrodeposition occurred for 1 minute at a 

constant potential of 0.8 V using a CHI1040C electrochemical analyzer. After 

electrodeposition, the device was connected to a peristaltic pump system and channels 

were washed with wash buffer (PBS, 0.05% Tween-20, pH 7.4) for 10 minutes at 10 

RPM.  The integrated devices were then sequentially incubated in serially diluted 

concentrations of IgG (0-1000 ɛg/mL) and protein G: ɓ-gal (0.01 g/L), respectively, 

at room temperature for 30 minutes. After each respective incubation (IgG and 

protein G: ɓ-gal), the channels were washed with wash buffer for 10 minutes at 10 

RPM. Current measurements were then performed using constant potential 

amperometry. Specifically, the devices were run under an applied potential of 0 V 

and Fc (0.5 mM) was pumped at 20 RPM until a constant baseline was achieved. To 

generate a current response, the pump was then switched to a solution of Fc (0.5 mM) 

and H2O2 (100 µM) and the response from baseline was recorded.  
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Chapter 6 : Leveraging electrochemistry for rapid, facile, and 

quantitative assessment of redox-based protein modifications 

6.1 Introduction 

Oxidation and reduction (redox) reactions play a pivotal role in maintaining 

physiological processes such as respiration and metabolism, as well as in combating 

infection and disease180. Redox active molecules, including reactive oxygen species 

(ROS), modify an array of biological molecules, including DNA, proteins, and lipids, 

guiding their function both reversibly and irreversibly181. Oxidation of cysteine 

residues, for example, influence functions as diverse as gene transcription182-184 to 

immunity185-187. Interestingly, altered redox state of biomolecules can be both 

beneficial and detrimental, depending on the context188. That is, the redox state of 

biological molecules is not static, it varies greatly based on its microenvironment and 

reactivity, and hence so do their activity. Assessments of redox state typically involve 

sample extraction, purification, and cumbersome analytical tools such as mass 

spectrometry, surface plasmon resonance, and even X-ray scattering, and these 

typically follow electrophoresis and chromatography. These methodologies preclude 

spatiotemporal assessment of function. They do not convert molecular information 

into a readily usable format in a convenient, rapid, sensitive, and spatially resolved 

manner.   

 

Mediated electrochemical probing (MEP) is a methodology that leverages electrodes 

and redox mediators for easy, rapid, and sensitive interrogation of the redox-based 
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biological information as has been previously demonstrated70,189-191. As illustrated in 

Figure 6.1A, with MEP, user-controlled, electrochemical input voltages can be 

applied to biological molecules to decode molecular level details. An information-

rich, electronic output signal is generated which can be quantitatively assessed using 

simple data analytics85,192.  

 

We highlight the utility of MEP by characterizing the redox state of monoclonal 

antibodies (mAbs) specifically, NISTmAb reference material. Therapeutic antibodies 

are important biopharmaceuticals based on their role in human health (therapeutics, 

diagnostics) and in financially supporting US industry. Throughout their development 

and manufacture, mAbs can undergo redox-based modifications, primarily interchain 

disulfide bond reduction or methionine oxidation, which dramatically affects 

therapeutic efficacy, quality, and safety15,193,194.  

 

As illustrated in Figure 6.1B, antibody reduction is a common upstream 

bioprocessing issue that has been observed both in the bioreactor and during 

centrifugal harvest38-40. Reduction of the antibodyôs disulfide bonds leads to lower 

molecular weight forms (containing free sulfhydryl groups) impacting product 

stability, bioactivity, and downstream process performance15,195. Conversely, 

oxidation of methionine residues can occur at all stages of bioprocessing and storage 

due to exposure to light, oxygen, or metal ions. Methionine oxidation also alters 

product quality and pharmacokinetic profiles42,196. Redox-based modifications are 

closely monitored to ensure optimal production, patient safety, and Food and Drug 
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Administration (FDA) approval197.Importantly, tools that enable access to redox 

based biological information are critical. In particular, it is well recognized that new 

process analytical methodologies are needed for therapeutic mAb production49,198, 

specifically those that allow for rapid, sensitive, and convenient measurement. These 

Figure  6.1. Mediated electrochemical probing to detect mAb variants. (A) ) Mediated 

electrochemical probing (MEP) is an electrochemical method which can be used to discern the 

redox state of biological molecules. (B) Process development can lead to the production of 

mAb reduction and oxidation variants.  
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complement the more traditional analytical methods (e.g., mass spectrometry, liquid 

chromatography) that provide highly detailed chemical information but tend to be 

time and labor intensive. We suggest that electrochemical measurements using 

electrodes are ideal for this purpose as they enable sensitive, near-real time 

measurement. Examples include sterilizable pH and dissolved oxygen (DO) probes 

which have become standard measurement tools in bioprocessing due to their 

reliability, ease of use, and ability to connect to electronics.  

 

In this work, we have evaluated MEP as a tool to report on mAb reduction and 

oxidation. Using electrochemical methods and redox mediators, we abstracted a 

number of statistically discernable ñfeaturesò. We quantitatively assessed the 

molecular features of NISTmAb and a commercial product, durvalumab, using 

precisely measured electronic currents which provided detailed evaluation of mAb 

redox state. Assessment of mAb reduction (disassembly into mAb fragments) 

requires a small number of samples and works in biomanufacturing process 

conditions such as in spent cell culture media, perhaps owing to the large number of 

free thiols that are solvent accessible. Conversely, while there are fewer surface 

exposed methionine residues that react with oxidant hydrogen peroxide196,199,200, MEP 

still enabled their assessment. We believe that this work demonstrates that MEP can 

be a valuable method in the analytical toolkit for evaluating redox-based quality 

attributes of biological molecules, especially mAb therapeutics. 
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6.2 Results 

6.2.1 Orthogonal confirmation of antibody reduction and oxidation 

In this work, we demonstrate that MEP can be used to characterizes the redox state of 

the antibody. Generally, Ellmanôs assay and microchip capillary electrophoresis (CE) 

are used to characterize antibody reduction and mass spectrometry is used to 

characterize antibody oxidation. We use these orthogonal methods to validate the 

reduction and oxidation states of the mAbs and measurements from MEP. Further 

details are provided in the Supplemental. In brief, the reduction protocol for 

NISTmAb is illustrated in Supplementary Figure 10A. TCEP (10 mM) was added 

to NISTmAb (5 g/L), incubated for 4 hours, and samples were dialyzed into PBS for 

further analysis. In brief, Ellman's assay (Supplementary Figure 10B) 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). Microchip CE (Supplementary Figure 10C) 

was also used to evaluate antibody reduction fragments generated. CE results 

demonstrated that reduction was effective as there was minimal intact mAb and high 

levels of reduction fragments. Importantly, these data confirm that the reduction 

protocol results in antibody fragments which contain free thiol groups.  

