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Chapterl nt roducti on

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
developmenprocess for biologics is costly and tinm¢ensive 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 therapeuticgngportant 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 gealetailed
characterization of the antibody but are expensive, time intensive, and require
specialized training (e.gnass spectrometry, HPLkased capillary electrophoresis).
Additionally, the information that is obtained from these methods can rarelgeb

for in-line characterization (i.econtinuous sample analysis performed in the process
vessel or stream) as these tools are primafilyatline (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 methagisgrovi

discrimination and modddased control of manufacturing processes. These



technologies are not meant to replace the gold standard tools, but rather provide rapid,
cost efficient, and potentially higthroughput 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 electrochenrtiaakd analytical

technologies that will enable low volume, near real time monitoring of critical quality
attributes. This work wilfocus on the development of two technologies: (i) interfaces
for spectroelectrochemichlased detection and rapid sampling of antibody titer and
galactosylation and, (ii) a mediated electrochemical probing (MEP) approach for

characterization of redeased information from cell culture components.

In Chapter2, we will provide a backgrounahd overviewon bioprocessingnalytical
technologieselectrochemical sensoemdour MEP approachin Chapter3, we will
describe the development of ttikolated PEGbased sensor interfaces which can be
covalently crosslinked with thiolated sugars or proteins to enable the detection of
antibody galactosylation and titer, respectivétyChapter 4, w will develop an
enzyme epor t er ,-galactosidase] timat c&:be dpplied to the interfaces to
enable spectroelectrochemical detectlarChapter 5,hehydrogelinterfaces will be
adapted to a microfluidic device that allows for rapid, small volume sampiing.
Chapter6, we apply a MEP approach to determine redox signatures of antibody
samples that have undergone irtkain disulfide bond reduction and damage due to

oxidation, respectivelywWe will be using two antibodies, NISTmAD reference



material and a commerciatquuct, durvalumab, for analysi®ur results using MEP

will be compared to results from established protocols and technologies.

In thisdissertationwe address the need for rapid, analytical technolaéscould
increase the efficiency of the devetoent process for antibody therapeutics. We
developanalytical technologies that can characterize quality attributes, such as
antibody titer, Nlinked glycosylation, and redox variants, that are critical for

upstream and downstream process developmentraddction. 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 n@nteconnectivity to

process control systemda/e believe that these tools can address a major analytical

need in the biopharmaceutical industry.



Chapter2ZAnal yti cal otpoolcleists fmomil or i

conbfolnti body 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 irynmaportant therapeutic areas
including cancer, infection, and inflammation, due to their high level of specificity

and selectivity®. 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 sectbetdpeutics being tested in clinical
trials®*%. The global mAb market was valued at approximately 115.2 billion dollars

in 2018 and is expected to generatrevenue of 300 billion dollars by 2085In

addition to the welkstablished 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

anibody-based therapeutics for the treatment of human diseases

Unlike small molecule pharmaceuticals, which are chemically synthesized,
recombinant antibody therapeutics are larger and more complexures which are
produced in mammaliamostcell lines including NSO murine myeloma cells and
Chinese hamster ovary (CHO) ceks a result, the biopharmaceutical development

process for antibody therapeutics is costly and-imensive due to the complexities



associated with optimizing host cell lines, bioreactors, and processing conditions,
along with the possynthesis produaharacterizatioh'®!?, The average biologic

takes 10 years from initial discovery until it reaches the market and 2.6 billion dollars
to research and devefdpReducing the cost and time to develop and manufacture
antibody theapeutics is a major challenge for the biopharmaceutical indiustry
however doing so is necessary in order to generate safe and effective therapeutics

that can reach more patients

2.1.1Structure of antibodies

Humanantibodies can beategorized intdive isotypes (IgG, IgM, IgA, IgE, and
IgD), whereeach isotypdasits own respectivecharacteristics and functioriEhe
immunoglobin G (IgG) isotype is the most abundant in serum, representing
approximately 75% of antibodies in circutatt*. Currently, all licensednonoclonal
antibody(mADb) therapeutics are of tHgG isotype Moreover, luman IgGcan be
categorized intdour subclassedgG1-4), with the majority of approved therapeutics
being of the IgG1 subclass. In terms of structure, all IgG subclassesnapesedf
two identicallight chains(LCs) and twoidenticalheavy chains (H§) that form the
Y-shaped intact antibodaoth HCsand LCs contain constant and variatitenains

that are commeet.sed of two b

As illustrated inFigure 2.1, the intact antibody is made of three functional moieties:
two fragment antigenispecific binding (Fab) domains and a singfilagment

crystallizable (Fc) domatfi Thetwo Fab domains are linked the Fcdomain

5



through a flexible hinge regiofthe Fcdomain makes up the tail end of the protein
andis important for effector site functions which are used to activate the immune
system. The two symmetritabdomains make up the arms of thesNaped mtein

andcontain regions that aresed to bind specific antigess mAbs are derived from

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

Light chain

Fab
Heavy chain

Interchain

Fc disulfide bonds

V. and V= variable regions
C. and Cy= constant regions

1gG1
Figure 2.1. Structure of IgG1 antibody. Antibodies have a ¥haped structure with a F

and Fc regiomnd4 interchain disulfide bonds.

A key structural feature of IgG is thh&ra-chain and intechaindisulfide bond
linkages that are necessary to form the correct complex structure. Without these
bridges, the LCs and H@gould only bekept associated through neovalent
interactionsStructurally, ntra-chain disulfide bonds o n n e cdheets im & single
domain whereas intarhain disulfide bonds connect the HCs and °G&/ith the
common mammalian expression systems.(€O), the correct intraand inter
chain disulfide bonds of the antibody are formed leeftsr secretion in the cell
culture brothWhile all IgG subclasses contain 12 inithain disulfide linkageghey

differ in thar inter-chain disulfide bond patternSpecifically, helgG1 subclass

6



contains a total of four intezhain disulfide bondswio in the hinge regiothat
connect the HCandtwo that connect L&to HCs!’. Importantly,the level of solvent
of exposuref interchainand intrachaindisulfide bondss significantly different.
The cysteine residues that comprise the ioketin bonds of IgG1 ataghly solvent
exposed wheredbeintra-chain bonds are buried within each domain and are not
solventexposedwhich may account for their higher stabitity® Solvent exposure
allows for the reduction of the interchadisulfide bonds, an issue that will be

discussed in greater dethiter inthe dissertation.

2.1.2Production ofantibodytherapeutics

As illustrated inFigure 2.2, therapeutic mAb production begins with upstream
bioprocessingUpstreambioprocessingncludescritical tasks such asell line
generatiorand selectionclone selectioyand process and mediptimizatiort®.
During process optimizatiompstream scientists muasdjustcell culture and
bioreactorconditionswith the goal oincreasng protein expression wle maintaining
acceptablgroduct quality Typically, largescalecommerciaproduction of mAbs
use asuspension culture of mammalian cslleh as CHO, NS@ndhybridoma
Approximately60% of all mAbsare produced in CHO cell lineluie to their
scalability, ease of genetic manipulatiand prior approval from regulatory

agencie¥?L,



Upstream Downstream

27 ,/(“)f” —'@
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Figure 2.2. Bioprocess developmen®rocess development steps for production of mAb

therapeutics includes upstream, downstream, and analytic development.

In the bioreactor, lpysical, chemical, and biological parameters can impact cell
cultureconditiong?. Physical parameted®scribe the physical state of the reactor and
include agitation speed, temypure andgasflow rates Chemical parametergfer to
chemical compounds in the bioreactor &mlcally include pH, redox potential,
nutrients metabolits, waste byproductsand the target proteity Biological

parameters are measutedcharacterize the state of ttells in the culture and

include cell viability, celldensity and ntra- and extracellular. Importantly, $ight
alterations in cultureonditions carave significant implications fgroductivity of

thecultureand quality otthe protein product.

After cell culture harvest,avnstream procesy) is needed fopurification of the
target proteirfrom various contaminant3he main goal athis process steg to
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achieve acceptable purity levelsdassure the safety of the produdtile
maximizingproteinyield. Downstream procesgy is comprised ofariousunit
operationsprotein A capture, low pH viral inactivatippolishing chromatographic
stepsyiral filtration, and ultrafiltrationdiafiltration (UF/DF) in order to achieve the
final product®. During each unit operatioimportantperformance and operatial
parametersuch ashromatograpie columnand filterselectioncolumn loading
volumes elutionbuffer componentand pH,need to be optimized as thegn have

significant impacts othetherapeutic qualitand yield*.

Throughout both upstream and downstream processes, anatiteldsareused

for process monitoring and control purposes to characterize the final product

Analytical methods arealidatedbased upotheir suitability forthe intendegurpo®

and are used to ensure that the process and the product meet the specified acceptance
criteria. Analytical analysis ismportant in order to understatite effect of proess
parametersn key performance indicators apebduct quality As further discussed

in this dissertation,dvances in analytical technologies are neededmbdinue to

improveprocesspeedproductivity, andperformance

2.2 Processmonitoring during antibody production

2.2.1Measurement ofritical process parameters and quality attributes

For each processep the citical process parameters (CPPs) Hrelaffectectritical
quality attributes (CQAs)f the producheed to be identifiedlong with the
acceptable target and variable randgssed on FDA guidance, CPPs are assessed by

9



the extent to which their variation can impact @@Asof the productinconsistency
in CQAs can result in undesirable adverse biological effects,agsadterations in the
immunogenicityor pharmacokinetic properties of the therapetesuch) it is

important b select appropriat@nalytical methods folCPPs and CQA® ensure that

they aremonitoredthroughout the development process.

For production of mAbs, there aseveracommon CPPduring upstream process
developmentFor the purposes of this dissertation, one of the major CPPs that we
focus on is product titgfurther discussed in Chapter. 3)ter refers to the
concentration of antibody per liter of cell culture broth and is generally considered to
be aCPPfor characterizing upstream efficierféyRapid, accurate, and robust titer
guantification is important as it informs critical process decisions such as cell line
selection, process optimization, and optimal culture harvest&fh@raditionally,
offline, affinity high-performance liquid chromatography (HPLC) is used to
characterize titéf. For this, potein A or protein G affinity chromatograplglumns
areused as these proteipgsseshigh binding affinity for thé=c domain of human
IgG. Thepurified protein is then eluted from the column and the corresponding
elutionpeak can be compareddealibration curve in order to determine titer

concentration.

During upstream processéise CQAsof mAbs can be affeetl bycell culture
components angarameters. Fahe purpose of this dissertatiome will focus onthe

following CQAs:N-linked glycosylatiorand antibodyedox variants. Ninked

10



glycosylationisdefinedasaCQAasc an signi ficantly affect
stability, in-vivo half-life, efficacy, and immunogenicy?®3L. N-linked

glycosylation refers to the covalent attachment of carbohydrate groupsNe the

terminal of anasparaging€Asn) at a consensus sequermte\sn-X-Ser/Thf?,

Geneally, mAbs havetwo identical Nglycosylation sitesone on either side of the

heavy chain of the Fc regioN-glycosylation is of the biantennary type with a core
structure that is composed of tweddetylglucosamine (GIcNAc) groups linked to

three mannasgroups. Other glycan groups, such as galactose, sialic acid, and fucose,
can then modify the core glycan structrélthough many types of glycan

combinations are possibli®r mAbsproduced in CHO cellgnly a few combinations

are typically observed During cell culture,tihas been shown that process

parameters such as ptemperaturedissolved oxygen¥O), andfeed composition
cansignificantlyimpact the glycamompositio>*®°. Gold-standard methodsr
detailedcharacteriation ofglycosylation include offine or atline techniques that
eitheranalyze released glycaar analyze glycopeptidé$®®3’ For analysis of

released glycans, h e mA b 6 areengymatmlly orchemicallyremowved from

the antibodylabelledwith afluorescent molecule to increase detectand

guantfied using liquid chromatography, mass spectrometry, or capillary
electrophoresig-or site-specificanalysis shorterglycopeptidesan be produced by
digestingthe mAb with proteasessuch as trypsimand he glycopeptides can be

analyzedusing tandenmassspectrometry approaches

11
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Antibody redox (reductioroxidation)variants are also considered a CQA that seed
to be monitorecdnd characterizedRedoxeventscanlead tothe production of
undesirablalteration of theintibodysuch as fragmentationggregation, and charge
variation Reduction of the@ n t i birdedchandisulfide bonds has become a
common issue during the development and manufacturing of antitzodieseds to
becharacterized as it can cause a decrease in the biologic effectiodhies
therapeutic. Reductioof the antibodyhas been observaal the bioreactoandduring
the centrifugalharvest steff. Reduction occurs during harvest doghe centrifugal
shear forces thdyse cells and leato the release of reductase proteins (e.g.
glutathione and thioredoxin systems) into the cell culture fluidabiatainsthe
antibodie$**° When theeductase proteirare present, the level of produetiuction
(i.e. the fragments produced) is dependent on a variety of faotdras incubation
time, temperature, and DO lefelPrimarily, disulfide bond reduction is
characterized bijquid chromatographgr microchipbasedcapillary

electrophoresis. Both methods are#ine and typically require sample preparation

andoptimization to obtain clear separation between the various reduction species.

mADb oxidationis also a significant issue during antibody development and

manufacture. Importantlypxidativemodificationsof the antibodycan altetthe

proteinds stabil ity impacthe éfeciveness of tha | activit
therapeutit?. 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

duringall stages of ppcess developmeand 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
oxidizemAbs. Solventexposedmino acidsof mAbsthat are sulfur containing, such

as cysteine and methionine, or that are aromatic, such as histidine, phenylalanine,
tryptophan, and tyrosinaye all susceptible toxidatiorf>#4 However, nethionine

hasbeen found tde theresidue that isnost commonly oxidized*. Typically,

oxidationof the antibog is characterized by several differaft-line or atline
methodologies. Primarily, ass spectrometifMS) techniquege.g.,LC-MS peptide
mapping hydrogerdeuterium exchange M@reused asheycan provided detailed

site-specificinformationregardingthe amino acid residue$at were oxidizetf*’.

