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Abstract of the Dissertation 

 
Filamentous Bacteriophage as a Functional Biomaterial for Biomarker-Based Diagnostics 

by 

Emily Caitlin Sanders 

Doctor of Philosophy in Chemistry 

University of California, Irvine, 2021 

Professor Gregory A. Weiss, Chair 

 
Filamentous bacteriophage have proven to be a powerful biotechnology tool. A direct 

genotype-to-phenotype relationship makes phage easily genetically modified to display 

peptide or proteins on their solvent-facing surface. Thus, phage can function as pseudo-

antibodies with similar binding affinity and target specificity. Furthermore, rational design 

of peptide or protein libraries allows for discovery of new target-binders via biopanning. 

Additionally, phage are increasingly gaining traction as a biomaterial due to an inherent 

monodispersity and ease of chemical modification (Chapter 1).  

In this dissertation, I will present how I have used phage display to validate a new 

immunoblot assay technique (Chapter 3), to identify a COVID-19 antibody that correlates 

with disease severity and investigate the origin of this antibody (Chapter 4, Chapter 5), and 

to detect valuable biomarkers with novel biosensing platforms (Chapter 6, Chapter 7, 

Chapter 8). Additionally, I have contributed new knowledge to the field of phage display by 

developing a novel method to directly select for noncompetitive binding peptides and 

antibody fragments for the more sensitive and specific sandwich ELISA (Chapter 2).   
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CHAPTER 1  

Functionalization of Materials with Filamentous Phage Beyond Phage Display  

 

1.1 Abstract 

Bacteriophage technology has given rise to a multitude of tools to benefit human 

health and livelihood. However, the vast majority of these tools revolve around phage display 

rather than the intrinsic properties of phage. As a material, phage have several robust 

properties that are useful for materials applications, including ease of chemical modification, 

low isoelectric point, flexibility, and monodispersity. This review will present and critically 

analyze how these properties inherent to phage have been exploited to create hybrid 

materials for drug conjugation, biosensing, drug delivery, and ordering quantum dots.  
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1.2 Introduction 

Functional materials are valuable for a variety of applications with direct benefits to 

human health and progress. Traditionally, functionalization of materials is done via chemical 

modifications of the material itself.1–3 In contrast, biological approaches to create functional 

materials may constitute a greener and more platform approach. In principle, a genetically 

modifiable component of a functional material affords greater control and generalizability. 

Filamentous bacteriophage (from here on referred to as just phage) are viruses that 

infect Escherichia coli (E. coli) displaying an F pilus protein.4–9 Discovered in the 1960s, these 

filamentous viral particles are about 880 nm long and 6.6 nm wide (Fig. 1-1).10,11 The 6.4 

kb12 ssDNA phage genome is protected by a capsid comprised of five major proteins. The P8 

structural protein forms most of the capsid at an abundance of about 2700 copies (~88% of 

viral mass)13 along the length of the virus and gives rise to the capsid’s α-helical shape.14–16 

The less abundant capsid proteins, P3, P6, P7, and P9 are found on the ends of the capsid. 

Phage have a number of inherent properties capable of conferring additional 

functionality to a variety of materials. There are several reported methods to manufacture 

hybrid materials with phage. A rather obvious method will be covered briefly in section 1.4; 

affinity immobilization via phage display. However, this method has been extensively 

reviewed,17–19 thus this review will center on the less commonly considered methods to 

Figure 1-1. Schematic representation of filamentous phage. The ssDNA phage genome (6.4 kb) is 
encapsulated by phage coat proteins, P3, P6, P7, P8, and P9. The capsid is typically about 880 nm long and 
6.6 nm wide (not to scale).  
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create phage hybrid materials. Specifically, the review will focus on phage hybrid materials 

formed via inherent properties of the phage such as ease of chemical modification, isoelectric 

point (pI), flexibility, and monodispersity (Fig. 1-2). 

1.3 History of Phage in Biotechnology  

Phage emerged as a biotechnology tool in 1985, when Nobel laureate George P. Smith 

first described how phenotypic phage variants could be created by inserting foreign DNAs 

into the viral genome.20 Specifically, Smith demonstrated an antigen could be propagated on 

phage capsid as a fusion to P3. The success of the cloning was evidenced by both a restriction 

digest and an immunosorbent assay. Furthermore, the modified phage remained infectious. 

Smith astutely predicted that this method would be a breakthrough in molecular recognition 

screening.  