 

For oxidation of the NISTmAb (Supplementary Figure 11A), hydrogen peroxide 

(1%) was added to the mAb (4 g/L) and incubated for 48 hours in the dark. Samples 

were then buffer exchanged into PBS for further analysis. To confirm oxidation of the 

antibodiesô methionine residues (identified for NISTmAb in Supplementary Figure 

11B), LC-MS/MS peptide mapping was performed. In brief, the results 
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(Supplementary Figure 11C) indicated that 6 methionine residues (M34, M101, 

M255, M361, M431, M4) of NISTmAb (half antibody) that undergone the oxidation 

protocol showed significant levels of oxidation (> 98 %). The remaining 2 residues 

(M87 and M32) were only partially oxidized, likely due to the decreased solvent 

accessible area of those residues as confirmed by the Solvent Accessible Surface Area 

(SASA) analysis (Supplementary Figure 11D). Durvalumab was oxidized using the 

same protocol. The LC-MS/MS peptide mapping results (Supplementary Figure 

11E)  for durvalumab (half antibody) indicated that 3 of the 5 methionine residues 

(M253, M359, M429) are significantly oxidized and the two remaining residues (M83 

and M4) were only partially oxidized. Overall, these data confirm that the methionine 

residues of NISTmAb and durvalumab have undergone oxidation.   

6.2.2 MEP of amino acid cysteine 

To demonstrate MEP, we show how cysteine, one of the most important redox-

sensitive molecular ñswitchesò in biological systems, can be electrochemically 

characterized. When antibodies undergo reduction, the disulfide bonds are disrupted, 

and cysteinesô thiol groups are exposed. Our method leverages the exposed thiol 

groups to discern when the antibody is reduced. The scheme (left) in Figure 6.2A 

describes the proposed reaction mechanism for oxidative redox cycling between the 

redox mediator, ferrocene (Fc), and cysteine using MEP. In MEP, redox mediators 

(acting as electron shuttles) are purposefully added to biological samples as they can 

interact with redox-active elements through the exchange of electrons85,201. When the 

appropriate input voltage is applied, Fc is oxidized by the electrode (FcOx), diffuses 

away from the electrode surface, and exchanges electrons with cysteine. This redox 
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cycling reaction regenerates the oxidized Fc (FcOx) back to the reduced form (FcRed) 

due to the transfer of electrons from cysteine allowing the reaction to continue as long 

as the input voltage is maintained. Also illustrated in the plots (right) of Figure 6.2A, 

Fc-mediated oxidation of cysteine is revealed using two electrochemical methods 

with distinct voltage inputs, cyclic voltammetry (CV) and chronocoulometry (CC). 

For CV, as shown with the Fc (50 ɛM) control, the input potential is scanned in the 

forward (positive) direction which leads to an oxidative peak (FcRed Ÿ FcOx
 + eī) and 

then scanned in the reverse (negative) direction which leads to a reductive peak (FcOx 

+ eī Ÿ FcRed). For CC, application of potential is more static, but the principle is the 

same: quantify the current generated from an applied voltage and relate this to the 

redox reactions in the sample. Here, the first voltage input was a 1-minute step 

change to an oxidative value which oxidized Fc (+0.4 V vs. Ag/AgCl) and the second 

voltage input was a 1-minute step change to a reductive value which reduced the 

oxidized Fc (+0.1 V vs. Ag/AgCl).   

 

When cysteine (50 ɛM) was added to Fc (50 ɛM), the CV and CC responses were 

dramatically altered as compared to the Fc control. Specifically, the oxidative 

responses were significantly amplified, and the reductive responses were attenuated. 

For example, Fc oxidized at the electrode exchanges electrons with cysteine and 

becomes reduced, this 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 (see controls).   
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Importantly, because both the CV and CC have characteristic shapes and are highly 

reproducible, signal metric analyses can be applied to quantitatively analyze the data. 

We suggest this is analogous to the assessment of cardiac function with 

electrocardiogram (EKG) measurements in which electrodes are used to discern a 

Figure  6.2. . Mediated probing of cysteine. (A) CV and CC plots of mediated probing of the 

amino acid, cysteine (50 µM), with Fc (50 µM). (B) Plots and table describe the reductive 

signal metrics for quantitative analysis.   

 



 

 

95 

 

signature pattern that characterizes the health and functioning of the heart52. Figure 

6.2B illustrates 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 

curve above or below the baseline, respectively. The oxidative and reductive peak 

currents (ipeak,ox or ipeak,red) were identified as the maxima in the peak currents, 

respectively. For CC, the oxidative charge (ȹQOx) was defined as change in the 

charge after the 1st minute and the reductive charge (ȹQRed) was defined as the 

difference between the charges of the 1st and 2nd minutes. Metrics that are based on 

the amplification of oxidative response were expected to increase whereas metrics 

based on the attenuation of the reductive response were expected to decrease. For 

brevity, the metrics will later be referred to by their identifier (metric A-G).  

 

6.2.3 Determination of antibody reduction by MEP 

Next, we investigated the ability of MEP to discern between intact and reduced 

NISTmAb. As shown in the CV and CC plots of Supplementary Figure 12A, we 

first determined that there were no significant alterations in the electrochemical 

responses of the Fc mediator by the presence of intact mAb (Fc vs. Fc + intact). 

Notably, this result demonstrates that Fc is selective for the cysteine residues of the 

reduced NISTmAb. Furthermore, buffer controls for intact and reduced mAb 

(Supplementary Figure 12B) verified that the TCEP was effectively removed and 

that the background responses between the samples were similar. That is, TCEP has 

its own electrochemical signature202 and these data illustrate its absence. Figure 6.3A  
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Figure  6.3. Varying reduced mAb concentration and composition. (A) Representative CV 

and CC plots of intact and reduced mAb at different concentrations: 3, 1.5, 0.75, and 0.25 g/L 

(n=6). Corresponding signal metrics plot and ROC curves. Statistical significance defined as: 

* = p Ò 0.05, ** = p Ò 0.01, ns = p > 0.05. (B) CV and CC data of ratios of intact to reduced 

mAb (3 g/L; n=3): 100% intact, 75% intact/25% reduced, 50% intact/50% reduced, 25% 

intact/75% reduced, and 100% reduced. Corresponding plot of best fit signal metrics. 
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shows the results of MEP analysis of Fc (50 ɛM) mixed with a range of industrially 

relevant mAb concentrations (3, 1.5, 0.75, and 0.25 g/L). As expected, we observed  

that the intact mAb response remained essentially unchanged across all 

concentrations evaluated. In contrast, for the reduced mAb, we observed: (i) redox 

cycling between Fc and the reduced mAb as noted by increased oxidative current and 

decreased reductive current at the peak potentials and, (ii) higher oxidative 

amplification and reductive attenuation as the reduced mAb concentration increased. 

The concentration dependent alterations in the CV and CC responses can be directly 

correlated with the free thiol content of the samples (Supplementary Figure 10B).  

We applied the signal metric analysis to establish that we can statistically differentiate 

between the intact and reduced mAbs. First, the Mann-Whitney test was used to 

evaluate if the metrics for the two groups are distinct (n=6 for both groups). Results 

are shown in the bar graphs of Figure 6.33A and Supplementary Figure 13A. 