2.2.2.Process analytical technolaeg

Generally, poduction of biologics igonsidered a morehallengingprocessas

compared to chemicdrugsdue totheinherent complexityf biological molecules

As such it is important to improve process understandowgapidly, reproducibly,

and cost effectivelglevelop and manufactubtopharmaceuticalg.o address this
concern, th@rocess analytical technology (PAT) regulatory framework was put forth
by the Food and fxg Administration (FDAY“. 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 productWith this initiative, the FDAvasa mi ng t o fibuil d qual i

phar maceuti cal m aeBultifig andotvaringipnoggssipgrtimes,e s s 0
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improving product yields, increasing process efficiemryd reducing production

cost4?8,

PAT are a broad set of monitoring techniques that ag¥Bsand CQAs at all stages

of the development process. One of the major principles of PAT focuses on the
development obn+/in-line monitoring tools that can provide more frequent and
automated measurements as compared to staoffdatline technique¥. Off-line
sampling occurs when the sample is taken from the cultuwte@malyzed separately
farther away from the process line -lite measurements describe when the sample is
removedandprocessed nearby the process IWhereaswith on-/in-line detection
sample removal isotnecessary and evaluation can occur directly from the process
line. Many analytical methods still employ efitline approaches for product
monitoring and characterizatioAs on-/in-line methods allow for more frequent and
more rapid sampling, these techogies will enable the creation of more robust
processes and allow for greater process understanding which will lower development

time and cost

To develop a weltlefined procesgsing PAT CPPs and CQAs for the process need
to first be identified. Thertheappropriateanalytical technologganbe selected
based upon the needs of the procesdudingattributessuch agange, control

system integration amenability, sensitivilgeasuremerftequency and specificity
Next, the appropriatéechnology ismplemented along with the most suitable data

acquisition strategies to allow for quick decision maklmgplementatiorof these
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method allow for acontrol process$o bedevelopedor CPPsand CQAg0 maintain

consistenaind reproducibl@roductionof the therapeutit®.

Theuse of inprocess 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 thatmplementation of PAT could result in cestvingsin key areas such
asreducing testing costs, costs of goods, and wadiethupstream and downstream
processinglt is important to notéoweverthat the specific amount of cost reduction
will depend orthe product and the complexity of thevelopment and manufacturing
process and that there wallsobe upfront costs associated with the implementation of

these new technologies.

There arestill manychallenges associated withplementing?AT in biopracessing
settings The complexity of the biological mechanisms in all parts of the bioprocess
makes it difficult to comprehensively monitor all process variabtesthermore, the
implementatiorof these technologies magquire greater time thatandard systems
due to theneed to establish new dateocessingvorkflows and procedurés
Improvements in developingsarfriendly dataanalysis such as application of
machine learningpproachesyill greatly improveimplementatiorand allow for
high-throughput analysis of large data sets thagareerated by PAT methodologies.
Overall, @vancements iRAT will furtherimproveprocessinderstandingnd

biologics production.
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2.3 Electrode measuremenfsr process monitoring

2.3.10verviewof electrochemicatensors

Electrodes are common todlsat have been usedanvariety of applications
includingin bioprocessing settingglectrodes have shown advantages in their
sensitivity, lowcost, speed, connectivity to electroniaad amenability to
miniaturizationand can be used tmntrol and mesure potential and current inputs

and output¥.

Electrochemical sensouse aransductiorelement (i.e., the electrode)transform
chemical informationsuch as the concentration of a samipl@ an analytical
measuremenis electrochemicaleactions are measured close to the electrode
surface, electroderoperties (i.e.dimensionsmaterials surfacemodifications) can
have a significant impact grerformance®. A threeelectrode setup is commonly
used br electrochemical sensors consisting of a: reference, counter and working
electrodeThe reference electrogtypically silver chloride (Ag/AgCl)is used to
provide astable andknown potential The counter electrodeommonly a gold or
platinum (Pt) wirejs used tacomplete the circuithus allowing current to flowl he
working electrode where the electrochemical reaction is occurnmegd to be
chemically stablerad conductiveTherefore, it icommonly made from gold, glassy

carbon, platinum, or silicon depending on #malyte of interest

Electrochemical sensocsin be classified based upon their method of sidgiziction

as: amperometric (current), potentidne(voltage),or conductimetric
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(impedance¥+*% Most commonly amperometrienethods are employddr sensing
as theyhave advantages in their sensitivity antustlinear rangeHowever, a
disadvantage of amperometric detection idaleck of selectivityas itmeasuresll
electroactivechemicalspecies ira solution makingit difficult to discern individual
species Onecommonstrategy to improve selectivitg to combineamperometric
sensorsvith select molecular recognition elemerggch as enzymgprotein

receptors, or antibodig’s

2.3.2 Electrochemicasensordor bioprocess monitoring and control

Well-established methods fetectrochemicamonitoring of protein produdtave
beenimplementedn bioprocessing settingghe most common arelectrochemical
probessuch a0 and pH probeghat are used for #ine monitoring of bioreactor
systemsin the bioreactor)O concentratioms controlled at @pecificset point
usuallybetween 26100% of air saturatigrio ensure that oxygen concentration is not
limited as that radtsin detrimental effects to cell growth and product quality. Most
commony, membrane covered amperometric sensors, kresv@iark type

electrods, areused for DO measuremeffs>. With this design, a permeable
membrane allows for oxygen to diffusgo an electrolyte solutiowhere it is then
reduced at the cathode (negatively geal) surface. The response that is generated
(with respect to a reference electrode) can then be directly correld€d to
concentration in the sample. Another importaioreactomeasurement is pts

slight deviations (0.1 units frotheset value) can have significant impactstios cell

culture Both potentiometric and amperometric sensors can befosgdH
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measuremenhowever potentiometricsensors are are commorin bioprocessing
settings Although there are mardesignspH probegyenerallyconsist of avorking

electrode which isneasured against the reference elecode

In upstream bioprocessinglectrochemical methods haatsobeen applied for
measurementsf cell culture componentsor instance, iglectric spectroscopyglso

known as electrochemicaimpedancepectroscopyis usedfor biomass andell

density measurements dielectric spectroscopyn alternating electrimput is

appliedto the cell culturgviable cells with intact plasma membranes act as capacitors
storing the charge, aridenthe charges releaseavhen theelectrical field is

reverseé >’ The capacitance is directly related to the viable cell densitgragable

cells do not contributas thé&@ membrans are not intact and apermeable

Another common use falectrochemicalensords for themeasuremerdf nutrients
andsecondarynetabolitesin the bioreactor, the feeding strategy is tightly controlled
to ensureoptimum cell growth and viabilityNutrients, such asnaino acids, vitamins,
glucose(carbon source), amglutamine (nitrogen sourcaye consumed arttlen
secondarynetabolitessuch as ammonia, lactasnd acetate, are produced by ¢8lls
As nutrients and metabolincentrations significantly impactilture conditions, it

is important to closely monitor them for process optimizatitlectrochemical
enzymatic biosensors are often usethtoeasespecificity and signal reg@nsefor the
nutrient or metabolite of interedtor instance, gluse biosensors commonly modify

theelectrode withthe glucoseoxidase (®x) enzymewhich catalyzes the oxidation
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of glucose Similarly, lactateelectrochemical biosensooften use lactate
dehydrogenase (LDH) anddctate oxidase (LOx@s the molecular recognition
element. Overall, electrobemical sensorsave proven useful in bioprocessing
settings as they cdrave highsensitivity,providerapid resultsand are relatively

costeffective.

2.4 Mediated electrochemical probing and targeting

This sectionwasprimarily reproduced, with permission, from the publication:
Mot abar, D. , Li, J. 6 Medaey elextroch@nisky.forred®e nt | ey ,
based biological targeting: entangling sensing and actuation for maximizing

information transfay Current Opinion in Batechnology2021,71, 137-144.

2.4.10verview 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

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

the electrode surface into solution in a m
diffusible oxidants (e.g. £ and reductant&.g. NADPH) to shuttle electrons within

and betweexells. 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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(.,e.theecho)thats det ected by the batdés ears and
that is decoded in the brain. The batds

reattime measurements of the activities in a local environment into actionable

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

probing to access reddpased biological informatiorfC) Mediated electrochemistry for
redoxbased actuation of biology. Reactive oxidants target molecules and cells, modifying

function.

Similarto echolocation, mediated electrochemical probing uses a tunable electrode
generated transmission that probes a local environment for-bedexi information.

As illustrated inFigure 2.3B, these transmissions are reeiwtive mediators (i.e.
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electron shittles) that are either exogenously added or natively present. Information is
then coded into these transmissions using
state. These diffusible mediators propagate into the local environment where they
undergo rede-based electrotransfer interactions with a biological component that
switches the mediatords redox state. The
serve as the response signal (analogous to the echo). The response signal is

sensitively detected ke electrode and transduced into an electronic format that can

be decoded using advanced information processing methods. Thus, mediated
electrochemical probing offers a sensitive 1tg@ale measurement that provides

information of redox characteristicsaactivities 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 activitie$§®4, to cell viability®®, and metabolic actiwf?, as well as

new insight on biological materidf€®and to extracellular measures of oxidative

stres&®72. Further, mediated electrochemistry is being extended from sensing to
actuatior?®. In this caseFigure 2.3C shows how redox input signals can be imposed

to O0targetd biological i nteractions that
terms of a biological analogy, suchredoxmetied act uati on mi mi cs
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 targatkthis knowledge is being

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

cellularlevel redoxtargeting.

2.4.2Applications of MEPmolecularlevel redox targeting

As noted above, our wuse of mediated electr
reactive oxidants (e.gROS) when used for targeting. Initially, ROS were recognized

as i mportant molecules for th&5bumoene syst
recently there has been a growimpeeciation 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 reactionsh&wuy the oxidation of amino acid

residues by ROS provides mechanisms for-pasislational modification that can

adjust a proteinds functional attributes.
biology is revealing a surprising level of chemical s@lggtin the reactions of

reactive oxidants which further supports their roles in targeting.

Anal ogous to biologydés use of reactive oXxi
the controlled generation of oxidants for the selective targeting of amino acid residues

for protein postranslational modification. For instandégure 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 resid(fesn 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) anglrKls (Ir) have more oxidative

redox potentials and these mediators can oxidize all three amirs®®aths

example demonstrates that redog&diators can be selected to have different

oxidative targeting abilities analogous to
different amino acid residues.