Figure 1-2. Phage hybrid materials generated through intrinsic phage properties. A) Phage can be 
modified to introduce a multitude of conjugates and linkages to larger materials. B) Anionic phage form 
strong electrostatic interactions with cationic polymers. C) The flexibility of filamentous phage provides a 
surfactant to form drug delivery vehicles. D) Phage’s inherent monodispersity and anisotropy gives rise to 
liquid crystalline structures that can be used to order quantum dots. 
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Smith’s vision of phage display as a biopanning technique was swiftly investigated. In 

1988, Smith and Stephen F. Parmley reported proof-of-concept work for “biopanning”, a 

proposed process in which phage libraries bearing randomized epitopes are screened 

against an antigen of interest (Fig. 1-3).21 This biopanning goal was realized in a follow up 

paper in 1990 in Science by Smith and Jamie K. Scott. The researchers triumphantly reported 

their success constructing and screening phage-displayed hexapeptide epitope libraries 

against the monoclonal antibodies (mAbs) A2 and M33.22  

Following Smith’s seminal work, fellow Nobel laureate Sir Gregory P. Winter won the 

race to display antibody fragments on phage.23,24 Specifically, Winter and associates 

successfully displayed P3-fused single-chain variable fragments (scFvs) and biopanned for 

binding to hen egg white lysozyme (HEWL). By enzyme-linked immunosorbent assay 

Figure 1-3. Phage biopanning. 1) The target antigen is adsorbed to a solid support and exposed to a phage 
library. 2) Nonbinding phage are removed by washing. 3) Binding assemblies are eluted from the microtiter 
plate. 4) The phage are used to infect E. coli and amplified. 5) The process is repeated with the amplified 
selectants as the phage library for the next round of selection. 6) After several rounds of selections, the 
selectants are identified by DNA sequencing. 
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(ELISA), the researchers demonstrated anti-HEWL scFv phage undeniably bound its target, 

even over the “essentially identical” turkey egg white lysozyme.25 The consequences of the 

above body of work are profound and far-reaching. Phage display technology has delivered 

9 FDA-approved human antibody drugs (Table 1-1).26–30  

Table 1-1. Current FDA approved human antibody drugs discovered by phage display. 

Antibody Target Approval 

Adalimumab31 TNFα 2002 

Belimumab32 BCAF 2011 

Ramucirumab33 VEGFR2 2014 

Necitumumab34 EGFR 2015 

Atezolizumab35 PD-L1 2016 

Avelumab36 PD-L1 2017 

Guselkumab37 IL-23 2017 

Emapalumab38 IFNγ 2018 

Moxetumomab 
pasudodox39 

CD22 2018 

   

While all the capsid proteins can be used for phage display,40 the primary targets are 

P8, for its high copy number, and P3, for its ubiquity and tolerance of larger polypeptides.10,41 

These display strategies generally revolve around two types of binding modes: targeting and 

functionalization. Targeting binders are characterized by high affinity to a target antigen, 

typically for detection purposes. In contrast, functional binders modify their targets and can 

be used as bioconjugation tools.42 Both of these binding modes, as well as the previously 

mentioned properties inherent to all filamentous phage, are routinely used to generate and 

functionalize phage hybrid materials.  
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1.4 Chemical Modification of Phage 

 The protein capsid of phage presents a multitude of functionalization opportunities 

to form new hybrid materials (Fig. 1-4).43 As phage can detect antigens with antibody-level 

affinity, there are several clear avenues for phage hybrid materials in place of antibodies. For 

example, consider antibody drug conjugates (ADCs). ADC therapy is a revolutionary 

oncological treatment in which the targeting capability of antibodies is paired with a 

cytotoxic payload to destroy cancer cells.44 However, long-term antibody production relies 

on hybridoma cell lines, which can be arduous and time-consuming to produce. Thus, phage 

drug conjugates (PDCs) present a lucrative substitute. 

 Iftach Yacoby et al. first presented phage conjugates as a viable alternative to ADCs in 

2006.45 Phage were modified with a cytotoxic drug via a N-hydroxysuccinimide (NHS) 

reaction. As verified later by Kai Li et al., this strategy, when implemented with rhodamine-

NHS can result in 1600 ± 280 P8 modifications (Fig. 1-4).43  However, the researchers also 

noted a loss in rhodamine signal above 400 modifications, indicating crowding. With final 

modification totals ± 17% in phage, NHS chemistry is notoriously challenging to control and 

preferable for applications that do not require particularly careful labeling. 

 In contrast to NHS chemistry, activation of carboxylates with 1-ethyl-3-(3-

dimethylaminopropyl) (EDC) chemistry can result in 150 ± 18 modifications per phage, 

according to Kai Li et al (Fig. 1-4).43 This offers greater control and a lesser risk of conjugate 

crowding. Hagit Bar et al. exploited this modification strategy to link hygromycin and 

doxorubicin to phage.46 However, the researchers calculated ~10,000 modifications per 

phage, which they credit to the enhanced solubility afforded by the aminoglycoside antibiotic 

of choice, rather than the previously tested chloramphenicol (~3,000 modifications).47 
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Therefore, consistent phage modification with EDC can be challenging due to its dependency 

on the hydrophobicity of the payload. 