Overall, we found that certain metrics were better able to distinguish the samples, 

specifically the rectification ratio (metric C). As shown, metric C showed a 

statistically significant difference (p = **) between all samples at higher 

concentrations (3, 1.5, and 0.75 g/L). Supplementary Figure 13B shows the results 

of simple linear regression analysis; we found that the signal metrics showed good 

linearity across all reduced mAb compositions (R2 Ó 0.95). Interestingly, we also 

found no correlation with intact mAb for nearly all metrics (outliers, metric DG), 

which is consistent with the earlier result that Fc does not redox cycle with intact 

mAb, presumably because it has a full set of disulfide bonds.  
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A logistic regression model203  was then used to evaluate the effects of combining 

multiple metrics which could increase the probability of discriminating between intact 

and reduced samples. For each model, Akaike Information Criterion (AIC) values 

were used to assess the goodness of fit and Receiver Operating Characteristic (ROC) 

curves with Area Under Curve (AUC) and p-values were used to assess the 

discriminating power. The results of the complete analysis are shown in 

Supplementary Figure 14. At higher mAb concentrations (3, 1.5, and 0.75 g/L), a 

single metric (metric C) was sufficient to discriminate between intact and reduced 

samples (AUC = 1). Notably, at the lowest mAb concentration (0.25 g/L), combining 

metrics increased the AUC and the statistical significance (p-value) of the analysis. 

As shown in the ROC plot in Figure 3A, when three metrics were used cooperatively 

(metric C, A, and D), the discriminating power of the model improved (AUC=1). The 

results with metric C suggested not only discrimination, but concentration 

dependence.  

 

We tested the hypothesis that MEP distinguishes between intact and reduced mAb in 

mixed composition samples with varied concentration of reduced mAb. To assess, Fc 

(50 ɛM) was added to intact and reduced NISTmAb that were mixed in the following 

ratios: 100% intact, 75% intact/ 25% reduced, 50% intact/50% reduced, 25% 

intact/75% reduced, 100% reduced (total mAb for all samples, 3 g/L). Representative 

CV and CC plots are shown in Figure 6.3B. As the reduced mAb fraction was 

increased, the oxidative response was amplified and the reductive response was 

attenuated, as anticipated. Clearly linear trends were revealed for metrics A and E 
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(additional metrics shown in Supplementary Figure 15A). Upon further examination 

(Supplementary Figure 15B), we found that MEP metrics can not only distinguished 

intact from reduced mAb, but that results were concentration dependent and virtually 

all metrics showed linearity across the full range of mAb concentration evaluated. 

Figure  6.4. Reduced mAb in different background conditions. (A) Representative CV and 

CC plots on intact and reduced mAb (2 g/L) which were diluted in a 1:1 ratio with phosphate 

buffered saline, fresh media, or conditioned media. (B) Signal metrics of corresponding plots 

show that MEP is able to discern between intact and reduced mAb for all conditions. 
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Importantly, it would expand the usefulness of our methodology if samples can be 

analyzed in conditions where interfering components may be present. In 

bioprocessing settings, mAbs are often in cell culture media which contains vitamins, 

amino acids, and other potentially redox active components. To evaluate, NISTmAb 

(in PBS) was diluted in a 1:1 ratio (total mAb, 2 g/L) with either PBS, fresh media 

(AMBIC Basal Medium 1.1), or conditioned media (spent Ex-Cell Advanced Fed-

Batch Medium from CHO cell cultivations). CV and CC plots (Figure 6.4A) suggest 

that MEP consistently discerned between intact and reduced mAbs in each process 

setting. Reductive signal metrics analyses (Figure 6.4B) also indicated that for all 

conditions, there was higher amplification in the oxidative response and greater 

attenuation in the reductive response in each comparison.  

 

It is important to note that samples conditions may impact the magnitude of the 

electrochemical responses. For example, the reduced mAb in conditioned media has 

lower values for metrics A, D, and F compared to samples in buffer or fresh media. 

Overlayed CV plots of samples with defined backgrounds (Supplementary Figure 

16), show how redox active components contribute to the CV or CC spectra. Close 

examination shows how the signature patterns deviate mainly from the Fc spectrum 

and not from the blank solutions. Not shown in this data set are many experiments 

indicating the importance of the mediator concentration, electrode material, and 

concentrations of analytes, which will be discussed later. In sum, by quantifying 

electrochemical features, calculating metrics, and statistically assembling their 

significance, MEP enables rapid and statistically valid assessment of mAb reduction. 
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6.2.4 MEP of amino acid methionine 

Similar to the approach above, we first wanted to establish that MEP interacts with 

the primary amino acid targeted during antibody oxidation, methionine. For this 

analysis, we oxidized NISTmAb by exposure to hydrogen peroxide (Supplementary 

Figure 11) which has been shown to preferentially oxidize the solvent exposed 

methionine residues199,200,204. As methionine has a higher redox potential than 

cysteine, the redox mediator, iridium (Ir), was used here because it is a stronger 

oxidant compared to Fc (+0.67 V for Ir vs. +0.25 V for Fc). The scheme and plots in 

Figure 6.5A describe the proposed reaction mechanism between Ir and methionine 

using MEP. When Ir (50 ɛM) is added to methionine (2 mM; Ir +Met), redox cycling 

occurs and results in significant amplification in the oxidative response for both CV 

and CC methodologies (most notable at potentials above 0.6 V).  

 

Then, when methionine was oxidized (2 mM methionine sulfoxide) and electron 

deficient, redox cycling no longer occurs, and the oxidative response reverted to a 

level that is similar to that of the Ir control. These data establish that Ir can redox 

cycle with methionine but cannot cycle with oxidized methionine (no electron 

exchange). This, and the relative paucity of methionine residues, also indicate that 

there is essentially no reductive peak in the CV. Hence, only oxidative signal metrics 

were applied to quantitatively analyze the results, potentially limiting discrimination. 

The CV and CC plots in Figure 6.5B illustrate the parameters by which the metrics 

are defined. For CV, the oxidative charge (QOx) was defined as the area under the 

curve below the baseline and the peak oxidative current (ipeak,ox) was defined as the  



 

 

102 

 
  

Figure  6.5. MEP of methionine.  (A) Iridium (Ir; 50 µM) redox cycles with the amino acid, 

methionine (2 mM). Ir is unable to cycle with the oxidized form of methionine (methionine 

sulfoxide). (B) CV and CC plots and corresponding table describe the oxidative signal metrics 

for quantitative analysis. 
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maximum peak in the oxidative region. For CC, a 1-minute step change to an 

oxidative value was applied (+0.85 V) which oxidized Ir and was defined as the 

oxidative charge (ȹQOx). The table (right) defines the equations and identifiers 

(metric 1-6) for the metrics.  