I n biology, oxidative post transl ational m
and funcion. 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 thategulate biological respondeFor example, oxidation of the cysteine

rich protein, Keapl, leads &xtivation of the transcription factor, Nrf2, which acts as

a master regulator of the antioxidant respoffsésSimilarly, redox mediats can be

used as reactive oxidants to alter a prote
actuation is illustrated iRigure 2.4B, which shows the ASargeting of solvent

accessible sulfhydryl groups to attenuate enzymatic aflvitythis example, a

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

from a twostep biosynthetic pathway for the bacterial quorum sensing (QS) signaling
molecule, autoinduce? (Al-2)8L. Both enzymes have labile Cys residues that upon

oxidation leads to aattenuation in the generation of the-2juorum sign&?. This

attenuation of A2 signal generation attenuates ar2Ahducible biological response

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

protein). The plot irfFigure 2.4B shows that an increase in electrical input,(thee

number of electrons transferred during-Afediated oxidation) results in a systematic
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attenuation of both the A2 signal generated and the respe 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.
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Figure 2.4. Molecular-level redox targeting. (A ) Medi at ors can selectivel
amino acid residues. (B) Mediated oxidation of
responseAdaptedfrom 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 assembiyiliaaexamples of

oxidative crosslinking include those that target the: cysteine residues of mucin; lysine
residuesofcollagéfi t yrosine resi dues % aidddpdmnei nsect ¢

residues of the mussel glue protéinn an analogous manner, mediated
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electrochemistry can be used for oxidative assembly. For instaigoee 2.4C

shows a thiolfunctionalized hydrogel can be oxidatively activated for protein
conjugation through accessible sulfhydryl residdésgs will also be further discussed
in Chapter 3As depicted irFigure 2.4C, the bacterial protein, protein G, was
engineered thave a redoxesponsive fusion tagiye added cysteine residues at its
C-terminus) to facilitate its oxidative assembly to the activated hydfogelis
covalently assembled protein G fie&d its functional activity and was capable of
binding 1gG antibodi€® to generate antibodyresenting surfaces. This example
demonstrates how mediate@&rochemistry and protein engineering can be
leveraged to rapidly and simply control covalent bond formation for the hierarchical

assembly of functional materi&fs

2.4.3 Applicatiors of MEP. cellular-level redox targeting

In biology, ROS are known to impose oxidative stresses that induce cellular stress
responses (e.ghe KeapiNrf2 pathway§¢8% Two of the besknown examples are

the redoxresponsive SoxRS and OxyR regulons in Escherichia coli that induce
separate antioxidant defense responses. SoxRS has-aulitorcluster that is

believed to be targeted by superoxiééated activities and uprelgies several genes
including superoxide dismuta8&2, while OxyR has sulfur switching thiols believed
to be targeted by #D, and upregulates 3. inducible genes such as catafdSe

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 hais® motivated efforts to use mediated

25



electrochemistry to impose redox inputs capable to accessing this nativebeeseaix

information processing machinery.

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

redox machineryo regulate signal transduction. As showrrigure 2.5A, dual

mediators can actuate gene expression from the SoxRS regulon through targeted

oxidation of the irorsulfur clusters of the SoxR prot&nOne of the mediators, the

bacterial metabolite pyocyanin (Pyo), is bedid 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 irFigure 25A shows that asthe electmdd s v ol t age was
increased to be more oxidative, the electrons transferred femdation increased

thus exposing the cells to a greater redox
increased oxidative input resulted in a greater cellular responseaasirad by the

SoxRinducible expression of a fluorescent protein. The electrochemically inducible

SoxRS regulon was then engineered (i.@rogrammed) to produce a QS signaling

molecule that subsequently altered the biological response of a secoratipopufi

cells®. This example illusates how mediated electrochemistry enables controlled

access to biologyés redox signaling modal.i

responses.

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

CRISPRservesdsact eri a6s protective¥.Usmpune syst en
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oxidants actuate biological response

synthetic biology approaches, the CRISPR system has been engineered for a
multitude ofapplications including mammalian cell biocomputfgnformation
storag€®, and antibody production. Recently, an electrically controllable CRISPR
system (eferred to as eCRISPR) was integrated with mediated electrochemistry to
enable extensive intracellular contf8] As depicted irFigure 2.5B, the eCRISPR

genetic system consists of two parts: (i) the redox responsivel&®ed promotor

and, (i) CRISPRbased transcriptional factors designed to silence the expression of

multiple genes associated with the native oxidative stress responsené&uiators,

Pyo and Fcn, were used to actuate the response of theb8sa&& promotor resulting
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in expression of CRISRBased transcriptional factd?d The dovetding of synthetic
biology and mediated electrochemistry offers the unique opportunity to program the
cell s mol ecul ar machinery to be interface

modality (i.e, redox) that is common to bdt%4

In the examples above, we described how electroidaémputs 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,d1.02, HOCI)!%. For instance, as illustrated Figure

25C, electrochemically generated®b (in place of exogenously added mediators)
was used to induce the OxyR regulon through oxidative targeting of the cysteine
residues of the OxyR protéffi. The bacterial cells were specifically engineered with
(i) a cell surface peptide to allow their uniform assembly timécelectrode surface;

and (ii) H202responsive gene expression from the OxyR regulon which was re
programmed to produce a QS signal. This synthetic biology construct thus allows
electrochemically generated®k to locally activate QS signal productiongotuate

the biological responses from two separate surrounding populations Hecé&hés
example demonstrates how precisely controlled electronic inputs can be transduced
into chemicalbased molecular outputs by accessing the information processing

capabilities of biology.

2.5 Concluding remarks

Our dtimate goais to create an electrochemidsdsed toolkit that can be leveraged by

the biopharmaceutical industry to increase productivity and decrease development
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times for antibody therapeuticEhis dissertation i$ocused on the development of
complementary devices that can be used to aid upstream and downstream process
scientists in rapidly characterizingPPs and CQA®f antibody therapeuticdn
Chapter 3we will develop PE&asedhydrogelinterfaces that canebused for rapid
monitoring of antibody titer and dNnked galactosylationln Chapter 4, w will
engineer a -galactosidase nfusioB : protéin that can be used for
spectroelectrochemical detectidn. Chapter 5 we will apply thehydrogel sensor
interfaces to a microfluidic device that is amendable to rapid, low volume monitoring
of antibody product. IlChapter 6 we will use mediated electrochemical probing to
analyze and characterize intgrain disulfide reduction and oxidatiarfi antibodies
regectively.We believe that our worlustrates the potential for developing a redox

based biotechnology toolbox fbroprocessing
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Chapter3Dev el opmentntoefr feakcaessb rfoocrh e mi
-based doeft eacnttiiobnody titer and gly

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

J., Wang, S. , Tsao, c. Y., Tong, X., Wang,
rapidly electroassembleddii ol at ed PEG based sensor interf
interrogation of ant iBibtecdnplogy and Bioengiaeerghg gl y c o s

2021, 118(7), 2742758.

3.1 Introduction

The development process for antibody therapeutics is costly anehtemsivedue 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 goalsinddevelop safand 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

pr odu tcalgualityattributes (CQA) (e.g.,-Nhked glycosylation). Monitoring

and characterization of CPPs and CQAs is exceedingly important as any deviations
can significantly impact the safety and efficacy of the therapéefid > 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, HRh@&sed capillary electrophoresis).
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Analytical tedinologies 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 modélased control. Simple electrochemical

transduction methods are ideal fbis 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 ofline monitoring in bioreacts.

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
aralytical chemistry methods, our interfaces couple electrochemical techniques with
biological molecular recognition elements. As illustrateBigure 3.1A, the

interfaces are based on a thiolated polyethylene glycol (PEG) hydrogethfiiis

rapidly asembled 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 electrdepositionthe hydrogel is submerged in Fc solution and further

oxidized for 2 minutes in order to fAacti

acid groups (SOH as indicated).
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Figure 3.1. Sensor interface construction and measuremenfA) Process to construct ¢
achieve an electrochemical response from the titer and galactosylation detection interf
The electron transfer mechanism to achieve artrelghemical response involved the cyc

of Fc, HRP, and kD-.

The fAactivatedo hydrogels are then abl e
assembly of glycamecognizing lectins) or a newly developed cystdagged 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
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recognition elements and it provides dotilling properties that reduce ngpecific

binding 76:107:108

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

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

anti bodyés fragment crystallizable region.
assembling the cysteinyl at ed-galactose,ei n G, th
Gal b) occupy ma-PEG bmding ek s that the sugat ghoups &ct

as a lectin bait. Then, sugspecific lectins (e.gRicinus communiagglutinin I,

RCA120) are layered on top of the galactosylated and thiolated PEG hydrogel. These
surfaces then provide selective capture of antibodiesdon 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 mechaniszeétiRP,

ferrocene, and hydrogen peroxide@4) as shown irFigure 3.1B 109111 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 re&dbdts

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 andan 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 (Ig&§-11>11¢ We used protein G for the titdetection
interface as it has been welttablished that it can bind the most commonly used I1gG
subclasses for therapeutics development, IgG1 and IgG2, in cell culturéBrdth

We have previously used this protein G:antibody methodology for assembly of
enzymes and cells onto various substr&t€'$’. To incorporate protein G into this
assembly and detection scheme, we introduced 5 cysteine codons intteth@ntis

of the structural gene and expressed and purified the proteirEfraoii. In this way,
because it is expressedHn coli, the proteinG was not glycosylated, which could
otherwise confound subsequent antibody binding. The extra cysteine residues, in
effect, becometagoaandvabvabbdepbpeatially b
based on the formation of a sulfenic acid enabled diubond between the PEG

and the protein ¢?2 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 bBtpplementary Figure 1B).

Briefly, we cultured cells in LB media, induced with IPTG atda> 0.4, and

centrifuged the cells after they were grown overnight at room temperature. The cell
pellets were then resusmlad in lysis buffer, sonicated for 10 minutes, and then
centrifuged to remove cell debris. Thet&minal Histagged protein G was then

purified using immobilized metal affinity chromatography (IMAC). The purified
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protein was confirmed by western blot ahdn 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 interfacs. 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-drm thiolated EG. 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 attachedPtG, thus establishing interolecular

bonds allowing a hydrogel to forfi'?312? The thiolated PEG directly assembles

onto gold through the sulftgold 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 groupsREG, which allows for a significant

level of consistency in the production of the hydrog&lsTha is, the

el ectrodeposition process serves to Aactiyv
acid groups will spontaneously bond with sulfhydryl groups forming covalent

disulfide linkaged®126 After PEG electrodeposition, the hydrogel is submerged in Fc
solutionandfuher oxi di zed for 2 minutes in order
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 immesed in a solution of cysteinylated protein G enabling its assembly
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Figure 3.2. Assembly and characterization of interfaces(A) Oxidation of thiolated PE
enabled theonstruction of the interface®)Fluorescence microscopy of FITC cysteinyli
protein G with interfaceén = 3) of (i) electrodeposited thiolated PEG, (ii) bare gold,
FITC RCA120 with interfaces of (iii) electrodeposited thiolated PEG incubattalatec
Gal b, (iv) bare gol d, (v) electrodepo

the gold surface of the electrode is 3.13mm

throughdisulfide bond formation between the cysteine tag of protein G and the
sulfenic acid groups on the PEG hydrogel (upper pagure 3.2A). The subsequent
topmost protein G layer serves as the detection interface for IgG. For galactosylation
detection, thelectroactivated thiolated PEG surface can be immersed in a solution of

thiolated Galb, which will covalently
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the surface of the hydrogel (lower pdigure 3.2A). Subsequently, immersion in a

solutionconta ni n g R C A bifdihg lectin, aBaav$ for bispecific binding

bet ween RCA120 and thi ol at @aectBGrasurface oft h u s

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
proteinG 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. @ntrols, which included: (iv) bare gold ; (v) an interface with no
thiolated Galb ; (vi) and an interface
fluorescent, as expected. That is, when a component of the completely functional
interface was not presentq(i. PEG or thiolated Galb),
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 surfac 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, thisageature of electroassembling functional

components such as proteins, cellgl ather molecules that are otherwise difficult to

array with great spatial resolutidfi-'?® 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 methodoloty?%*° Importantly, our data

support the conclusion that the interfaces wereessfally assembled when layers

were sequentially formed, and all necessary componentgnesent. 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 proteireaddy, enabling the
interfacesd detection capabilities. I n ot
hydrogel properties could be extended away from the electrode (normal to the

surface) the longer the voltage was applied, demonstrating prograncoabia of

hydrogel chemistry®. While not shown here, we expect thenber of sulfenic acid

residues available for coupling could be electronically programmed.

Next, cyclic volammetry (CV) and electrochemical impedance spectroscopy (EIS)
were used as an orthogonal means to provide physical evidence of interface assembly
using redox probe, Fe(CM)*. For CV measurements, bare gold electrodes for both
interfaces had welllefined, 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 andiacrease 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 formatidft*32 For both interfaces, once the subsequent
protein layer was assembled (i.e., cysteinylated protein G or RJAh2 peak

current responses decreased further, and thetpgadak separation became larger,
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indicating that both proteins were successfully bound to thefA&€fied surfaces.