 Kai Li et al. demonstrated that the two tyrosine residues on phage (Tyr 21 and Tyr 

22) can both be modified via diazonium coupling chemistry (Fig. 1-4).43 Despite the known 

promiscuity of this reaction with histidine and lysine residues, mass spectrometry analysis 

revealed strong selectivity for tyrosine modification. With 400 ± 40 modifications per phage, 

this conjugation method was the most specific and most controlled. Thus, it is this author’s 

opinion that the diazonium coupling reaction provides clear benefits over NHS and EDC 

chemistries to form PDCs and other phage hybrid materials. 

 

Figure 1-4. Common modifications of phage. The protein capsid of phage can be modified via NHS, EDC, 
and diazonium coupling chemistry for conjugation to small molecules for drug delivery. 
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1.5 Phage Immobilization via Intermolecular Forces  

Isoelectric point. Phage are overall electronegative, with an experimentally 

determined pI of 4.2.48 Thus, phage is anionic at neutral pH and can be electrostatically 

entrapped or “wrapped” in cationic polymers.49,50 Jessica Arter et al. took advantage of this 

intrinsic property of phage to electrochemically synthesize phage poly(3,4-

ethylenedioxythiophene) (PEDOT) nanowires for the detection of prostate specific 

membrane antigen (PSMA).51,52  

Later, the Penner and Weiss labs expanded this method to copolymerize virus-PEDOT 

films for electrochemical impedance spectroscopy (EIS) detection of antibodies, PSMA, and 

HSA.53–56 While these biosensors provided excellent proof-of-concept, they were 

cumbersome and not ready for clinical applications.57 Thus, in 2017, the virus bioresistor 

(VBR) was born.58 This new technology ultimately enabled detection of 10 pM protein 

deglycase 1 (DJ-1) via phage deposition reliant on electrostatic interactions.59 

Flexibility. A common motivation to create functional biomaterials is for the delivery 

of drugs that cannot reach their target before degradation. Drug delivery vehicles should be 

non-cytotoxic, resilient to fluctuating biological conditions, and ultimately, capable of 

releasing their payloads.60 The laboratory of Qian Wang first reported creating 3D phage 

hybrid assemblies through a simple method.61 Briefly, aqueous phage suspensions were 

combined with poly(4-vinylpyridine) (P4VP) suspended in DMF at room temperature. After 

dialysis, spherical colloids were observed via transmission electron microscopy. The 

researchers hypothesized this assembly method worked due to the flexibility of filamentous 

phage.62 These initial findings led to an additional report in which the same assembly method 
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yielded doxorubicin-releasing nanoparticles.63 Thus, the inherent properties of phage allow 

for the formation of drug delivery vehicles. 

1.6 Phage: A Liquid Crystalline Material 

 Phage’s rod-like shape and inherent monodispersity unlocks lyotropic liquid 

crystalline (LC) phases as their concentration increases (Fig. 1-5).64,65 Liquid crystals are 

highly valuable for optical devices, biosensors, and biomimicry.66 From 10 to 20 mg/mL, 

phage become sterically packed together and align vertically with one another in the nematic 

phase. Next, from 20 to 80 mg/mL, phage enter the cholesteric phase, in which they are 

stacked in highly ordered layers.65,67–69 Finally, at 100 mg/mL and above, phage becomes 

smectic, ordered both positionally and orientationally.70,71 All these phases have been 

exploited to give rise to higher order structures.72 

 The laboratory of Angela M. Belcher explored the functionality of LC phage by first 

selecting P3-displayed peptides for a variety of semiconducting crystals.73 In a subsequent 

study, Belcher and associates then suspended the A7 phage with ZnS quantum dots, resulting 

Figure 1-5. Liquid crystalline structures of filamentous phage. These structures are observed in a 
concentration-dependent manner and can give rise to higher order structures. 
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in a liquid crystal hybrid material that could be observed at the nematic, cholesteric, and 

smectic phases.72 As described in a 2003 communication from the Belcher lab, the phage 

were selected to bind streptavidin.74 Streptavidin binds to biotin with high affinity. Thus, 

biotinylated streptavidin-binding phage can be used to align a variety of nanomaterials in a 

liquid crystalline phase.  

 Jun Cao et al. further elucidated the potential applications of LC phage.75 The surfaces 

of phage were modified through N-hydroxysuccinimide chemistry to install pH-sensitive 

phenylboronic acid (PBA). Despite sharing physical properties with the unmodified phage, 

the modified phage could switch between chiral nematic and pure nematic LC phases in a 

pH-dependent manner. Furthermore, the anionic boronic acids decorating the phage surface 

conferred an additional phase change in response to diols. Thus, PBA-modified phage could 

be used for detection of either pH or the presence of diols. 

 Owing to its liquid crystalline behavior, phage have inherent piezoelectric 

properties.76  Briefly, piezoelectric materials release electrons when stretched or 

compressed. Piezoelectric materials are an attractive option for bioimplants due to their 

ability to harvest energy without external input.77–79 Byung Yang Lee et al. first used a simple 

drop-cast method to create self-assembled phage-based electric energy generators.80 In 

2019, Ju-Hyuck Lee et al. vertically aligned phage on a gold film via a hexahistidine-Ni2+ 

affinity interaction, resulting in 100 times more piezoelectric power when compared to the 

drop-cast method.81 At the time of publication, the piezoelectric energy output from this 

device was the highest ever reported for a biomaterial.  