6.2.5 Determination of antibody oxidation by MEP 

We next investigated the ability of MEP to discern between intact (non-oxidized) and 

oxidized mAbs. As before, we used NISTmAb, but here we also examined 

durvalumab, a clinically relevant chemotherapeutic. The intact and oxidized 

NISTmAb and durvalumab samples were diluted to 0.25 g/L, mixed with Ir (50 ɛM), 

and electrochemical measurements were taken. As shown in Supplementary Figure 

17A, the oxidative response of the intact mAb (Ir + Intact) was amplified compared to 

the mediator by itself (Ir only). This response demonstrates that Ir redox cycles with 

the surface exposed redox-active amino acids. The results from the CV and CC 

measurements for NISTmAb (Figure 6.6A)  demonstrate oxidized mAb had 

decreased amplification compared to intact mAb. These data are consistent with the 

methionine results.  

 

Similar to the reduced mAb analysis, the Mann-Whitney test and logistic regression 

models were applied to evaluate the metrics. For the Mann-Whitney test, shown in 

the bar graphs of Figure 6A and Supplementary Figure 17B, all metrics had a 

significantly different response (p = *  or ** ). We note that a higher number of 

replicates were required to achieve a significant difference for the oxidative analysis 

(CV: n=20 and CC: n=15) than the reductive analyses in Figure 6.3A above (n=6). 
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The results from the logistic model are shown in the ROC plot in Figure 6.6A and the 

table in Supplementary Figure 17C, where we found that 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 important for effective 

MEP analysis. In Supplementary Figure 18, we varied the NISTmAb concentration 

(62.5, 125, 250, 500 mg/L) while maintaining the same Ir concentration (50 ɛM). 

Conversely, we maintained the NISTmAb concentration (250 mg/L) while varying 

the Ir concentration (25, 50, 75, 100 ɛM). We then quantitatively evaluated the data 

by applying select metrics (metrics 1 and 2). For both evaluations, we found that 

certain conditions (125 & 250 mg/L NISTmAb and 50 µM Ir) had the largest 

difference between intact and oxidized samples. That is, at several other NISTmAb: Ir 

concentrations and ratios, we were unable to differentiate intact from oxidized 

samples.   

 

For durvalumab, as shown in Supplementary Figure 19A, we observed using the 

identical concentrations as NISTmAb, that the oxidative response of the intact mAb 

(Ir + Intact) was also amplified compared to the mediator by itself (Ir only). Results 

for the MEP analysis of oxidized durvalumab are shown in Figure 6.6B. Similar to 

the NISTmAb, oxidized durvalumab had a lower average oxidative response 

compared to the intact protein for both CV and CC methodologies. The statistical 

analysis, shown in the bar graphs of Figure 6.6B and Supplementary Figure 19B, 
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with the Mann-Whitney test (using the same number of CV and CC replicates as 

NISTmAb) reveled that although the metrics trended as expected, only metric 6 had a 

statistically significant difference (p = *) between the groups. Interestingly, metric 6 

Figure  6.6. MEP of oxidized mAbs. (A) MEP of intact and oxidized NISTmAb (0.25 g/L).  

(B) MEP of intact and oxidized durvalumab (0.25 g/L). Both mAbs are probed with Ir (50 ɛM). 

Statistical significance defined as: * = p Ò 0.05, ** = p Ò 0.01, ns = p > 0.05.  
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also yielded the highest significant difference (p = **) for NISTmAb.  For the logistic 

model, as displayed in the ROC plot and table in Supplementary Figure 19C, the 

combination of two metrics (metric 6 + 1) improved the ability to distinguish between 

intact and oxidized durvalumab (AUC= 0.796). 

 

6.3 Discussion  

Redox-based modifications of proteins can have significant impact on molecular 

structure and function. It is important that rapid and sensitive methods are available to 

decode these structural impacts. Currently, analytical methods (e.g., mass 

spectrometry, liquid chromatography capillary electrophoresis) allow for highly 

detailed analysis of samples and here, we used these methods for validating MEP 

measurements. However, these methods are often time intensive, require specialized 

knowledge and are difficult to adapt for real-time analysis.   

 

Our work demonstrates how MEP might fill this unmet need by providing rapid, 

sensitive, and quantitative analysis of redox-based modifications of proteins, 

specifically disulfide bond reduction and methionine oxidation of mAbs. Our results 

indicating far more facile discrimination of mAb reduction than oxidation, also show 

how molecular insight can be paired with selected redox mediators and statistical 

analysis of signal metrics to enhance assessment.  We further show that multiple 

electrochemical methods (e.g., CV, CC) can be used cooperatively to orthogonally 

confirm results.  
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In this work, we first investigated the ability of MEP to discern interchain disulfide 

bond reduction of a model antibody, NISTmAb. The reduced antibody methodology 

has several important findings. The first finding is that the redox mediator, Fc, is 

chemically selective for its amino acid target, cysteine. The second finding is that 

MEP distinguishes between intact and reduced mAb based upon the free thiol 

concentration. The results in Figure 6.3A and B indicate that the higher reduced 

mAb concentrations (and thus free thiol concentration) correlate with larger oxidative 

responses. Lastly, the third finding is that MEP was able to discern between samples 

under conditions in which interfering analytes were present (e.g., buffer, fresh media, 

conditioned media). As shown in Figure 6.4, 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 measure reduced mAb samples.  

Similarly, the oxidized antibody analysis of NISTmAb and durvalumab also yielded 

significant findings. The first finding is that achieving a statistically significant 

difference using MEP is presumably correlated with the number of solvent-exposed 

methionine residues of the mAb that are oxidized. Figure 6.6A and B indicate that 

the lower significance for durvalumab signal metrics is related to the lower number of 

oxidized methionine residues as compared to NISTmAb (3 residues for durvalumab 

and 6 residues for NISTmAb). Importantly, these results suggest that the MEP 

methodology is sensitive to the amino acid composition of proteins. The second 

finding is that optimization of the method parameters (mAb and mediator 

concentration) is necessary to achieve discerning results. Lastly, the third finding is 
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that logistic regression model can significantly increase the discerning power of the 

signal metrics.  

 

Perhaps most importantly, the MEP methodology requires a sample solution, the 

addition of a redox-active signaling molecule (ómediatorò) and an electrode. The 

molecular features of the sample in solution are directly and rapidly converted into an 

electronic format that is ready for data analysis and potentially process control. We 

believe the rapid translation of specific chemical information contained in the redox 

character of the analyte182,205-209 into an electronic format, also enables its assembly 

into electronic devices that are used to monitor a variety of biologically relevant 

environments. In the case of mAb, we believe that MEP is uniquely amendable to 

bioprocessing operations that require real time, on-line measurements with integrated 

analytics. We are currently working on adapting our methodology to a microfluidic 

device that decreases sample volume, sample preparation and time to results due to 

simultaneous measurement of replicates. This device would work towards the goals 

set forward by process analytical technologies (PAT) initiative from the FDA49.  