EIS was also performed as it can sensitively detect changes in impedance through
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Figure 3.3. Electrochemical evidence of interface constructionCV profiles and resulta
bar graphgn=3) showed an increase in pettkpeak separation (indicated by arrows)
decrease in peak currenspwnse for 4) titer detection andB) galactosylation detecti
interfaces. Corresponding Nyquist plots fdaZ) (titer detection andY) galactosylatio
detection demonstrated that layers form on electrode surfaces as evidenced by the ii

thediameter of the sentircular area (indicated by arrows).
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alterations in the surface charge of the assembled interface layers. The Nyquist plots
of the titer and galactosylah detection interfaces are showrFigure 3.3C-D,
respectively. At higher frequencies, the spectra have adsular area that is

related to charge transfer resistancerflRnd at lower frequencies, they contain a

linear portion which is related tiffusion processes. For the bare gold electrodes, the
plots are essentialljnear, indicating that there is minimal resistance to charge
transfer'®2. The diameter of the sernircular area of the spectra becomes larger as

the subsequent protein layers are formed on the surfaces (illustrated by the dotted
arrows), ndicating that Rt has increased due to further impedance of electron
transfert#131.133 |n poth cases, CV and EIS measurements reinforce our conclusion

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

3.2.3 Reproducibity 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 electrodepositifms3 separate electrodes. The
results are shown iRigure 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}*. Across all 3 hydrogel electrodepositions, the charge profiles
were nearly identical (as depicted in the bar graph insert, the averagehfings:

transfer was 1.1 mC -H#.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?®%it suggests that the degree of crosslinking among the

hydrogels was also similar.
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hydrogelelectrodepositions were consistémt3). (B) CV profiles(n=3) indicated that curre
measurements of individually prepared thiolated PEG hydrogels were reproducit
Fluorescence microscopy images and corresponding fluorescent intensity measyrens
of individually prepared titer detection and galactosylation detection interfaces shov

interface construction is consistent.

We also wanted to test whether the current measurements across different hydrogel
preparations were consistent @&valuate, the individually electrodeposited and
Aactivatedd hydrogels were i mmersed in

performed. Results are shownFigure 3.4B. Here, the CV scans of the 3 electrodes
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appear nearly superimposed, indicatingt tthe 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 (&) and reductive (€% chage transferred® from the CV

profiles and found the values to be consistef¥4Q 2 2 4-742; &€= +1/327 ¢ C

+/- 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
Aactivatedo, as in Methods. The -ldbgledr ogel s
cysteinylated protein G (250 eg-lameled or t hi
RCA120 (50 g/ mL ) . Fl uorescence microscopy 1| mag
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 otular 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 electrodesER For both interfaces, the variation in

the intensity across thedividual 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.

42



3.2.4 Detection of antibody titer

We next evaluated the ability of the cysteinylated protein G interface to detect
antibody. The experimental process aneugeis illustrated irFigure 3.5A. The
assembled cysteinylated protein G interfaces were incubated with serially diluted
concentratias of human IgG, washed with buffer containing 0.05% Tw&&to
remove any noispecific 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 Fcgption (located in the hinge region that connects th2 &hd

Cn3 domainsy®. 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.ihtarfaces while
minimizing responas from norspecific binding. The cysteinylated proteirl@s-
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 fo0@ seconds and then 25 uM®} was spiked into the
solutions to achieve the current responses from the cysteinylated praggi: G
protein G:HRP interfaces, shownhkigure 3.5B. In an analogous manner to our
studies with protein G:HRP, we had earlier parfed studies with varied amounts of
H202; 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 steadwailinin 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 interfaaese incubated with IgG
concentrations ranging from 158000 pug/mL, the average of the peak current
response linearly increased with the concentration of Ig&QR8). Importantly, this
linear range for the interface is appropriate for many antiboagkatics produced

in mammalian cell lines such as Chinese hamster ovary (CHOYEEl$2 That is,

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

(note the 1000 eg/mL vs. the 2000 e€g/ mL re
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Figure 3.5. Detection of antibody titer. (A) Schematic illustrating the experimental se
Upon addition of HO,, an electrochemical response that can be correlated to at
concentration is achieved. (B) Representative current responses from each IgG conc
evaluated by the titer dattion interface. (C) A linear concentration dependent resy
ranging from 15.61000 pg/mL of IgG, was achieved. Each point represents the a

current response from 4 individual titer detection interfaces.
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deviation of the negative control, we found that the lower limit of detection was 88

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

batches ofndividually 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 thaspecific binding from

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

of nonspecific binding is likely attributed to the afbiuling properties of PEE®,

Overall, these data support the interfaced

support of antibody production and separation operations.

3.25 Detection of antibodgalactosylation

The selectivity of the gal ageninatseigy| ati on det
oligosaccharides was then evaluatédure 3.6A depicts the experimental process

and setup, which was performed in an identical manner as the titer stucies.ab

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

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

The antibody glycoforms we used to interrogate the selectivity of the intéydiace

glycan patterns of GO, GOF, G2, G2F, and S2G2, whicdeseribed inrable 1and

depicted inFigure 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 actti'*® These antibodyglycoforms were developed in our labs

140141 We chose Galb as a model terminal glyec
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one of the most predominamrminal Nlinked glycan modification$*2. That is,

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

PEG with thiolated Galb. Controls with dif
PEG, no thiolated Gal b) patterds,irtluding aticent | gG
acid capped galactose) were also evaluated. We chose to use the lectin RCA120 for
affinity for Galb terminating oligosacchar
as one binding site is al%®éidbywermccupied by
maintain consistency, concentrations of 1 g/L IgG, 0.1 g/L protein G:HRP, and 25

MM H202 were selected as these conditions helped iataia linearity for the titer

detection interface.

Antibody N-linked Description of glycan

glycoform glycan structure
structure

G2 ome 2 terminal galactoses
om OO -
G2F :\—l ®oan 2 terminal galactoses with
eme a core fucose
GO 5o No galactose
po® HE
GOF o No galactose with a core
e v fucose
52G2 <c-oie smE 2 galactoses capped with 2
e R terminal sialic acids
Legend
- N-acetylglucosamine . Mannose A Fucose
O Galactose O Sialic Acid

Table 1. N-glycosylation patterns of antibodies.Descriptions of the Ninked glycat

patterns of the antibodylycoforms used to evaluate the galactosylation detection inter
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Results are shown Higure 3.6B. As expected, the lecticontaining interface shows

the highest current for the antibody

glyco

and G2F) For antibody glycoforms not cont

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

were significantly lower and relatively similar to one another, indicating that the
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Figure 3.6. Detection of antibody galactosylation. (A) Schematic describing t

experimental setup for galactosylation detection is similar to that of the titer detection ir
(B) Antibody glycoforms used to characterize the interface are shown abov
corresponding bar in the graph. Each baresgnts the average current response fr
individual galactosylation detection interfaces. Statistical significance (p < 0.00¢

determined between groups * and ** using ANOVA: Single Factor analysis.
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interface selectively recognizes glycan

measurements for galactosylatedlamdies, G2 and G2F, were statistically different
than the nofgalactosylated antibodies, GO, GOF, and S22 {.005). Similar to

the titer detection interface, there was minimal response for the controls with no
assembled IgG. This confirms that ther@swninimal contribution to the response

from nonspecific binding of protein G:HRP. We tested this using other thiolated
sugars, RCA120, and galactesapped IgG and there was essentially no signal (not
shown here). As this methodology relies upon a ttedlaugar and its corresponding
lectin, our results suggest that the functionalized thiolated PEG interface could serve
as a platform for other glycan specific, leetiased detection interfaces for
glycoprofiling purposes. Multiple interfaces that detiffierent glycan groups might
then be used in parallel to give a rapid, higfoughput analysis of the glycan
structures that are present on the antibodies. Lectin arrays using different assembly
methodologies are commercially available, often emploflu@yescence 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 galadicse G1, G1F)

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

3.2.6Evaluation 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 1gG spiked into mammalian cell

culturemed a (i .e., Dul beccobds Modified Eagl e
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media components effected the performance of the interfacebation and current
measurement conditions using the interfaces were identical to those in previous
sections, except that tierfaces were immersed in solutions of IgG that were
spiked into either PBS with 0.05% Twe28 or DMEM. Results are shown kigure
3.7. Importantly, inFigure 3.7A, linearity was reestablished for the 1gG spiked in
PBS with 0.05% TweeR0, consistentvith results inFigure 3.5. However, the
average current values kigure 3.7 were uniformly higher than those igure 3.5
even though identical experimental conditions were used. Interestingly, as film
assembly is robust and reproduceable, this sugtiests differences were due to
batchto-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
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Figure 3.7. Evaluation with culture media. (A) Evaluation of the titer detection with I
spiked in PBS with 0.05% Tweé&t0 or in DMEM. (B) Normalized values for all titer detec
interface measurements. (C) Gatmylation detection interfaces with 19G spiked in PBS

DMEM. Each point and bar represent the average current response from 3 individual in
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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 1gG. We next superimposed all data for
antibody titer inFigure 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 galactosylatiodetection 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 ddizate that both of the

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

3.2.7Regeneration of interfaces

Finally, we wanted to investigate whether the interfaces could withstand surface
regeneration with the intent Ingj to test whether they could be used for more than a
single measurement. After several experiments and in concordance with the literature
146148 e 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
manyproteinantibody 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 (topFigure 3.8A-B, after initial measurements of
samples containing IgG (2 mg/mL IgG for titer detectiomd/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 washesade
additional control measurements (adde#) 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) shéwguine 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 umg 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 pean@ddded signal
transfer was rapid (within secos)dand 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 fiacubation 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. ldistesviations were likely due

to random errors associated with theise 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 abtained
DMEM and PBS noted above. BupplementaryFigure 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 dtained 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 noate limiting in the analysis (Figure 7b). This was unexpected
given that the manner of binding of RCA120
norntcovalent. To investigate further, we used fluorescence microscopy with FITC
RCA120 after regenerating tkarface SupplementaryFigure 4A). A strong

fluorescent signal was retained (although, as expected, there was an observable loss
compared to prevash) suggesting that a significant quantity of RCA120 remained
bound to the interface. We-svaluated the staces with both CV and EIS. Results
shown inSupplementary 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 (SupplementaryFigure 4B) and EIS Supplementary Figure 4C) profiles
without the thiolated Galb and there was a
hydrogel. We suggest that these results might provide insight regarding the retention

of galactose binding activity after regeneration, as nabede inFigure 3.6. We had
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found that the addition of DMEM did not decrease detectiayatzfctosylation, while

the titer measurement had dropped in half at the highest concentrations tested. We
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believemedia 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 Galb, this atten
studies would be needed tdostantiate 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
antibodybased measurements, potentially providing significant benefits to antibody
development and production processes. Moreover, we had not anticipated RCA120
binding to theiolated 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 beamenable 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
cysteinetagged potein G reagent that was expressed and purified Eoooli (it has

no glycosylation). This cysteifiagged reagent, when coupled with the thiolated PEG
interface, enables versatile functionalization of the surfaces in that antibody assembly
and near rddime 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 hey 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 drtime 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 Labmstor

(Burlingame, CA).ZT hi oe-Gaybhcbopyranoside (thiolated
from Sussex Research Laboratories (Ottawa, ON Canada). Immunoglobulin (IgG)

from human serum, SILU Lite SigmaMADb, and protein G:HRP conjugate were

purchased from Millipor&i g ma ( Bur | i +Fgrbcenedimettahgl (Fc) 1, 1 Nj

was purchased from Santa Cruz Biotechnol og
55



Eagle medium, high glucose, HEPES, no phenol red (DMEM) was purchased from

Thermo Fisher Scientific (Waltham, MA).

3.4.2PEG 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 pliatiwire

(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 fHactivate
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 . Hydr ogel el ectrodeposition and s

individually for eat electrode preparation.

3.43 Assembly of interfaces

For the titer detection interface, the PEGated electrodes were individually

immersed in cysteinylated protein G (250 ug/mL in 0.1 M PBS, pH 7.4) overnight.
After 3 rinses with wash buffer (0.1 M PB&05% Tweef20, pH 7.4), the electrodes
were sequentially immersed in IgG (diluted in 0.1 M PBS, 0.05% T\26epH 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 totgin Acgo 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 protein58 (@/mL in 0.1 M

PBS, pH 7.4) was used. Prior to use, cysteinylated protein G wasl&b&{led using

the FluoReporter FITC labelling kit (Invitrogen; Waltham, MA) following

instructions from the manufacturer. For the galactosylation detection intefface,
PEGcoated el ectrodes were individually i mme
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), anibody 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 protgin A

measurements. For thedrescence microscopy study, FITC RCA120 was used.