 Humans are not the only organisms to take advantage of phage’s liquid crystalline 

structure.82 Pseudomonas aeruginosa (P. aeruginosa) is an opportunistic pathogen that can 
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result in multidrug-resistant (MDR) viral pneumonia, especially in immunocompromised 

patients.83,84 The laboratory of E. Peter Greenberg reported 11 out of 14 filamentous phage 

gene products within the P. aeruginosa genome were upregulated in the protective 

biofilm.85,86 The researchers hypothesized the phage had a role in gene transfer or toxicity. 

However, in 2015, Secor et al. shared a new insight: the phage form a liquid crystalline 

biofilm matrix that protects the P. aeruginosa from desiccation and antibiotics.87,88 Thus, 

fundamental understanding of the liquid crystalline properties of phage could lead to 

advanced treatments for deadly MDR P. aeruginosa infection and other phage-microbe 

interactions we have yet to discover. 

1.7 Conclusion 

 In conclusion, the inherent properties of phage are as valuable to functionalize hybrid 

materials as those exploited through phage display. Phage are readily propagated through 

typical molecular biology techniques, easily chemically modified, and monodisperse by 

nature. Additionally, phage can access liquid crystalline phases useful for alignment of 

quantum dots and piezoelectric energy generation. This review has presented the journey of 

phage biotechnology from Smith’s seminal phage display work to a key component in a 

variety of hybrid materials.  
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CHAPTER 2  

Phage vs. Phage: Direct Selections of Sandwich Binding Pairs for Improved 

Biomarker Detection  

 

2.1 Abstract 

The sandwich immunoassay format is generally more sensitive and specific than 

other common formats such as direct, indirect, and competitive. A sandwich assay 

necessitates two separate target-binders, typically antibodies or antibody fragments (Fabs), 

that do not compete with each other. However, the most common method to identify 

sandwich binding pairs is via guess-and-check with a panel of candidates, which can be 

cumbersome and expensive. Additionally, sandwich assays that rely on commercial 

antibodies can suffer from quality loss outside of researchers’ control. This report presents 

a reimagined phage display selection protocol that directly identifies sandwich binding 

peptides and Fabs. This modified protocol yielded a novel peptide and Fab that can sandwich 

the bladder cancer biomarker DJ-1 in concert with a previously selected DJ-1 binding 

peptide.  Furthermore, the sandwich assays resulted in apparent affinity similar to that 

observed for a previously reported peptide/antibody sandwich. The results reported here 

could guide the discovery of new sandwich binding partners to develop novel clinical 

biomarker assays. 
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2.2 Introduction 

Advances in precision medicine are paving the future of patient care with tailored 

diagnostics and treatments. This personalized medical approach could benefit from 

sensitive, accurate, biomarker-based diagnostics to detect diseases early and monitor 

treatment response.1,2 Because this approach requires frequent testing, the ideal sample 

should be collected noninvasively in a “liquid biopsy” (e.g. blood, urine, or saliva).3–6 

However, these fluids can vary considerably in composition and biomarker concentrations, 

which are typically low.7–11 Thus, precision medicine necessitates platforms for sensitive and 

selective biomarker detection in complex physiological fluids. 

The sandwich-format assay can address the dual challenges of sensitivity and 

selectivity.12–17 However, this assay format requires two compatible binding partners to 

noncompetitively target the same antigen. The most prominent example of a sandwich-

format assay is the at-home pregnancy test, which can detect the early pregnancy hormone 

human chorionic gonadotropin.18 This assay system has also been applied to countless 

detection platforms for ailments such as bladder cancer19, severe skeletal injury20, and heart 

failure21, among many others. The requirement for the target binding to both antibodies 

addresses the specificity challenge inherent in biological assays. Additionally, an 

improvement in sensitivity is often observed.   

However, identification of antibody pairs is often cumbersome and costly. Typically, 

a collection of commercial antibodies is acquired and systematically screened to test each 

antibody pair. As the number of testable antibodies increases, however, the required assays 

increases combinatorially. Once a sandwich pair is found, product discontinuation or genetic 

drift of the hybridoma cell line could result in the loss of an effective assay.22,23 
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To address these issues, a number of reports describe methods for improved 

sandwich pair discovery. For example, Ki et al. immobilized cetuximab, a commercially 

available antibody, on a microtiter plate and performed antibody phage display selections.24 

While this technique successfully identified a sandwich pair, the method still requires a 

commercial antibody in a solid support binding mode. Gorman et al. demonstrated a 

powerful phage-display technique for the direct selection of monobody sandwich pairs, 