6.4 Materials and Methods 

6.4.1 Materials. 

NISTmAb (reference material 8671, Lot 14HB-D-002, Humanized IgG1ə) was 

provided by National Institute of Standards of Technology (NIST). Durvalumab was 

provided by the Food and Drug Administration (FDA). 1,1ǋ-Ferrocenedimethanol 

(Fc) was purchased from Santa Cruz Biotechnology (Dallas, TX).  K2IrCl6 (IV) and 

phosphate buffered saline (PBS, pH 7.4) were purchased from Sigma-Aldrich 
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(Burlington, MA). 5 mM stock solutions of Fc and K2IrCl6 (IV), respectively, were 

prepared in PBS and aliquots were stored at -20°C. TCEP bond breaker solution, 

Zeba Spin Desalting columns (7K MWCO) , Slide-A-Lyzer Dialysis Cassettes (10K 

MWCO), and 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB) were purchased from 

Thermo Fisher Scientific (Waltham, MA).  AMBIC Basal Medium 1.1 (Lonza, Basel, 

Switzerland) was provided by the Advanced Mammalian Biomanufacturing 

Innovation Center (AMBIC).  

6.4.2 Antibody reduction protocol 

NISTmAb samples (10 g/L stock) were first diluted to 5 g/L with phosphate buffered 

saline, pH 7.4 (PBS). Samples (1 mL) were then reduced using TCEP (10 mM) for 4 

hours at room temperature. Both intact and reduced  samples were dialyzed using 

Slide-a-lyzer dialysis cassettes (0.5-3 mL, 10K MWCO) in 2 L of 1X phosphate 

buffered saline, pH 7.4 overnight at 4°C. After dialysis, samples were stored at -20°C 

until analysis. Buffer controls were performed using 25 mM histidine buffer, pH 6.0 

with and without the addition of TCEP. 

6.4.3 Determination of antibody reduction by standard approaches 

To analyze antibody reduction, microchip capillary electrophoresis (CE) was 

performed using a 2100 Bioanalyzer (Agilent). Intact and reduced NISTmAb samples 

were run using the Agilent Protein 230 kits under non-reducing conditions according 

to the manufacturerôs protocols. A sulfhydryl assay was performed to determine free 

thiol content in reduced antibody samples. Briefly, 625 ɛL of reaction buffer (0.1 M 

sodium phosphate, 1mM EDTA, pH 8 ) was mixed with 12.5 ɛL of DTNB solution (4 
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mg/mL in reaction buffer). 62.5 ɛL of intact or reduced NISTmAb (3, 1.5, 0.75, and 

0.25 g/l) was added to the mixture and samples were then incubated for 15 minutes 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 M-1 cm-

1) according to the manufacturerôs instructions.  

6.4.5 Antibody oxidation protocol 

NISTmAb stock (10 g/L) and durvalumab stock (50 g/L) were first diluted to 4 g/L in 

PBS. To oxidize the antibodies, hydrogen peroxide (1%) was added, and samples 

were incubated for 48 hours in the dark at room temperature. Intact and oxidized 

samples were then buffer exchanged into PBS using Zeba Spin Desalting columns 

(7K MWCO). Samples were then stored at -20°C until analysis. Buffer controls were 

performed using 25 mM histidine buffer, pH 6.0 with and without the addition of 

hydrogen peroxide.  

6.4.6 Determination of antibody reduction by MEP 

Cyclic voltammetry (CV) and chronocoulometry (CC) measurements were taken 

using a CHI1040C electrochemical analyzer (CH Instruments; Austin, TX). The 

measurements were performed with a 3-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 measurement, samples were 

diluted to the appropriate concentration and then Fc (50 ɛM ) was added. For fresh 

media studies, NISTmAB (total mAb, 2 g/L) was spiked into AMBIC 1.1 Basal 

Medium. For conditioned media studies, NISTmAb (total mAb, 2 g/L) was spiked 
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into spent Ex-Cell Advanced Fed-Batch Medium media (cells removed) from 

CHOZN23 (MilliporeSigma) cell culture. CV measurements were taken over a 

potential range of 0-0.5 V at a scan rate of 2 mV/s. Chronocoulometry measurements 

were taken at a constant input potential of +0.4 V for 1 minute and then switched to a 

reductive potential of +0.1 V for 1 minute. The working electrode was polished using 

0.05 ɛm alumina between each measurement. 

6.4.7 Determination of antibody oxidation by MEP 

The electrochemical measurements were performed the same as above but with the 

following modifications. NISTmAb and durvalumab samples were first diluted to the 

appropriate concentrations and then Ir (50 ɛM) 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. CC measurements were taken at a constant input potential of +0.85 V for 1-

minute.  

6.4.7 Statistical analysis 

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. A logistic regression model (ónnetô package)  was used to 

assess the combination effect of multiple signal metrics on differentiating intact and 

reduced or oxidized mAbs. The Akaike Information Criterion (AIC) was used to 

estimate the quality of each model. The discriminating ability was evaluated using 

ROC (Receiver Operating Characteristic) metric with AUC (Area Under Curve) (i.e., 

c-statistic)) and p-values.  
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Chapter 7 : Summary and Future Directions 
 

7.1 Summary 

The dissertation research presented here describes the development of 

electrochemical-based analytical methodologies that characterize CPPs and CQAs of 

antibodies and that are amenable to microfluidic applications in bioprocessing 

settings. We envision that these methodologies can serve as standardized platform 

processes within the PAT framework.  

 

In Chapter 2, we highlight the need for rapid, sensitive technologies for process 

monitoring and control purposes. We described the need for novel analytical 

methodologies that are amenable to in-/on-line monitoring of mAb therapeutics. We 

highlight the advantages of using electrochemistry and the current applications of 

electrochemistry for bioprocessing monitoring. Lastly, we explain our approach, 

mediated electrochemical probing (MEP), to acquire redox-based biological 

information. Lastly, we summarize recent advances in mediated electrochemistry for 

molecular and cellular redox targeting. This work resulted in a first author publication 

in Current Opinion in Biotechnology85.  

 

In Chapter 3, we developed thiolated PEG-based sensor interfaces for the detection of 

antibody titer and N-linked galactosylation. We used a spatially resolved 

electroassembled thiolated PEG hydrogel that enables electroactivated disulfide 

linkages onto a bare gold electrode. For titer assessment, we constructed a 

cysteinylated protein G that can be linked to the thiolated hydrogel allowing for 
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robust capture and assessment of antibody concentration. For detecting 

galactosylation, the hydrogel is linked with thiolated sugars and their corresponding 

lectins, which enables antibody capture based on glycan pattern. Importantly, we 

demonstrate linear assessment of total antibody concentration over an industrially 

relevant range and the selective capture and quantification of antibodies with terminal 

ɓ-galactose glycans. . We also show that the interfaces can be reused after surface 

regeneration using a low pH buffer. This work resulted in a first author publication in 

Biotechnology and Bioengineering87.  

 

In Chapter 4, we developed a protein G: ɓ-galactosidase (protein G: ɓ-gal) fusion 

protein that enable multi-modal detection. We constructed a chimeric protein that 

incorporates a streptococcal protein G domain (that binds IgG) at the N-terminus of 

ɓ-gal. This protein G:ɓ-gal fusion enables ɓ-gal-based spectrophotometric and 

electrochemical measurements of IgG. Moreover, our results showed linearity over an 

industrially relevant range. We demonstrate applicability with rapid 

spectroelectrochemical detection of IgG in several formats including using the titer 

detection interface that is rapidly assembled directly onto electrodes. The fusion 

protein enables sensitive, linear, and rapid responses, and expands the molecular 

diagnostics toolkit for biological measurement. This work resulted in a first author 

publication in Biotechnology Progress178. 