3.44 Electrochemical and fluorescence evidence of interface assemblies

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
measurements were taken using a CHI6218ctrochemical analyzer (CH

Instruments; Austin, TX). The measurements were performed witlec8ode

system containing bare gold or interface assembled electrodes (working electrode), a
Pt wire (counter electrode), and a Ag/AgCl reference electrdaiehwvere immersed

in a phosphate buffered solution (0.1 M, pH 7.0) containigleeKCN)}/ KsFe(CN)

(2 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 malpotent
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).
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3.45 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
Aactivationo, CV sdOwOSVarescanraeefl0b¥/simed fr om
solution of Fc (0.5 mM, diluted in phosphate buffer). For interface reproducibility,

titer and galactosylation interfaces were individually assembled with FITC
cysteinylated protein G50Dd5@ gd gnLmL asamac Sle
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 meamtansity values

of the images.

3.46 Titer and galactosylation detection interface measurements

Measurements of the current response from the interfaces were performed with the 3
electrode setip (same as above) using a CHI1040C electrochemical andyH
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 uM
H2>0. 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 describéeff.
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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 1IgG from human serin @L) that had

been diluted with 0.1 M PBS or with DMEM. @Gatosylation detection interfaces

were incubated in SigmaMADb (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 (@)L 4/l 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.

3.48 Interface regeneration studies

To evaluate regeneration, the etdton interfaces were assembled with 1gG 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 interface when washed with 0.1 M acetic

acid, 1 M sodium chloride, pH 2.8 (3 washes, 15 minutes ¢askjp IgG and

protein G:HRP from the surfaces, leaving only the detection proteins (i.e., protein G
or RCA120) conjugated to PEG surface. Current measurememneé 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 rebinding of IgG and protein G:HRP to the interface surfaces.
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Chapter4Engi neering and chabacteri z
gal actosi das-emofilat asal ybhimaltapp

This chapter was reproduced, with permission, from the publication: Motabar, D.,
Wang, S., Tsao, C.Y., Payne, G.F., Bentley, V.. r 0 t e ialactosidase fusiog
protein for multi mo dBiotechhoiogy ®mogrds®022i cal appl

38(6), £3297.

4.1 Introduction

In applications that span clinical and biotechnological or manufacturing settings,
immunoglobin G (IgG) is an importantdainalytical 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.(&bQISA, histochemical,

etc.) and therapeutic IgGs are a laage growing segment of the biopharmaceutical
market. Protein G frortreptococcuss often used for IgG detection as it has high
binding affinity to the Fc portion of both mouse and human®y&>

Correspondingly, protein G is often linked to a reporter enzyme which produces a
response (e.g., colorimetric, lungiscence, etc.) that can be correlated to IgG
concentration. In our previous wéfkwe showed that an electroassembled IgG
capture interface comprised of thiolated polyethylene glycol (PEG) and a
cysteinylated covalently cougd 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 intecawas used to assess IgG titer in various
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bi oprocessing sampl es. Tdaltactacg)ddhe @trt
expressed and purified froEscherichia coliis also useth cellular and

biomolecular applications and for decades has been a gold standard for localizing and
assessing biomglaéctiluactfiowmst bynhyf@dr ol yzing
galactosides into monosaccharittésn many assays, this enzyme is used with the

chromogenic substrate, ortmitrophenytb-galactoside (ONPG), which is cleaved to

produce a colorimetric resporie Analogous substrates enable detection at various
wavelengths and via fluorescemt®®. Addi ti onal | y ,-gal@andd ogous t
used to produce an electrochieah response through the cleavage -#mino-phenyl
b-D-galactopyranoside (PAPG) yielding redox activarnpinophenol (PABY&162,

We constr uct eadfusion protentthatican beGused for analytical
applications i nvol vi ngalexhpitsactivitytowardsmant | y, b
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 expressedHn coliand, owing to the inclusion of a hexahistidine tag

at itsN-terminus, rapidly purified using immobilized metal affinity chromatography

( I MA Cgal.provides a significant benefit compared to other reporter enzymes (e.g.
horseradish peroxide, HRP) which involve more complicated electron transfer

schemes as thaften employ both a substrate and a redox mediator in order to

enable an electrochemical respohisé®2  Wh-gdl agtivify is associated with its

tetrameric form®3164 chimeric proteins expressed frd@ncoliare free to associate

into active conformations and importantly, since the protein when expresSedah
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isnot glycosyl ated, its use in evaluating an
facilitated”. Over al | , -galumay sprve@s aeversatileGeportbr in a

variety of analytical applications.

4.2 Results

4.2.1Binding prote n -@al to lgG

As illustrated inFigure 4.1A, a baitprey assay was performed. The #hgged

pr ot e-gahexpBsskd and purified frdi coli(see Supplemental Note 1) bound

the | MAC resin and served as fAbaito. Il g G,
mi xture and bound-preypr ctoenprh e&. whise tfhleai tel
column using imidazole and the fractions were analyze8&Di&PAGE (Figure

41B) . The band cor r e-gap(eleakDa) lgne R)ahepgGot ei n G:
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 eluaige(4)

clearly showed three distinct bands aligning with the molecular weights of protein G:

b-gal, IgG heavy chain, and IgG light chain, respectively. Because the eluate

cont ai ned b egal &nd lge, theése data coBfirm tiat IgG was bound to

thep r ot e 4gal thaf in tum, was immobilized on the IMAC resin. Additional

supportive data is shown BupplementaryFigure 6. We also wanted to
guantitively compare t he I-gplGobbthapdoteng capab
G only control andimilar commercially available reporter (protein G:HRP). For this

anal ysi s ,-gapfroro tivediffarenGample 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: bgal to IgG. (A) Bait-prey assay experimental protocol.

(B) SDSPAGE resultsof baipr ey assay: | add-gal (lafel)algG(lartk) , prot.
3),andbaitpr ey assay eluate (lane 4). Al | anes | oc¢
proteignalG:anld 1 gG in the el wabirds lgth (C) PRt e t hat
experiments indicate that the IgG binding capacity for protein G, protein G: atidRyrotein

G : -géb (two separate preparations) is consistent.

evaluated using surface plasmon resonance (SPR) and the results from the SPR

kinetic analyses are shownkhigure 4.1C andSupplementaryFigure 6B. For

protein G, protein G: HRP, and bottepp ar at i ons -galfwephbsavede i n G: b
strong binding to IgG with all samples having similar equilibrium dissociation

constants (K= 3.56E x 1¢, 1.89 x 1, and 3.34 x 18/ 4.18 x 1, respectively).

I n sum, these r esul t sgaltiedmgaffisity, weeh e t hat pr o
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expressed and purified froBn coli, is similar to the commercially available protein

G:HRP as well as protein G without a fusion partner.

4.2 2 Spectrophotmetric and electrochemical responses

We next wanted t o-gafarctomaltyiimbeth glectrochesmicad G: b
and spectrophotometric settings Aigure 4.2A, ONPG is cleaved to produce o

nitrophenyl (ONP), which generates a yellow color thatéasured by absorbance at

420 nm. For our measurements,6-gab(@%125al |y di |
pg/mL) were spiked with 4 mg/mL ONPG and the absorbance was measured every

15 seconds over ardinute interval. Correspondingly, PAPG was alsbalve d by b

gal but produced-pminophenol (PAP) (lower schemeFagure 4.2A), which can be
electrochemically detected by oxidation tanpnoquinone at the electrode (see

Methods). Here, a bare gold electrode was incubated with serially diluted samples of

pr ot e-gal(3.€125 pg/mL). Next, PAPG was added to the solution,

electrochemical cyclic voltammetry (CV) measurements were taken every minute

over a 16minute interval, and the peak oxidative currents from the CV measurements
(SupplementaryFigure 7A) were recorded. As expected, for both detection

schemes, higher ¢ on-gaproduced stiommger and mdre rgpido t e i n
responsesHigure 4.2B). The data depicted illustrate the rapid responses that are

dependent on protein quantiffhe data irFigure 4.2C (top) demonstrate linearity

for each. Both the electrochemicaPR.00) and spectrophotometric {R0.98)
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Figure 4.1 Spectrophotometric and electrochemical responsesA) Protein G fgal
produces spectrophotometric (top) and electrochemical (bottom) responses using the :
ONPG and PAPG, respectively. (B) Spectrophotometric (top) and electrochemical (
responses

i ncr eas e d-gaconcantrdtioan®{®1t2i50 re gd fmLp)

i ncrease in electrochemical and

S pec tga
concentration. Observed a linear correlatiod ¥B.98) between the spectrophotometric

electrochemical responses (bottom). Valaresbased on the initial rates shown in Figugs.

assays were | inear ov-galtestet 89F5 my/hmL).Thenge of

lower limit of detection for the methods was calculated to be 3@18L
(spectrophotometric) and 19:8/mL (electrochemical). In the lower panel of Figure
2C, we plot he 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

(R?=0.98). The spectrophotometricaride ct r oc he mi c@dlonlyesponses
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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 inSupplementary Figure 7B shows that the is minimal difference between
b-gal and malolasdy, the siGrage stability of the fusion protein was
characterized by performing freeze thaw studies. Results are shown in
Supplementary Figure 7C. P r o t-galinaintded itb spectroploonetric 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 formatg$=iure 4.3A, a microplate

with high protein binding wells was incubated overnight with serially diluted 19G

(0.16-5 pg/mL). After washingtoremovenenpeci fi ¢ bi ndalng, prote
(0.0010.19/L) was added and allowed to incubate for 1 hour. ONPG was then added

and absorbance (I = 420nm) measurements were telgmrd 4.38). As expected,

both 1 ncr eased -ghlgoBcerdratidns gesulted ie higher i8spdnses.

Our results, which shw saturation at IgG concentrations above 1 mg/mL, suggest

that there was significant and perhaps excess binding capacity for additional protein

G : -gdb. We note that IgG has two protein G binding sites on its Fc region. This

allows for increased bindingep IgG and perhaps these additional sites become
increasingly occupi edal akintohpositive cooperatisity.d pr ot e
The saturation phenomena was confirmed by replotting the data in a Lineweaver

Burke type plot SupplementaryFigure 8).
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4.2 4 Evaluation using a hydrogel detection interface

Lastly, we wanted t o de mongltwheatsedinah e
electroassembled sensor format. We first created a setsdace directly assembled
onto sensing electrodes via electronic signals, as describedatameethen used the
same electrode to assess IgG level in a complex sample. This electroassembly
methodology enables spatially aefd functionalization of electronic surfaé®s®>
Figure 4 4A illustrates the configuration and use of the interface. Here, an initial

layer of a thiolated polyethylene glycol (PEG) is electrodeposited as aliciass

capab

hydrogel onto the surface of a gold electrode by applying a charge in the presence of
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aredox mediator (ferrocené$®. While previous efforts have assembled
polysaccharides such as chito$4t®, the use of thiolated PEG here minimizes-non
specific binding of various contaminants to an electioaiged senstl 1% The PEG

is crosslinked by the oxidae coupling of PEG thiols into disulfide bonds. The
electroassembled hydrogel is then overlayed with the recognition elemetagggsl
protein G’% whose cysteine tag engineered onto i@inus allows it to

covalently bond via disulfide bonds under an additional oxidative charge to the
electrode (some thiol groamf 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 inteat%17? To measure

lgG, the detectin interface was then incubated with IgG (serving as the analyte) and
pr ot e-galof Bis wolk (serving as the reporter). ShowSupplementary

Figure 9A, circular interfaces were constructed, functionalized with protein G and
IgG and then FITC labeld p r o 4gat was all@veddto bind. The near uniform
green color suggests near uniform binding (see Methods). Then, with constructed
interfaces and using identical incubations in 1g&1(@00 pg/mL; 6 6.7>M) and

pr ot e-gal(0.E:g/L;0.08M), 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 ssc@upplementary Figure 9B).