Megaprimer Shuffling for Tandem Affinity Reagents (MegaSTAR). With MegaSTAR, the 

researchers identified a multitude of highly sensitive nanobody sandwich pairs.25 However, 

this approach requires lengthy and technically challenging subcloning steps to generate a 

Figure 2-1. Phage vs. phage selection strategy. 1) The bDL1Φ is adsorbed to a microtiter plate and 
exposed to DJ-1. Next, the phage library is added and allowed to bind. 2) Nonbinding phage are removed by 
washing. 3) Sandwich assemblies are eluted from the microtiter plate by the addition of acid with sonication. 
4) The suspended bDL1Φ are removed from solution with magnetic streptavidin beads. 5) The sandwich 
binding phage are used to infect E. coli and amplified. 6) The process is repeated with the amplified selectants 
as the phage library for the next round of selection. 7) After 3-4 rounds of selections, the selectants are 
identified by DNA sequencing. 



 

 

 

20

tandem phage library for each target. Therefore, a stream-lined and facile approach to 

discovering sandwich binding pairs could find many applications. 

Here we address this challenge with a simple, expedient, and generalizable method, 

termed phage vs. phage (PvP) selection. Using PvP, non-overlapping phage-displayed 

binders specific for protein deglycase 1 (DJ-1), a multi-functional biomarker for several 

cancers and Parkinson’s disease,26–32 are identified from both peptide and antibody fragment 

(Fab) libraries. Enzyme-linked immunosorbent assays (ELISA) demonstrate the specific and 

sensitive sandwich binding pairs generated by the method. 

2.3 Results and Discussion 

Sandwich Phage Selections. The method reported here builds on conventional phage 

display. First, conventional selections are used to identify an effective binder for one half of 

the sandwich assembly. This known binding partner must be exhaustively culled from 

Figure 2-2. Schematics of ELISA formats presented. A) The direct strep-HRP ELISA detects biotinylated 
phage with peroxidase-conjugated streptavidin (Strep-HRP). B) DJ-1 is detected via phage-displayed 
binders and peroxidase-conjugated anti-M13 antibody (anti-M13-HRP). C) DJ-1 is sandwiched between 
DL1Φ and an anti-DJ-1 antibody. D) DJ-1 is sandwiched between DL1-conjugated streptavidin (Strep-DL1) 
and phage-displayed binders. The sandwich assembly is detected with anti-M13-HRP. 
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solution during the selection for the second half of the sandwich interaction. Such exhaustive 

removal avoided amplifyication of the known ligand. Biotinylation and subtraction with 

streptavidin magnetic beads insures only noncompetitive phage display ligands are selected 

for amplification. We termed this approach phage vs. phage (PvP) selection (Fig. 2-1). 

For PvP selection, biotinylated DJ-1 Ligand 1 Phage (bDL1Φ) were adsorbed to a 

microtiter plate rather than the target antigen. In PvP, DL1Φ’s target antigen, DJ-1, is added 

after blocking nonspecific interactions. Next, the addition of phage library allows binding to 

the DL1Φ/DJ-1 complex. In theory, only noncompetitive sandwich binding partners should 

be selected. However, due to DL1Φ’s overwhelming abundance compared to any selectant 

in the library, removal of DL1Φ from the sandwich assembly was required to avoid 

suppression of selectants from each round. 

Removing DL1Φ was inspired by a streptavidin-biotin pulldown assay. First, DL1Φ 

and negative control phage (NegΦ) were biotinylated via N-hydroxysuccinimide (NHS) 

chemistry to yield bDL1Φ and bNegΦ. The efficiency of the biotinylation reactions were 

confirmed via a direct strep ELISA (Fig. 2-2A) detection with peroxidase-conjugated 

Figure 2-3. Analysis of phage biotinylation and target-binding effects.  A) Biotinylation of phage was 
confirmed via direct detection with peroxidase-conjugated streptavidin. B) A direct ELISA with DJ-1 
verified that biotinylated phage could still bind the target antigen. ELISA data were fit to a four-parameter 
logistic curve. Error is represented as SEM (n = 3).  
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streptavidin (Fig. 2-3A). Additionally, an indirect phage ELISA (Fig. 2-2B) demonstrated 

biotinylation did not prevent DL1Φ from binding DJ-1 (Fig. 2-3B). For PvP to function, 

streptavidin magnetic beads must completely remove bDL1Φ from solution. A pull-down 

assay titrating the concentration of magnetic beads provided proof-of-concept for PvP 

selections. 