 

In Chapter 5, we integrated the titer detection interface with a microfluidic device to 

enable rapid, low-volume sampling. We first optimized the steps for interface 
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construction and the measurement in order to decrease time and costs. Next, we 

constructed the titer detection interface on an 8-channel microfluidic device. We then 

electrochemically measured a range of IgG concentrations using the integrated 

device. This work is currently unpublished.  

 

In Chapter 6, we developed a near-real time MEP methodology that discerns the 

redox state of antibodies and can decode structural information via electrical output 

signals. Here, we demonstrate that MEP quantitatively distinguishes between: (i) 

intact and reduced mAb based on free thiol concentration and, (ii) intact and oxidized 

mAb relative to the oxidation of solvent-exposed methionine residues. As it is 

sensitive, rapid, and can be configured into a simple device, we believe that this 

methodology can significantly expand the bioprocessing analytic toolkit.  This 

manuscript for this work is currently in preparation.  

7.2 Future Directions  

From this dissertation work, there are various, new avenues for research that can be 

pursued. In Chapter 3, we developed electrochemical sensors for detection of titer and 

galactosylation. This work can be expanded by developing additional lectin sensors 

for N-glycosylation detection using our established platform methodology. For 

instance, detection of glycans such as mannose, fucose, and sialic acid, are important 

as these specific sugars can have significant effects on mAb function. Furthermore, 

additional lectin sensors can be multiplexed for high-throughput analysis allowing 

scientist to acquire more data regarding the full glycan structure of antibodies. 

Additionally, lifetime studies on both titer and galactosylation detection interfaces 
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can be performed to understand how multiple regeneration cycles would impact 

interface binding efficiency.  

 

From Chapter 4, the protein G: ɓ-galactosidase fusion protein can be further 

evaluated for simultaneous electrochemical and spectrophotometric measurement. 

That is, PAPG and ONPG can be used together for simultaneous measurement, which 

would lower the time and effort required for results. Furthermore, the fusion protein 

can be evaluated with other analytical technologies, additional to the hydrogel 

detection interface, such as immunohistochemical assays.   

 

From Chapter 5, the microfluidic device can be evaluated with other hydrogel 

detection interfaces, such as the galactosylation detection interface, to see if it can be 

used for monitoring of N-glycosylation. Furthermore, the integrated device can be 

evaluated with samples that are taken directly from the bioreactor with a mAb-

producing CHO cell culture. That way, we can better understand the performance of 

the integrated device in bioprocessing settings. Furthermore, full-automation of the 

sampling system for construction of the interfaces and measurement using the 

integrated device would improve the usefulness of our system and make it amenable 

for on-line monitoring within the PAT framework. 

 

In Chapter 6, we demonstrated the application of MEP to interrogate antibody 

reduction and oxidation on commercially purchased glassy carbon electrodes. The 

usefulness of this methodology for PAT would be expanded by application of the 



 

 

116 

 

methodology to the microfluidic device shown in Chapter 5. Additionally, the MEP 

methodology can be used to characterize additional CQAs, such as charge variants 

(which have amino acids additional to methionine that are oxidized).   

 

Overall, we believe that our work resulted in technologies that offer advantages in 

their simplicity, rapid response, and connectivity to electronics. Importantly, this 

research has the potential to further advance analytical bioprocessing technologies 

within the PAT regulatory framework put forth by the FDA.  Our tools have the 

potential to enable a better understanding of both upstream and downstream processes 

and allow for improved monitoring of the protein product.  
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Appendices 

 

Appendix A: Supplementary information for Chapter 3 

 

The bacteria strains and plasmids used in this study are listed in Table S1. The 

construct for Cys5-tagged protein G is depicted in Figure S1A. The sequence for 

protein G was preceded by six His residues at the amino terminus, followed by 5-

cysteine residues located at the carboxyl terminus.The genes for protein G2-Cys were 

prepared by PCR amplification of a protein G template (pET-E72G3) using primers 

listed in Table S2 (Tanaka, Funabashi, Mie, & Kobatake, 2006; Wu et al., 2009). The 

PCR product is then purified through gel electrophoresis and further inserted into 

pET200 vector via the ChampionÊ pET200 Directional TOPO® Expression Kit 

(Invitrogen). The derived plasmid that holds the protein of interest was confirmed by 

Sanger sequencing (Genewiz) and subsequently transformed into BL21 StarÊ (DE3) 

One Shot® E. coli for protein expression. The protein of interest was overexpressed 

under 1 mM IPTG induction as cell densities were grown at OD600 = 0.4~0.6 under 

37 °C. The cells were harvested after overnight induction at room temperature by 

centrifugation at 14000 x g under 4 °C for 20 min. After lysis by BugBuster solution 

(Novagen) at room temperature for 40 minutes, the soluble cell extracts were 

sonicated for 10 minutes and then centrifuged to remove cell debris. The cell extract 

was then loaded onto 5mL HiTrap columns (GE Healthcare) and the bound target 

proteins were washed by binding buffer (20 mM phosphate, 0.5 M NaCl, 40 mM 

imidazole, pH 7.4) to remove non-specifically bound proteins. The proteins were 

eluted from the column by elution buffer (20 mM phosphate, 0.5 M NaCl, 0.5 M 
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imidazole, pH 7.4). The purified proteins were then buffer exchanged using Slide-A-

Lyzer dialysis cassettes (Thermo Fisher Scientific) into 0.1 M phosphate buffered 

saline, pH 7.4 for further experiments. The Coomassie stained polyacrylamide gel 

confirming cysteinylated protein G expression is shown in Figure S1B. 

  

ό!ύ 
 

 

ό.ύ 
 

 

Table S1  

 

  

Table S2 

 

 

Supplementary Figure 1. Development of cysteinylated protein G.  (A) Plasmid map of 

cysteinylated protein G. (B) Western Blot confirming expression of cysteinylated protein G. 
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Supplementary Figure 2. Titer detection interface controls.  Controls for the titer detection 

interface include interfaces assembled without protein G:HRP (1 g/L IgG only), without IgG 

(0.1 g/L protein G:HRP only), and without IgG and protein G: HRP.   
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Supplementary Figure 3. Regeneration of interfaces. (A) Schematic depicting the 

experimental protocol for the titer detection interface (top). After initial incubation and 

measurement, interfaces were washed in regeneration buffer and another measurement was 

taken. Interfaces were then re-incubated in protein G:HRP (0.1 g/L) only. The current response 

indicates that IgG has been removed from the interface after regeneration washes (bottom). (B) 

Schematic depicting the experimental protocol for the galactosylation detection interface (top). 
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Supplementary Figure 4. Regeneration evaluation. (A) Fluorescence microscopy images 

show that FITC RCA120 is still bound to the interface after the regeneration washes. 