For spectrophotometric evaluation, the interfaces were incubated in ONPG for 5
minutes at 37°C and the absorbaneese measured. The averaged peak currents and

absorbance measurements at 5 min, respectively, were then dépleigure 4.4B.
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For both modalities, the results indicate that the electrochemit=0.@®) and
spectrophotometric )0.97) responses were robust and linear over a large
concentration range of IgG-I000 pg/mL). The lower limit of detection was
calculated to be 44g/mL (electrochemical) and 12§/mL (spectrophotometric).
This range of detection is significant for tapeutic IgGs which can have wide titer
range depending on the prodiiét’* measurement ranges for IgG can be optimized
by performing appropri at ealthensuwetthatathes of | gG
response is within the linear range of &ssay. Importantly, these results also
confirm thatboth spectrophotometric and electrochemical modalities can be
facilitated within the same electrode assembled assay system, providing both
redundancy and independent confirmation. Controls without cytdésa protein G,
pr ot e-gal, or®G arb shown iBupplementaryFigure 9C for both the

spectrophotometric (left) and electrochemical (right) modalities. In sum, our results

(A) - (B)
- - . 0.25 2.0E01
; ;%1 Addition of Spectrophotometric -
protein G: p-gal \ ‘ ONPG or or electrochemical 02 2t L
lsG | PAPG measurement R =099 7%
0.15 ) /,’/ b 1.2E01

=
e

Cysteinylated
protein G

0D420 [nm]
Current [pA

7’: JRZ =0.97
A . r 8.0E-02
L

0.05 § r 4.0E-02

p

.
oD
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’
¢
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T T T 0.0E+00
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Figure 4.3. Evaluation using a hydrogel detection interface(A) Sensor interface wi
protein Gb-gal asthe reporter produces spectrophotometric and electrochemical outp
can be correlated to the concentration of IgG in a sample. (B) Observed
spectrophotometric (®0.97) and electrochemical ##0.99) responses across

concentrations (n=3).
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confirm t ha t-gatfusien pmtein darebe nsed@a accirately enable

guantification of IgG in a variety of settings.

4.3 Discussion

We devel op e d-gabfusiprrpoteie that endbles bbth solutimsed and
electrodebased spectrophotometric and electrochemical assessment of IgG. Its
substitution for protein G: HRP simplifies the electrochemical assessment of IgG titer
descrile 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 incell 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 arelectrochemical measurement, as added redundancy. We
suggest that tdalevill exeand upon the amalytical Golkit by

providing sensitive, linear, and rapid muttiodal responses.

4.4 Materials and Methods

4.4.1Construction and expressio of pr-gaein G: b

The progaln Er ob e i-gal or®y canstrucys weracnedtedusing
standard cloning methods (See Supplemental Notddterials such ag-Amino-
p h e n-p-yaladiopyranoside (PAPG), ortiNitrophenytb-galactoside (ONPG),

and human IgG from serum were purchased from Millipore Sigma (Burlington, MA).
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4arm PEG thiol was pur c ha s-EBedrocénedonethasiok n Ka m ( |

(Fc) was puchased from Santa Cruz Biotechnology (Dallas, TX).

4.4.2Bait prey assay

Abaitpr ay assay was per f orgaléigdindtolge ¥38jiguat e pr ¢
of puri fi eghl(bat) was added to &1 Epdendorf tube (2 mL) containing

500 pL TALON metal affinity resin (Takara Bio; Mountain View, CA). 500 pg of

lgG (prey) was then added and allowed to incubate for 1 hour at RT. After each
respecti ve i nc waantlg®)mBwaspes weregperformed for 5b

minutes each using 0.1 M phosphlatgfered saline (PBS), 0.05% Twe20. 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-BBG&E gel for 45 min

under 200 V. Experimental controls were alsopemfioe d whi ch i ncl uded: (
onlycontroi n whi ch tbhgealp rwatseiamdd®:d to resin and
added) and, (ii) a Apreyo only control in

el uted ( nbegapr omtaesi na pG:l i ed) .

4.43 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 NHEDC kit from Cytiva Life Sciences and a
BiaCore T200 instrument, also from Cytiva. Flow cell 1 wasté@ as a blank.
Prot ei n G,galpandptotein G:HRE (0 tch500 nM in 120 ul of HBB
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 analjgand complexes was
followed time. The surfaces of the flow cells were regenerated by injecting 15 pl
aliquots of 10 mM glycine, pH 1.5, and the process was repeated. For data analysis,
sensorgramwere 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.

4.44 Spectrophotometric and electrochemicah a r a ¢ t e r-galaetitity on of b

For spectrophotometric detection, prot&n -gab (3.9-125ug/mL) was spiked with
ONPG (1 mg/mL; Km value: 128 a'%%17217§ and the absorbance at 420 nm was
measured every 15 seconds overrmaibute interval. For electrochemical detection,
PAPG (0.5 mg/ mL; Kni*wasaddedtothdsgmer N 0. 7 OM
concentr at i o ral Cyclic vgitamonetry (CW) mEasurements were
performed using a CHI6273c electrochemical analyzer (CH Instruments; ASjin,

with a 3electrode 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 frefril to 0.4 V at a scan rate of 0.05

V/s every minute over a tfhinute interval. The peak oxidative current from the CVs
was recorded and averaged. The lower limit of detection for the responses was
calculated as described previodsiyTo assess linearity, serially diluted 1gG (33.6
pHg/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%-Z®)esmnd

then blockedvith bovine serum albumin (1%) for 1 hour at RT. After washing three

ti mes, p-gabwasadded (G001, 6.01, 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/mivps added to the wells and allowed to incubate for
various ti mes de pgalcothdentrationd4) 6, and b2tmeutes). T6 :
stop the reactions, NaHGQ@L M) was added and absorbance measurements at 420

nm were taken.

4.45 Evaluation using a hydrogel detection interface

A thiolated polyethylene glycol hydrogel interface was electroassembled as described
previously?’. Briefly, the interfaces were constructed by immersing the surface of a 2
mm dianeter 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 potdial 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 PEGcoated electrodesere immersed in cysteinylated protein G (250 pg/mL in

0.1 M PBS, pH 7.4) overnight. After 3 rinses with wash buffer (0.1 M PBS, 0.05%
Tween20, pH 7.4), the interfaces were sequentially incubated in serially diluted
concentrations of IgG (@ 0 0 0 € gd mp ) o egel (0101 gi), redpectively,

for 1 hour at room temperature. After each respective incubation (IgG and protein G:
b-gal), 3 washes were performed for 5 minutes each with 0.1 M PBS, 0.05%-Tween
20. Current measurements were then perforns@tjLconstant 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 curcentthe 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
measurerants at 420 nm were taken. The lower limit of detection for the responses

was calculated as described previotfSly
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ChapterGAppl i cayvydoogeidomtrer f aces

mi crofl uidic device that enabl

5.1 Introduction

In biopharmaceutal bioprocessing, a key goal i3 tnaximizeproductivity and
process performanc&o achieve this goal, it is critical &xquire sufficient dtain
order tohave a complete understanding of procestablesand product quality
attributeswhen developindpiopharmaceutical products, such as mAb therapeutics
However this can be challenging dueltmited time,high costs, anthe complexities
associated witthe producend the production procesehus, b improve process
understandinghere is a need fancreasd efficiency of analyticalmonitoring

techniques.

More recentlyminiaturizeddevices, such asianofluidic with integratedsensors
have shown applicability fasn-line andin-situ monitoringt’®’” Microfluidics with
integratedsensordave seeral advantages as compared to more traditioffidat-
line anaytical technologiesMicrofluidic devicestypically have low sample volume
requirements andllow for multiple, simultaneous measuremeastsch lowers the
time and costs associated with therapeutics produdtrgrortantly, microfluidicsare
amenable to nitiplexing whichenablesanalysisand controbf different process
parametershus increasing throughgtit. Additionally, thes deviceshave greatly
benefited from advances in 3inting technologyvhich has allowed them tae

produced relatively quiciland at lowcost,making them ideal for singlese
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processeslhe development and application of microfluidic sensor technology is
especiallyimportant for process analytical technology (PAT) implementtion
Microfluidics with integrated sensocanquickly acqure high quality, information

rich datawhich can enable greater indepth of understanding of production process.
Devices can be integrated with a variety of sensor types (optical, fluorescence,
luminescencegtc.) howeverglectrochemical sensoaseespeciallysuitable for PAT
implementation as they allofer easy connectivity to electroniasd control

systems”.

Previously, we havdemonstrated the creationasf electrochemicabased hydrogel
interfacefor detection of antibody titgreferred to as the titer detection interfattet
can bedirectly assembled onto sensing electrodes via electronic signals, as described
beforé’. Thehydrogelinterface is constructed by first electrodepositinayar of a
thiolated polyethylene glycol (PE®)hich forms acrosslinked hydrogel by applying
a charge in the presence of a redox mediator (ferracEhegledroassembled
hydrogel is then covalently linked to a cystetagged protein G construathich
serves as the recognition element for IgfGour previously published work, the titer
detection interface wanstructed oeommercially purchasegbld electrodes which
required manualinterface construction andeasurementWe believe thathe
applicability of the interface as a process developmeihtididoe further improved
whenintegratedwith a microfluidic deviceahat is amenable t@pid, bw volume

sampling with potential for automation.
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Here, wedemonstrat¢he successful integration tife titer detection interface with
3D-printedmicrofluidic device First, © improve adaptionf the sensor interfacdsr
commercialization, weptimized process stesr constructiorof the interfacesnd
measurementfdgG. Next, weconstructedhe sensor interface&s an8-channel
microfluidic deviceand evaluated the performantée believe thathe integrated
devicecanbecomea platform procesthatis amenable to eline sensing and can

improve bioprocess monitoring and control

5.2 Results

5.2.1 Optimization of sensor parameters for commercialization

For optimizationof sensor constructionve wanted to determine the number of
steps required to construct the titer detection interdacéd be decreaseth our
previously published wofk, the interface required two steps émnstruction{1) the
electrodepositon dhiolatedPEGonto the electrode surfaead (2) incubationof

the PEGmodified surfacen cysteinylated proteit. We evaluated ithe twostep
process could be reduced to a-step procesby electrodepositinghe thiolated PEG
and cysteinylated protein G simultaneousligis would significantly improve the
time and effortrequired for interface constructiolm parallel, we alsevanted to
evaluate whether we could improve the binding efficiency of cysteinylated protein G
by charging the location of thex-cysteine tag on theonstruct.In our prior

work8”:178 the5x-cysteine tag on protein G whsated orthe Gterminus of the
construct as illustrated irFrigure 5.1A. Based on analysis of the bindiage and

previousliterature’®, we typothesized thathangingthe location of the tag to the-N
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terminus could improve binding efficiendye to the location of thgG binding site

relative to thecysteinetag

(A)

N-terminial cysteine tagged protein G

N-terminus

5x- Cysteine tagH 6x-Hisitdine tagH

protein G (3

repeats)

C-terminial cysteine tagged protein G

protein G (2

N-terminus
repeats)

6x-Hisitdine tagH

(®)

(B)
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Figure 5.1. Optimization of titer interface construction. (A) Design for the Nand G

termirus cysteine tagged protein G constructs. (B) Schematic illustrating the 1 vs.

electrodeposition processes. (Gje&€Zminus cysteine tagd protein G with 1 step deposit

displays the highest linearity $R0.98) across sensor configuratigns4).

78



In order to investigate both optimization parameters, we constructed a variety of titer
detection interfaceas follows (i) C-terminus tag, &tep deposition, (ii) Nerminus
tag, 2step deposition, (iii) @erminus tag. Step deposition, and, (iv)-drminus

tag, kstep deposition. As illustrated Figure 5.1B, for two-step deposition, thiolated
PEG was firselectraleposited for 1 minute onto a bare gold electrode. The PEG
modified electrode was then incubated in cysteinylated protein G (either witbra C
N- terminus cysteine tagJ.o construct the Nerminus cysteine tagged protein G,
standard cloning techniqgue®re useand are further described Supplemental

Note 3. For onestep deposition, thiolated PEG and cysteinylated protein G (either
with a G or N- terminus cysteine tag) were mixed in a single solution and
electrodeposited onto a bare gold electrodd farinute After interface construction,
all interfaces were incubated arange ofgG concentrations (A g/L) and protein

G: HRP(0.1 g/L), respectivelyCurrent measurements were taken and peak current
values were averaged and plotted. Results argrshoFigure 5.1C. We found that
C-terminuscysteine tagged protein G construct coupled wiith step deposition
processad thehighest current responsasd had the best linearity 380.98)across

all combinations evaluated.