Characterization of Sandwich Peptide Selectants. The PvP selection strategy was first 

performed with a P8-display mega-random peptide library33 (Table 2-1). The method 

yielded three peptides amenable to further characterization (Table 2-2). A phage indirect 

ELISA with DJ-1 and the selectants (DL2Φ, DL3Φ, and DL4Φ) produced sigmoidal curves 

characteristic of dose-dependent binding in an indirect phage ELISA (Fig. 2-4A). All 

selectants demonstrated sub-micromolar phage EC50 values, about one order of magnitude 

higher in apparent affinity than the previously reported EC50 for DL1Φ (14 pM).34 This loss 

in apparent affinity could result from the DL1 peptide blocking the most thermodynamically 

productive binding sites on DJ-1. Supporting this hypothesis, the PvP selectants are not 

homologous to DL1 (Table 2). Additionally, the selectants have an average theoretical 

isoelectric point (pI) of 4.47 ± 1.11, compared to 8.01 for DL1, which suggests 

noncompetitive binding with DJ-1. 

Table 2-1. Titers, blocking agents, and stringency for PvP peptide selections. 

 Titers Blocking Washes 

Round 1 7.9 x 10
8
 Nonfat Milk 3 

Round 2 3.4 x 10
5
 Bovine serum albumin 6 

Round 3 2.4 x 10
5
 Human serum albumin 6 

Round 4 ~1.0 x 10
6
 Pierce blocking 6 
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Table 2-2. Comparison of DL1 peptide with PvP selectants. 

 

Figure 2-4. Sensitivity and specificity determination of sandwich peptide selectants. A) A dose-
dependent direct phage assay with sandwich peptide selectants. Sub-micromolar phage EC50 values were 
observed. NO = not observed. B) A indirect phage assay with DJ-1, Hb, HEWL, HSA, E. coli lysate, and BSA 
determined the specificity of the sandwich selectants. Data are normalized to DJ-1 signal. C) Streptavidin-
bound DL1 peptide sandwiched DJ-1 with DL3Φ. The resultant dose-dependent response yielded a DJ-1 
EC50 of 249 pM. D) The DL1-DL3Φ sandwich also demonstrated improved selectivity for DJ-1. ANOVA with 
Sidak’s multiple comparisons yielded P values of <0.01 (**) and <0.001 (***). ELISA data were fit to a four-
parameter logistic curve. Error bars represent SEM (n = 3).  
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The relative specificity of each selectant was determined by indirect phage ELISA 

with a profile of competing antigens (Table 2-3, Fig. 2-4B). Hemoglobin (Hb), human serum 

albumin (HSA), and F- E. coli lysate are potential interfering substances in biofluids. The high-

pI hen egg white lysozyme (HEWL) was chosen to assess the nonspecificity binding to the 

anionic phage. Due to its ubiquity as a blocking agent in assays, bovine serum albumin (BSA) 

was also included. Compared to the other selectants, DL9Φ displayed a lack of specificity for 

DJ-1 over HEWL. However, all selectants were further assessed due to an expected 

improvement in both sensitivity and specificity from the sandwich binding interaction. 

Table 2-3. Panel of antigens in specifcity assays. 

Protein Native Species Molecular Weight (kDa) pI 

DJ-1 Homo sapiens 20.7 6.7 

HSA Homo sapiens 66.5 4.7 

Hb Homo sapiens 64 6.8 

HEWL Gallus domesticus 14.4 11.3 

E. coli  Escherichia coli Varies Varies 

    

Sandwich ELISAs with Peptide Selectants. Despite extensive efforts, a sandwich ELISA 

with two phage binding partners failed repeatedly (data not shown). This necessitated an 

alternative strategy, the sandwich strep-DL1/phage ELISA (Fig. 2-2D). Non-phage-

displayed, biotinylated DL1 peptides were immobilized on a streptavidin-coated microtiter 

plate and exposed to serial dilutions of DJ-1. Next, phage peptide selectants completed the 

sandwich assembly, followed by a peroxidase-conjugated anti-phage antibody to detect the 

binding interaction (Fig. 2-3C). The DL2Φ and DL9Φ sandwich ELISAs were unsuccessful. 

However, the DL3Φ sandwich ELISA returned a sigmoidal binding curve and a DJ-1 EC50 

comparable to a previously reported sandwich phage/antibody ELISA (Fig. 2-2C) with a 

commercial anti-DJ-1 antibody (206 nM).34 At higher concentrations nonspecificity with 
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NegΦ is observed; however, these concentrations are not biologically relevant and the 

background signal significantly decreases with lower DJ-1 concentrations. 

The sandwich strep-DL1/phage ELISA described above with the same panel of 

interfering antigens (Hb, HEWL, HSA, E. coli lysate, and BSA) evaluated the specificity 

improvements with the sandwich assembly (Fig. 2-4D). The raw assay data are challenging 

to accurately compare, as the assay formats (indirect vs. sandwich) are not analogous. Thus, 

the data were normalized to the DJ-1 signal for each assay format. Statistical analysis of these 

normalized data revealed an enhancement of specificity. Specifically, the Hb and BSA signal 

dropped significantly in the sandwich format, with P values of <0.001 and <0.01, 

respectively. These data, when considered with the dose-dependent sandwich ELISA data, 

indicate that the PvP selection strategy is capable of yielding sandwich binding pairs. 