Fluorescence microscopy images were then taken with an exposure of 50 ms. (B) CV profile 

and (C) corresponding Nyquist plot indicated that the RCA120 can bind to directly to the 

thiolated PEG hydrogel when thiolated Galɓ is not present.  
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Appendix B: Supplementary information for Chapter 4 

Supplemental Note 2 ï Plasmid Assembly, Expression, and Purification 

Briefly, the Xpress tag of pET200-D-lacZ (Thermo Fisher Scientific; Waltham, MA) 

was removed. The vector and gene for protein G were then digested with BamHI-HF 

and BsrGI-HF restriction enzymes. The gene for protein G was then ligated into the 

modified pET200-D-lacZ vector (also serving as the ɓ-gal only control) between the 

N-terminal His
6
 tag and the C-terminal lacZ gene. The resultant plasmid map is 

illustrated in Figure S1A and the amino acid sequence is shown below. For the 

protein G only control, the lacZ gene was deleted from the construct. The plasmids 

were transformed into BL21 StarÊ (DE3) One Shot® E. coli for protein expression. 

The fusion protein and the respective controls (protein G only and ɓ-gal only) were 

overexpressed by 1 mM IPTG induction when cell densities reached OD
600

 = 0.4 at 

37 °C. Cells grown overnight were harvested at room temperature (RT) by 

centrifugation (14000 x g) at 4 °C for 20 min. Cells were lysed by incubation in 

BugBuster solution (Novagen; Madison, WI) at RT for 40 minutes, the soluble cell 

extracts were additionally sonicated for 10 minutes and then centrifuged  to remove 

cell debris. The cell extracts were then loaded onto 5mL HiTrap columns (GE 

Healthcare; Chicago, IL) and the bound target proteins were washed with binding 

buffer (20 mM phosphate, 0.5 M NaCl, 40 mM imidazole, pH 7.4) to remove non-

specifically bound proteins. The fusion protein was eluted from the column (20 mM 

phosphate, 0.5 M NaCl, 0.5 M imidazole, pH 7.4). The purified proteins were then 

buffer exchanged using Slide-A-Lyzer dialysis cassettes (Thermo Fisher Scientific; 

Waltham, MA) into 0.1 M phosphate buffered saline, pH 7.4 for further experiments. 
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The yield of the purified fusion protein was calculated to be 34.5 ɛg per mL of IPTG-

induced BL21 (DE3) culture (OD600 = 1.1). SDS-PAGE of the soluble fraction was 

run and the Coomassie blue stained gel (Figure S1B) shows that protein G: ɓ-gal is 

highly expressed in the culture. 

 

 

 

 

 

  

(A) 
 

 

(B) 

Supplementary Figure 5. Construction of protein G: ɓ-gal.  (A) Plasmid map of the protein 

G: ɓ-gal construct. (B) SDS-PAGE shows that protein G: ɓ-gal is the predominantly expressed 

protein in the cell culture. Lane 1 contains the ladder. Lane 2 contains the soluble fraction of  

IPTG-induced BL21 (DE3) culture without the plasmid (pET-200-G1-LacZ). Lane 3 contains 

the contains the soluble fraction of  IPTG-induced BL21 (DE3) culture with the plasmid (pET-

200-G1-LacZ). 
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Amino acid sequence of protein G:ɓ-gal: 

HHHHHHGMASMTGGQQMGREDPMGVKIRMTTYKLVINGKTLKGETTTK

TVDAETAEKAFKQYANDNGVDGVWTYDDATKTFTVTEMDPNVHHPFTI

DPVVLQRRDWENPGVTQLNRLAAHPPFASWRNSEEARTDRPSQQLRSLN

GEWRFAWFPVPEAVPESWLECDLPEADTVVVPSNWQMHGYDAPIYTNVT

YPITVNPPFVPTENPTGCYLTFNVDESWLQEGQTRIIFDGVNSAFHLWCNG

RWVGYGQDSRLPSEFDLSAFLRAGENRLAVMVLRWSDGSYLEDQDMWR

MSGIFRDVSLLHKPTTQISDFHVATRFNDDFSRAVLEAEVQMCGELRDYL

RVTVSLWQGETQVASGTAPFGGEIIDERGGYADRVTLRLNVENPKLWSAE

IPNLYRAVVELHTADGTLIEAEACDVGFREVRIENGLLLLNGKPLLIRGVN

RHEHHPLHGQVMDEQTMVQDILLMKQNNFNAVRCSHYPNHPLWYTLCD

RYGLYVVDEANIETHGMVPMNRLTDDPRWLPAMSERVTRMVQRDRNHP

SVIIWSLGNESGHGANHDALYRWIKSVDPSRPVQYEGGGADTTATDIICPM

YARVDEDQPFPAVPKWSIKKWLSLPGETRPLILCEYAHAMGNSLGGFAKY

WQAFRQYPRLQGGFVWDWVDQSLIKYDENGNPWSAYGGDFGDTPNDRQ

FCMNGLVFADRTPHPALTEAKHQQQFFQFRLSGQTIEVTSEYLFRHSDNEL

LHWMVALDGKPLASGEVPLDVAPQGKQLIELPELPQPESAGQLWLTVRV

VQPNATAWSEAGHISAWQQWRLAENLSVTLPAASHAIPHLTTSEMDFCIE

LGNKRWQFNRQSGFLSQMWIGDKKQLLTPLRDQFTRAPLDNDIGVSEATR

IDPNAWVERWKAAGHYQAEAALLQCTADTLADAVLITTAHAWQHQGKT

LFISRKTYRIDGSGQMAITVDVEVASDTPHPARIGLNCQLAQVAERVNWL

GLGPQENYPDRLTAACFDRWDLPLSDMYTPYVFPSENGLRCGTRELNYGP

HQWRGDFQFNISRYSQQQLMETSHRHLLHAEEGTWLNIDGFHMGIGGDD

SWSPSVSAEFQLSAGRYHYQLVWCQKAAARV*  
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k
a
=Association rate constant 

k
d
=Dissociation rate constant 

 

 

Supplementary Figure 6.  Binding to IgG. (A) SDS-PAGE of the controls from the bait prey 

assay. Lane 1 contains the ladder. Lane 2 and 4 contain the fractions from the ñbaitò only 

control. For the ñbaitò only control, the protein G: ɓ-gal was added to resin and eluted (no IgG 

was added). 
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As expected, a single band corresponding to protein G: ɓ-gal was evident in the elution fraction 

(lane 2) and no protein G: ɓ-gal band was visible in the flow through fraction (lane 4), 

indicating that the His-tagged protein bound the IMAC resin. Lane 3 and 5 contain the 

fractions from the ñpreyò only control. For the ñpreyò only control, the IgG is applied to the 

resin and eluted (no protein G: ɓ-gal was applied). The ñpreyò only elute (lane 3) and its 

corresponding flow through fraction (lane 5) showed that IgG does not bind to the resin, 

confirming that the IgG is only binding to protein G: ɓ-gal. All lanes loaded with 10 ɛg protein. 