We alsoevaluated shorter incubation times for the analyte (IgG) and reporter (protein
G:HRP) to lower the time to results using our detection method. lesbablished

method the standard incubation times for both IgG and protein G:HRP were 1 hour,
respectivelyTo evaluatdower incubation timgswe first constructed the titer

detection interfaces using the optimized procedure from the previous seestep 1

deposition and @erminus cysteine tagged protein G. After interface construction, we
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Figure 5.2. Optimization of incubation times. Incubation times were varied (15, 30,
60 min) for IgG (1 g/L) and protein G: HRP (0.1 y(b=3). 30 and 60ninute incubatio
demonstrates the highest current responses and most optimal signal to noise rati
(n=3).
incubated thénterfaces in IgG (1 g/L) and protein G:HRP (0.1 glVe evaluated 3
differentincubation times: 15, 30 and 60 minut&s shownin the plotand
corresponding tabjehe60-minute(current standard) incubation produced tiighest
current response and tlmvest Signal to Noise (SNRWhereas, the 15 minute
incubationhad the least optimal SNR.Q). We chose to move forward withd 30
minute incubation time as signtificantly decreasabe incubation timé50%

reduction)while maintaimng an acceptablENR (3.1).

5.22 Integrationof sensor interfacewith a microfluidic device

After interface optimization, wanted to integrate the titer detection interface with

the microfluidic desigro enable rapid, lowolume samplingThe published sensor
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(A) 20m

Electrochemical sensing region

25 mm

(B)

Figure 5.3. Microfluidic device design (A) Device is assembled with a 3inted housin
with all fluidic channels and patterned electrode chip with desired conductive materi
gold or ITO) (B) Device is fit into a connector (made of ginted holder with sprir
connectors) to allowdr ease of connection pump system and to electrochemical analy
has the potential to allow for full automation of the process. Device design, printir

construction was performed by Ch¥n Chen.

constructiorusedcommerciallypurchasedbare gold electroddbat were not easily
amenable to microfluidic applicationBhe schematic irFigure 5.3A describe the

designand dimensionsf the microfluidicdevice Thedevicehas 8individual
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electrodechannels that are constructagidndium tin oxide [TO). The total volume
necessary fomeasurement with thaevice is approximately 154L. Importantly, he
deviceincludes locations for the use af Ag/AgCl reference electrode amadPt wire
counter electrode that are needed for tedeBtrode setip. As shown in the images
in Figure 5.3B, additional to the device, a connecter was developedhkalevice

plugs into and allow$or quick and easy connectionda electrochemical analyzer

(A)

1. Assemble sensor: Electrodeposition of PEG-SH mixed with either: 2. Measurement of IgG: Incubation of IgG and protein
cys protein G (titer) or RCA120 (galactosylation) in microfluidic device G:HRP to allow for electrochemical measurement

=
PEG-SH RCA120 5
oSS 1step :
T : — deposition
T *] cys protein G

SiH Microfluidic device

H202 addition

(B)

i i Langmuir isotherm
1000 mg/L
3.E-07 o w250 mg/L 0257 ¥=0.19*X/(103+ X)
m— 62.5 mg/L
— 0mg/L T 0.204 R?=0.96
< S
e 2E07 = 0.15
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£ 2 0.10
() =
107 - O o5
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Figure 5.4. Measurement with integrated device(A) Schematic illustrates the step:
produce a titer measuremerB) (Measurements taken with IgG (concentrations of O,
250, 1000 mg/L) and protein G: HRP (0.1 g/L) with thegnated microfluidic housing a
ttier detection sensor. Current responses from chanastsconsistent, rapid, al

reproducible(C) Averaged responses can be fit with Langmuir isotherm model.
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andapump systemThe deviceand connector were botlesigned an8D-printedin

our labsby ChenYu Chen

To construct the titer detection interfaee first injecteda mixture of.thiolated PEG
and cysteinylated protein @&{terminus taggedjto the device and plugge¢kde
device into the connectoiNext, apotential of 0.8V was applied for 1 minute to
electrodeposit the sensor interfaces onto the device chahoesmove any non
specific binding, thehannelaverewashed PBS,0.05% TweefR0) for 10 minutesat
20 RPM To evaluatethe integratd device performance, wejecteda range ofgG
concentrations (OLg/L) and protein G:HRRO.1 g/L)andincubatedor 30 minutes,
respectivelyFor measurementa solution ofFc (0.5 mM)was flowed through the
channelauntil the baeline was flat and themas switched to a solution of Fc (0.5
mM) + H0> (100uM) to generatemelectrochemicalesponseThen, the
measurement waepeated to generate a secogglicate response using the
integrateddevice.The current responses are pictureéigure 54B. As can be seen
in the plot all chamnnetesponses were rapid, consistemd reproducibleThe
responses from baseline wéhenaveraged and plotted as showrrigure 5.4C.
Theresponses relative todh IgG concentratiomere then modelled with a
Langmuir isothermand showed goofit (R>= 0.96).Theseresults demonstrate that
the integrated device has the potential to be usemdasuringprocess parameters

(i.e., antibody titer) in bioprocessing settings.

83



5.3 Discussion

We have developedcantegrated microfluidic device that can be used to
electrochemically interrogate antibody tité/e first optimizedhetiter detection
interfaceconstruction and measurmemiiich resuted ilower analysis time and a
less complex fabrication of the sens®pecifically, we determined that thimterfaces
can be constructed in a single, rapid stegwe loweredthe incubation times of the
analyte and reporter proteites 30 minutes, respecitvelWe nextdemonstrated #it
themicrofluidic deviceis amenable tintegraton with the titer detection interface.
The integrated deviogetectedh range of IgG concentrations and the responses were
modelled by a Langmuir isotherm. Hature experiments, gareplaming to

evaluatea lowerlgG concentration rang®etween 016 ug/mL) to determine ithere

is a linear response regiove are also planning to evalugt¢éhe microfluidic device
can be integrated withsensor interface for galactosylatimilar constructions to
titer detection interfageWe also plan to perform lifetime studies to determine if the
interface surfaces can be regenerated anduters more than onckastly, further
improvements that llw for full automation osampling and measuremegmntocesses
with themicrofluidic sensors will improve product quality consistenog make it
more attractive for oine monitoring consistent witPAT. Overall, we believe that

this device can serve astandardizeglatrform for electrochemical sensors
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5.4 Materials and Methods

5.4.1Materials

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 ( Bur | i {egrocenedimetiahgl (Fc) vas pughased from Santa

Cruz Biotechnology (DallasrX).

5.4.2 Optimization of interface parameters

Forevaluation of cysteindagged protein G, titer detection interfaces were
constructed as previously describedfter thiolated PEG electrodeposition, the
disulfide-linked hydrogelswere incubated in either-@r N-terminus tagged protein
G (250pug/mL). Next, the fully assembleder detection interfaces were incubated in
IgG (0-1.5 g/L)and protein G:HRP (0.1 g/lat room temperatur@ he incubation
times wereeither15, 30 or 60 minutesespectivelyBetween incubations, interfaces
were washed with wash buffé?BS, 0.05% Twee0, pH 7.4)3 timesfor 10

minutes eachvieasurements of the current response from the interfaces were
performed with the &lectrodesetup 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 O1'd.gererate a response, 21 H20-

was spiked into the solution. The change from baseline was recorded and averaged.
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5.4.2Integrationof sensor interfacesntomicrofluidic device

For construction of titer interfaces on the microfluidic devicsglation ofFc (25
mM), PEG thiol (50 mg/mL) an@-terminus cysteine taggguioteinG (250 pg/mL

in 0.1 M PBS, pH 7.4)was preparednd njected into the microfluidic devigeising
the device injection port)nterfaceelectrodeposition occurred for 1 moite at a
constant potential of 0.8 Msing aCHI1040C electrochemical analyz&fter
electrodepositionthedevice was connected tgaristalticoumpsystemandchannels
werewashed withwash buffer (PBS0.05% Twee20, pH 7.4)for 10 minutes at0
RPM. Theintegrated deviceserethensequentially incubated in serially diluted
concentrationsof IgGf@ 0 00 € g/ mL ) agal (D.0pg/Lp tespectivelyG :
at room temperatur®r 30 minutesAfter each respective incubati@igG and

pr ot e-gal),th&chanbels were washed with wash buffer for 10 minute3 at
RPM. Current measurements were then performed using constant potential
amperometrySpecifically the devices were run under an applied potential of 0 V
andFc (0.5mM) was pumped &0 RPM until a constant baseline was achieVied.
generate a current response, the pump was then switchedltdian ofFc (0.5 mM)

and HO> (100uM) and theresponse from baseline was recorded
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6.1 Introduction

Oxidation and reduction (redox) reactions play a pivotal role in maintaining
physiological processes such as respiration and metabotismglleas in combating
infection and diseas®. Redox active molecules, including reactive oxygen species
(ROS) modify an array of biological molecules, including DNA, proteins, and ljpids
guiding their function both reversibly and irreversily Oxidation of cysteine

residues, for example, influence functions as diverse as garsetiption®?184to
immunity*®>187_ Interestingly, altered redox state of biomolecules can be both
beneficial and detrimental, depending oe tdontext®® That is, the redox state of
biological molecules is not static, it s 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 eaen Xray scatteringand these

typically follow electrophoresis and chromatography. These methodologies preclude
spatiotemporal assessment of function. They do not convert molecular information
into a readily usable foratin a convenient, rapid, setige, and spatially resolved

manner.

Mediated electrochemical probing (MEBR) methodology that leverages electrodes

and redox mediatoffer easyrapid and sensitivénterrogation othe redoxbased
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biological informatioras has beepreviously demonstratét!®1°L As illustrated in
Figure 6.1A, with MEP, useicontrolled, electrochemical input voltages can be
applied to biological molecules to decode molecular level details. An information
rich, electronic output signal is generated whiah be quantitatively assessed using

simple data analyti€&%

We highlight the utility of MEP by characterizing the redox state of monoclonal
antibodies (mAbs) specificalliNISTmAb reference materialherapeutic antibodies

are important biopharateuticals based on their role in human health (therapeutics,
diagnostics) and in financially supporting US industry. Throughout their development
and manufacture, mAbs can undergo rebdaged modifications, primarily interchain
disulfide bond reduction anethionine oxidation, which dramatically affect

therapeutic efficacy, quality, and safétj?>1%%

As illustrated inFigure 6.1B, antibody reduction is a common upstream

bioprocessing issue that has been observed both in the bioreactor and during
centrifugal harvest*>. Reducti on of the antibodyos
molecular weight form (containing free sulfhydryl groups) impacting product

stability, bioactivity, and downstream process perform&riée 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 proffe¥® Redoxbased modifications are

closely monitored to ensure optimal productionjgrdtsafety, and Food and Drug
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(A) Mediated electrochemical probing

Input voltage Molecular structure Output signal Data analytics
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(B) Antibody reduction and oxidation during bioprocessing
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Figure 6.1. Mediated electrochemical probing to detect mAbvariants. (A) ) Mediate(
electrochemical probing (MEP) is an electrochemical method which can be used to dis

redox state of biological moleculed) Process development can lead to the producti

mADb reduction and oxidation variants.

Administration (FDA) approvaf’.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 protfié§on

specifically those that allow for rapid, sensitive, and corerémmeasurement. These
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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 measusamsag

electrodes are ideal for this purpose as they enable sensitiveeaktme

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. Usingelectrochemical methodsd redox mediatorsve abstracted a
number of stati st i cVdelguantitattvelysassessdddea bl e Af eat u
molecular features of NISTmAb amdtommercial product, durvalumabsing

precisely measured electronic curganhich provideddetailed evaluation of mAb

redox state. Assessment of mAb reduction (disassembly into mAb finégme

requiresa small number afamplesandworks 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 thefeveeesurface

exposed mehionine residuethat react with oxidant hydrogen peroxitfe9-2°° MEP

still enabled their assessment. We believe that this work demonstrates that MEP can
be a valuable method in the analytical toolkit for evaluating rddsed quality

attributes of biological moleculesspecially mAltherapeutics.
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6.2 Results

6.2.10rthogonal confirmation of antibody reduction and oxidation

In this work, we demonstrate tHdEP can be used toharacterizethe redox state of
the anti body. General |l y, Iyceéldctnophoréss (CE)s say an
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 MHEfrFurt
details are provided in the Supplemental. In brief, reduction protocol for

NISTmAD is illustrated irSupplementary Figure 0A. TCEP (10 mM) was added

to NISTmADb (5 g/L), incubated for 4 hours, and samples were dialyzed into PBS for
further analysisin brief, Ellman's assagSupplementary Figure 0B) confirmedthe
presence of free thiol groups in the reduced sangulexssall concentrations

evaluated (3, 1.5, 0.75 and 0.25 gM)jcrochip CE (Supplementary Figure 10C)
wasalso used tevaluate antibody reduction fragments genera&é&dresults
demonstrated thaeduction was effective as there was minimal intact mAb and high
levels of reduction fragmentenportantly, these data confirm that the reduction

protocol results in antibodydgments which contain free thiol groups.