Furthermore, these pairs can rival a sandwich assay with a commercial antibody in 

sensitivity and improve selectivity compared to the phage indirect assay.  

PvP Selections with Fab Phage-Displayed Library. An additional selection protocol with 

a different phage library demonstrated the generality of the PvP method. The procedure was 

performed exactly as described above with a P3 Fab phage-displayed library in place of 

MRPL (Table 2-4).35 Three rounds of PvP selections identified a DJ-1 binding phage-

displayed Fab (DFab1Φ) (Table 2-5). An indirect phage ELISA with immobilized DJ-1 

revealed a DFab1Φ EC50 of 393 pM, a similar affinity to the peptide selectants (Fig. 2-5A). 

Similarly, DFab1Φ demonstrated high selectivity for DJ-1 over the panel of interfering 

antigens (Fig. 2-5B)  
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Table 2-4. Titers, blocking agents, and stringency for PvP Fab selections. 

 Titers Blocking Washes 

Round 1 6.7 x 10
8
 Nonfat Milk 3 

Round 2 3.3 x 10
5
 Bovine serum albumin 3 

Round 3 6.7 x 10
5
 Pierce blocking 6 

    

Table 2-5. DFab1Φ variable regions. 

 

Figure 2-5. Sensitivity and specificity determination of DFab1. A) A dose-dependent direct phage 
assay with DFab1Φ and NegΦ. Data were fit to a four-parameter logistic curve and yielded sub-
picomolar phage EC50 values. Error is represented as SEM (n = 3). B) An indirect phage assay with DJ-1, 
Hb, HEWL, HSA, E. coli lysate, and BSA determined the specificity of the sandwich selectants. Data are 
normalized DJ-1. ANOVA with Tukey’s multiple comparisons yielded P values of <0.0001 (****). C) A 
similar dose-dependent response with an EC50 of 1.53 μM was observed in an identical sandwich ELISA 
with DFab1Φ. D) The DL1-DFab1Φ also demonstrated strong selectivity for DJ-1. ELISA data were fit to 
a four-parameter logistic curve. Error is represented as SEM. NO = not observed. ANOVA with Tukey’s 
multiple comparisons yielded P values of <0.01 (**). <0.001 (***), <0.0001 (****). 
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A sandwich strep-DL1/phage ELISA like described above revealed a DJ-1 EC50 of 289 

nM (Fig. 2-5C). This value is also comparable to the DL3Φ sandwich strep-DL1/phage ELISA. 

Finally, the DL1/DFab1Φ sandwich assembly demonstrated improved specificity over DJ-1 

compared to the indirect phage ELISA for HEWL, HSA, and E. coli, with P values of <0.0001, 

<0.0001, and <0.01, respectively. Interestingly, a decrease in specificity over DJ-1 for Hb was 

also observed, with a P value of <0.001 (Fig. 2-5D). Homology searching in sequence data 

bases did not reveal any significant homology between DJ-1 and either subunit of Hb. Thus, 

it is challenging to comment on the origin of this perceived non-specificity. 

2.4 Conclusions 

 The sandwich ELISA format is commonly used in human health applications due to 

its higher sensitivity and specificity, but determination of noncompetitive sandwich binding 

pairs beyond a “guess-and-check” method remains elusive. Furthermore, even when a 

sandwich assay is established with a commercial antibody, the assay’s efficacy can be 

compromised by uncontrollable circumstances. This report presents a modified phage 

display protocol that directly selects for peptides and Fabs that bind to DJ-1 in concert with 

the well-established DL1 peptide. Furthermore, these assays demonstrated apparent affinity 

comparable to a similar sandwich assay with a commercial antibody and improved 

specificity over the corresponding indirect phage ELISA. Additionally, PvP selections are 

comparatively simpler than other reported direct sandwich selection methods and can be 

implemented into any research space currently performing traditional phage display 

selections. Thus, the PvP selection method could provide the basis for more sandwich assays 

to be brought to clinical settings. 
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2.5 Materials and Methods 

Phage Propagation and Purification. The phagemid DNA was transformed into SS320 

competent E. coli, and cells were plated on a LB agar plate supplemented with 50 μg/mL 

carbenicillin and incubated overnight at 37 °C. A single colony was selected to inoculate 25 

mL of 2YT (16 g tryptone, 5 g NaCl, 10 g yeast extract in 1 L autoclaved water) supplemented 

with 50 μg/mL carbenicillin and 2.5 μg/mL tetracycline. The culture was shaken at 37 °C 

until OD600 reached 0.5; then, 30 μM IPTG and sufficient M13KO7 to achieve a multiplicity of 

infection of 4.6 was added. After an additional 45 min incubation, 8 mL of the culture was 

used to inoculate 150 mL of 2YT supplemented with carbenicillin (50 μg/mL), kanamycin 

(20 μg/mL), and IPTG (30 μM). This culture was incubated at 30 °C with shaking at 225 rpm 

for 18 h.  