(B) Representative sensorgrams and corresponding SPR binding analysis of protein G,  protein 

G:HRP, and protein G:ɓ-gal (from two separate sample preparations) to human IgG. 
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Supplementary Figure 7 Freeze thaw evaluation. (A) The peak oxidative current of the 

cyclic voltammograms was recorded for the electrochemical studies. The cyclic voltammogram 

pictured is a measurement of a protein G: ɓ-gal (31.25 ɛg/mL) and PAPG (0.5 g/L) solution 

that was taken from -0.1-0.4 V at a scan rate of 0.05 V/s. (B) The ɓ-gal control was expressed 

(in E. coli) and purified in an identical manner to protein G: ɓ-gal.  Protein G: ɓ-gal (1 ɛM), ɓ-

gal only (1 ɛM), and a buffer control were evaluated spectrophotometrically (left) and 

electrochemically (right)  in an identical manner as in the Methods section. 
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For both spectrophotometric and electrochemical detection, reaction rates for protein G: ɓ-gal 

(2.27 Abs/min; 5.35 ɛA/min) and ɓ-gal only (2.34 Abs/min; 5.41 ɛA/min) were not minimally 

different. (C) Analysis of freeze thaw stability for protein G: ɓ-gal. For a freeze-thaw cycle, 

protein G: ɓ-gal (25 ˃ g/mL) samples were frozen at -80°C and subsequently thawed at room 

temperature. Samples were then measured spectrophotometrically (left) and electrochemically 

(right) in an identical manner as in the Methods section. Protein G: ɓ-gal maintained its 

spectrophotometric and electrochemical reaction rates (shown in the table) for two freeze thaw 

cycles (reaction rates within 10% variance of initial response).  
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Supplementary Figure 8. Lineweaver burke analysis. Lineweaver-Burke plot of 

concentration dependent response results from Figure 3 shows linearity of response across 

protein G: ɓ-gal concentrations: 0.1 g/L (blue), 0.01 g/L (orange), and 0.001 g/L (green).   
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Supplementary Figure 9. Hydrogel detection interface. (A) FITC-labelled protein G: ɓ-gal 

was used to show that the fusion protein binds specifically to IgG on the surface of the sensor 

interface. The interfaces were incubated with: (i) 0.01 protein G: ɓ-gal only or (ii) with IgG (1 

g/L) and 0.01 g/L protein G: ɓ-gal. When the interface is not incubated in IgG, a weakly 

fluorescent signal can be observed. This indicates that the FITC-labelled protein G: ɓ-gal does 

not bind to the interface surface. However, when the interface is incubated sequentially in IgG 

and protein G: ɓ-gal, a strong fluorescent signal that is localized on the gold surface of the 

electrode is clearly visible. These data confirmed that protein G: ɓ-gal is specifically binding 

to the IgG on the surface of the interface. (B) Representative current responses from the 

interfaces that were incubated in different IgG concentrations (0-1000 ɛg/mL) and 0.01 g/L 

protein G:ɓ-gal. (C) As expected, sensor interface controls for spectrophotometric (left) and 

electrochemical (right) detection show minimal response. 
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Appendix C: Supplementary information for Chapter 5 

Supplemental Note 3 ï Plasmid Assembly, Expression, and Purification 

The sequence for protein G was preceded by5-cysteine residues and six His residues 

at the amino terminus (N-terminus).The genes for protein G3-Cys were prepared by 

PCR amplification of a protein G template (pET-E72G3. The PCR product is then 

purified through gel electrophoresis and further inserted into pET200 vector via the 

ChampionÊ pET200 Directional TOPO® Expression Kit (Invitrogen). The derived 

plasmid that holds the protein of interest was confirmed by Sanger sequencing 

(Genewiz) and subsequently transformed into BL21 StarÊ (DE3) One Shot® E. coli 

for protein expression. The protein of interest was overexpressed under 1 mM IPTG 

induction as cell densities were grown at OD600 = 0.4~0.6 under 37 °C. The cells 

were harvested after overnight induction at room temperature by centrifugation at 

14000 x g under 4 °C for 20 min. After lysis by BugBuster solution (Novagen) at 

room temperature for 40 minutes, the soluble cell extracts were sonicated for 10 

minutes and then centrifuged to remove cell debris. The cell extract was then loaded 

onto 5mL HiTrap columns (GE Healthcare) and the bound target proteins were 

washed by binding buffer (20 mM phosphate, 0.5 M NaCl, 40 mM imidazole, pH 7.4) 

to remove non-specifically bound proteins. The proteins were eluted from the column 

by elution buffer (20 mM phosphate, 0.5 M NaCl, 0.5 M imidazole, pH 7.4). The 

purified proteins were then buffer exchanged using Slide-A-Lyzer dialysis cassettes 

(Thermo Fisher Scientific) into 0.1 M phosphate buffered saline, pH 7.4 for further 

experiments. 
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Appendix D: Supplementary information for Chapter 6 

 

 

 

Supplementary Figure 10 . Methods to create and analyze reduced mAb variants. (A) 

Method used for antibody reduction. (B) Ellmanôs assay results confirm that the reduced mAb 

contains free sulfhydryl (n=5). (C) Simulated gel and corresponding electropherograms from 

microchip capillary electrophoresis show the types of mAb fragments produced from reduction. 

For gel: lane 1=ladder, lane 2=intact mAb, lane 3=reduced mAb. 
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Supplementary Figure 11. Methods to create and analyze oxidized mAb variants. (A) 

Method for antibody oxidation. (B) 8 methionine residues of NISTmAb are highlighted in 

pink.  (C) LC-MS/MS peptide mapping results show that NISTmAb (half antibody) has 6 

methionine residues that are oxidized. (A) Electropherograms for corresponding simulated gel 

shown in Figure 2C. (D) Solvent-Accessible Surface Area (SASA) of each methionineôs 

sulfur atom with its two adjacent atoms on the side chain. The correlation between the SASA 

and the measured oxidation values was 0.87. Graphic shows that non-oxidized residues 

(e.g.,M32) are  buried. (E) LC-MS/MS peptide mapping confirms that durvalumab has 3 

methionine residues that are oxidized. 
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Supplementary Figure 12. Controls for reduced mAb. (A) CV and CC plots show that 

there is minimal difference between Fc only and Fc with intact mAb (3 g/L). (B). CV and 

CC plots of buffer controls for intact and reduced mAb. Intact buffer control was 25 mM 

Histidine-HCL, pH 6.0 and reduced buffer control was 25 mM Histidine-HCL,10 mM TCEP, 

pH 6.0. Similar to mAb, buffer controls were dialyzed overnight using slide-a-lyzer cassettes 

into phosphate buffered saline, pH 7.4.  CV and CC measurements were taken which showed 

that there is no significant difference between intact and reduced buffer controls. 
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Supplementary Figure 13. Varying reduced mAb concentration. (A) Bar graphs and tables 

of signal metric for corresponding data in Figure 3A. (B) Linear regression of CV and CC 

signal metrics from Figure 3A across reduced mAb concentrations. 
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 Supplementary Figure 14. Logistic regression model of reduced mAb 

concentrations. Result tables of logistic regression analysis for corresponding ROC plot 

in Figure 6.3A . 