For oxidationof theNISTmAb (Supplementary Figure11A), 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 anglyi® confirm oxidation of the
anti bodi esd méaderifiedfor NISTENA iIsSapPleMmerasy Figure

11B), LC-MS/MS peptide mapping was performéma brief, theresults
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(Supplementary Figure11C) indicatal that 6 methionine residues (M34, M101,

M255, M361, M431, M4) of NISTmAKhalf antibody)that undergone the oxidation
protocol showed significant levels of oxidation (> 98 %). The remaining 2 residues
(M87 and M32) were only partially oxidizelikely due to the decreasedlvent
accessible areaf those residues as confirmed by 8wvent Accessible Surface Area
(SASA) analysigSupplementary Figure11D). Durvalumab was oxidized using the
same protocolThe LGMS/MS peptide mapping resulfSupplementary Figure

11E) for durvalumak(half antibod) indicated thaB of the5 methioninaesidues

(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 havelergone oxidation.

6.2.2MEP of amino acid cysteine

To demonstrate MEP, we show how cysteine, one of the most important redox
sensitive molecular Aswitcheso in biologic
characterized. When antibodies undergo reduction, the disulfide bordisrapged

and cys btlgroupseare @xpdsddi Our method leverages the exposed thiol

groups to discern when the antibody is reduced. The scheme ([Eiguire 6.2A

describes the proposed reaction mechanism for oxidative redox cycling between the

redox mediator, ferrocene (Fend cysteine usinglEP. In MEP, redox mediators

(acting as electron shuttles) are purposefully added to biological samples as they can

interact with redosactive elements through the exchange of electtéhsWhen the

appropriate input voltage is applied, Fc is oxidized by the elec(Faf®), diffuses

away from the electrode surfa@nd exchanges electrons with cysteirtas redox
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cycling reaction regenerates the oxidized Fe&X) back to the reduced forrfr¢®9)

due to the transfer of electrons from cysteine allowing the reaction to continue as long
as the input voltage is maiimiad. Also illustrated inthe plots (right) ofFigure 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 withthe Fc (80OM) contr ol , the i nput potent
forward (positive) direction which leads to an oxidative peaR{F¢ e+ €) and

then scanned in the reverse (negative) direction which leads to a reductive p&ak (Fc
+d Y [B%). For CC, applicatin 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 wasiaute step

change to an oxidative value whiokidized Fc (+0.4 V vs. Ag/AgCl) and the second
voltage input was a-fninute step change to a reductive value which reduced the

oxidized Fc (+0.1 V vs. Ag/AgCl).

When cysteine (50 €M) was added to Fc (50
dramatically #ered 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, thisuets 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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Mediated probing of cysteine
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Figure 6.2.. Mediated probing of cysteine(A) CV and CCplots of mediatd probing of th
amino acid, cystein€s0 uM), with Fc (50uM). (B) Plots and table describe the reduc

signal metrics foguantitative analysis.

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
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signature pattern that characterizes the health and functioning of th. lréguire

6.2B illustrates the paraners and calculations by which our metrics are defined. For

CV, the oxidative and reductive charges{Qr Qred Were defined as the area under

curve above or below the baseline, respectively. The oxidative and reductive peak

currents ipeak,0x0r ipeak,red Were identified as the maxima in the peak currents,
respectivel y. For Cé&)wastdéfired asxchangainther e c har ge
charge aftertheImi nut e and t he #edewhudefinddassthec har ge ( o
difference between the chargestud t' and 29 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 refed@o by their identifier (metric AG).

6.2.3Determination of antibody reduction MEP

Next, we investigated the ability of MEP to discern between intact and reduced
NISTmADb. As shown in the CV and CC plots 8tipplementary Figure12A, 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 resithes of
reducedNISTmAD. Furthermore, buffer controls for intact and reduced mAb
(Supplementary Figure12B) verified that the TCEP was effectively removed and

that the background responses between the samples were similar. That is, TCEP has

its own electrochemicalignaturé® and these datiustrateits absenceFigure 6.3A
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(A) Varying reduced mAb concentration
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Figure 6.3. Varying reduced mAb concentration and composition(A) Representative C
and CCplotsof intact and reduced mAb at different concentrations: 3, 1.5, 0.75, and 0
(n=6). Corresponding signal metrics plot &@®@C curves. Statistical significance definec
* = p O 0.05, ** = p O 0.01, ns = p >

mAb (3 g/L; n=3): 100% intact, 75% intact/25% reduced, 50% intact/50% reduce

intact/75% reduced, and 100%duced. Corresponding plot of best fit signal metrics.
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shows the results of MEP analysis of Fc (5
relevant mAb concentrations (3, 1.5, 0.75, and 0.25 g/L). As expected, we observed
that the intact mAb response renedressentially unchanged across all

concentrations eWaated. In contrast, for the reduced mMA 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 t@nuation 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 samp&sgoplementary Figure 10B).

We applied the signal metric analy$o establish that we can statistically differentiate
between the intact and reduced mAbs. First, the Mahitney test wasisedto

evaluate if thenetrics for thawo groups are distinct (n=6 for both groug?gsults

are shown in the bar graphskgure 6.33A andSupplementary Figure 13A.

Overall, we found that certain metrics were better able to distinguish the samples,
specifically the rectification ratimetric Q. As shown, metric C showed a

statistically significant difference & **) between allsamples at higher

concentrations (3, 1.5, and 0.75 g/8upplementary Figure 13B shows the results

of simple linear regression analysis; we found that the signal metrics showed good
linearity across all reduced mAb compositiond@®R 0. 95) . ,wealser esti ngl y
found no correlation with intact mAb for nearly all metrics (outliers, mé&),

which is consistent with the earlier result that Fc does not redox cycle with intact

mADb, presumablypecause it hasfall set of disulfide bonds.
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A logistic regession modéf® 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 goodnest ahfl Receiver Operating Characteristic (ROC)
curves with Area Under Curve (AUC) aperalues were used to assess the
discriminating power. The results of the complete analysis are shown in
Supplementary Figure14. At higher mAb concentrations (3, 1.50dal.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 significapel{ie) of theanalysis.

As shown in the ROC plot iRigure 3A, when three metrics were used cooperatively
(metric C, A, and D), the discriminating power of the model improved (AUCH1B.
results with netric C suggested not only discrimination, but concentration

dependace.

We tested the hypothesis that MEP distinguishes between intact and reduced mAb in
mixed composition samples with varied concentration of reduced rA\assess;c

(50 €M) was added to intact and reduced
ratios: 100% intact, 75% intact/ 25% reduced, 50% intact/50% reduced, 25%
intact/75% reduced, 100% reduced (total niéxball samples3 g/L). Representative

CV and CC plots are shown igure 6.3B. As the reduced mAb fraction was

increased, the oxidative y@mnse was amplified and the reductive response was

attenuated, as anticipated. Clearly linear trends were revealed for metrics A and E
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(A) Varying background composition
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Figure 6.4. Reduced mAb in different background conditions(A) Representative CV a
CC plots on intact and reduced mAb (2 g/L) which were diluted in a 1:1 ratio with phc
buffered saline, fresh media, or conditioned media. (B) Signal metrics of correspondi

show that MEP is able to discern between inéact reduced mAb for all conditions.

(additional metrics shown iBupplementary Figure15A). Upon further examination
(Supplementary Figure15B), we found thaMEP metrics can not only distinguisth
intact from reduced mADb, but that results were conaéntr dependent and virtually

all metrics showed linearity across the full range of mAb concentration evaluated.



Importantly, it would expand the usefulness of our methodology if samples can be
analyzed in conditions where interfering components may lseptren

bioprocessing settings, mAbs are often in cell culture media which contains vitamins,
amino acids, and other potentially redox active components. To evaluate, NISTmADb
(in PBS) was diluted in a 1:1 ratfotal mAb, 2 g/L)with either PBS, fresh naga

(AMBIC Basal Mediuml.1), or conditioned media (spdft-Cell Advanced Fed

Batch Mediumfrom CHO cell cultivations). CV and CC plotsigure 6.4A) suggest

that MEP consistently discerned between intact and reduced mAbs in each process
setting.Reductive signal metrics analys&sgure 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 thatamples conditions may impact the magnitude of the
electrochemical responses. For example, the reduced mAb in conditioned media has
lower values for metrics A, and F compared to samples in buffer or fresh media.
Overlayed CV plots of samples with defthbackgroundsSupplementary 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 datargemany experiments
indicating the importance of the mediator concentration, electrode material, and
concentrations of analyteghich will be discussed latdn sum, by quantifying
electrochemicaleatures, calculating metrics, and statistically asdieva their

significance MEP enables rapid and statistically valid assessment of mAb reduction.
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6.24 MEP of amino acid methionine

Similar to the approach above, we first wanted to establish that MEP interacts with
the primary amino acid targeted duringibody oxidation, methionine. For this
analysiswe oxidized NISTmAlby exposure to hydrogen peroxi(feupplementary

Figure 11) which has been shown to preferentially oxidize the solvent exposed
methionine residué®2%%2%* 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 reactimechanism between Ir and methionine
using MEP. When I r (50 €M) is added to
occurs and results in significant amplification in the oxidative response for both CV

and CC methodologies (most notable at potentialseabd V).

Then, when methionine was oxidizedni® methioninesulfoxide) 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 ledar r

cycle with methionine but cannot cycle with oxidized methionine (no electron
exchange). Thisand the relative paucity of methionine residwso 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 iRigure 6.5B illustrate the parameters by which the metrics

are defined. For CV, the oxidative charge{Qvas defined as the area under the

curvebelow the baseline and the peak oxidative curiiggk 6y was defined as the
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(A) Mediated probing of methionine
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Figure 6.5. MEP of methionine. (A) Iridium (Ir; 50 uM) redox cycles with the amino ac
methionine (2 mM). Ir isunable to cycle with the oxidized form of methionine (methic
sulfoxide). (B) CV and CC plots and corresponding table describe the oxidative signal
for quantitative analysis.
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maximum peak in the oxidative region. For CC;mihute step chage to an
oxidative value was applied (+0.85 V) which oxidized Ir and was defined as the
oxi dat i v eox.CThedablg (eght] dgff@es the equations and identifiers

(metric1-6) for the metrics.

6.2.5Determination of antibody oxidation bYEP

We next investigated the ability of MEP to discern between intactdrimized) and
oxidized mAbs. As before, we used NISTmADb, but here we also examined
durvalumab, a clinically relevant chemotherapeutic. The intact and oxidized
NISTmADb and durvalumabsgm es were diluted to 0.25
and electrochemical measurements were taken. As shdduppiementary Figure

17A, the oxidative response of the intact mAb (Ir + Intact) was amplified compared to
the mediator by itself (Ir only). Thigsponse demonstrates that Ir redox cycles with
the surface exposed redagtive amino acids. The results from the CV and CC
measurements for NISTmAFiQure 6.6A) demonstrate oxidized mAb had

decreased amplification compared to intact mAb. These datoasistent with the

methionine results.

Similar to the reduced mAb analysis, the MaNhitney test and logistic regression
models were applied to evaluate the metrics. For the Mdémitney test shown in

the bar graphs dfigure 6A andSupplementary Figure 17B, all metricshad a
significantly different respons@ € * 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 analys&sguare 6.3A above (n=6).
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The results from the logistic model are shown in the ROC pleiguare 6.6A and the
table inSupplementary Figure17C, where we found that a combination of multiple
metrics (1, 3, and 6) increased the discriminating power of MEP &uating mAb

oxidation.

As noted above, the mediator and mAb concentrations are important for effective
MEP analysis. IrSupplementary Figure18, we varied the NISTmAb concentration
(62.5, 125, 250, 500 mg/L) while maintaining the same Ir concentrd&ién (¢ M) .
Conversely, we maintained the NISTmAb concentration (250 mg/L) while varying
the I r concentration (25, 50, 765, 100 eM).
by applying select metrics (metrics 1 and 2). For both evaluations, we found that
certain conditions (12% 250 mg/L NISTmAb and 50 uM Ir) had the largest

difference between intact and oxidized samples. That is, at several other NISTmADb: Ir
concentrations and ratios, we were unable to differentiate intact from oxidized

samples.

For durvdumab, as shown iBupplementary Figure A, we observed using the
identical concentrations as NISTmADb, that the oxidative response of the intact mAb
(Ir + Intact) was also amplified compared to the mediator by itself (Ir oR