The cultures were centrifuged at 10 krpm (15300 x g) for 10 min. The supernatant 

was transferred to a centrifuge tube containing 1/5 the volume of PEG8000 (20%, w/v) and 

NaCl (2.5 M). The tube was mixed by inversion 5 times and stored on ice for 30 min. The 

solution was centrifuged at 10 krpm (15300 x g) for 15 min. The supernatant was decanted, 

and the tubes were centrifuged for an additional 4 min at 4 krpm (2429 x g) with the pellets 

facing out. The pellets were resuspended in PBS and the precipitation steps were repeated. 

Phage concentrations were quantified by measuring absorbance at 268 nm. Finally, the 

phage were diluted to 60 nM, flash frozen with glycerol (10%, v/v), and stored at -80 °C. 

NHS-Biotin Modification of Phage. M13 bacteriophage displaying was diluted to 1 

mg/mL. The diluted phage (1 mL) and EZ-Link NHS-biotin (ThermoFisher, 33 mM in DMSO) 

were combined and incubated overnight at room temperature. After incubation, the solution 

was added to a 3000 MWCO membrane and dialyzed with stirring in 1000x the volume of 1X 
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PBS. After 4 h, the 1X PBS was replaced with fresh solution and the dialysis was continued 

overnight. 

Direct Strep-HRP ELISA. Unless otherwise specified, all incubation steps were 

performed at 150 rpm and room temperature. A 96-well Maxisorp plate was coated with 100 

μL/well of phage (1 nM in 50 mM Na2CO3) and incubated overnight at 4 °C. The coating 

solution was discarded, and the wells were blocked with 400 μL of blocking buffer (0.2% 

BSA in PBS) for 30 min. The blocking solution was removed, and the wells were washed three 

times with PBS-T (0.05% Tween-20 in PBS) followed by incubation for 1 h with serially 

diluted HRP-Conjugated Streptavidin (ThermoFisher) in PBT (0.2% BSA, 0.05% Tween-20 

in PBS). The solution was again discarded, and the wells were washed five additional times 

with PBS-T and one final time with PBS. 1-Step Ultra TMB-ELISA Substrate Solution (Thermo 

Scientific, 100 μL per well) was added to each well, followed by 2 M H2SO4 (100 μL) after 

sufficient color had developed. The absorbance at 450 nm was measured with an Epoch 

Microplate Spectrophotometer (BioTek) and the resulting data were analyzed and fitted 

with GraphPad Prism 9.  

Figure 2-6. Additional Assays for PvP Selections and Strep-DL1 Binding. A) DynaBeads titration ELISA 
determined concentration of DynaBeads required for complete pulldown of bDL1Φ. B) The strep-DL1 
complex can bind DJ-1 in a dose-dependent manner. 
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Dynabeads Titration. Dynabeads M-270 Streptavidin (Invitrogen) were serially 

diluted in PBS from 4.44 to 0.389 mg/mL. Solutions of phage were added to the Dynabead 

dilutions such that the final phage concentration was 17 nM. The solutions were incubated 

with shaking at 150 rpm for 10 min. A magnet was used to pull down the Dynabeads and the 

supernatant was pipetted into a new container. Negative control solutions with no phage 

were also performed side-by-side. Final phage concentration was determined by absorbance 

at 268 nm (Fig. 2-6A). 

Indirect Phage Affinity ELISA. A 96-well Nunc Maxisorp plate was coated with 10 

μg/mL DJ-1 in coating buffer (100 μL/well, 50 mM Na2CO3) and incubated overnight at 4 °C. 

The coating solution was discarded, and the plate was blocked and washed as previously 

described. The plate was incubated with serially diluted phage in PBT for 1 h. The solution 

was removed, and 100 μL of 1:5000 Anti-M13 Monoclonal Antibody, HRP (Creative 

Diagnostics) diluted in PBT were added to each well. The plate was incubated for another 30 

min, the antibody solution was discarded, and the wells were washed five times with PBS-T 

and once with PBS. From this point, the plate was treated exactly as described above. 

Phage vs. Phage Selections. All incubation steps were performed on an orbital shaker 

at 150 rpm and room temperature. Biotinylated DL1Φ (bDL1Φ) was diluted to 1 nM in 

coating buffer and incubated on a Nunc MaxiSorp plate overnight (100 μL/well). The 

solution was discarded, and the wells were blocked for 30 min with 400 μL of either casein, 

BSA, HSA (0.2%), or Pierce Protein-Free Blocking Buffer. Next, the wells were washed with 

100 μL PBS-T three times and incubated with 100 μL DJ-1 (3 μM in PBS with 0.05% Tween-

20 and 0.2% corresponding blocking agent, or in Piece Protein-Free Blocking Buffer) for 1 h. 

The wells were again washed three times and incubated with the prepared phage library (60 
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nM in blocking buffer, 100 μL per well) for 90 min. The wells were washed again three times 

to remove nonspecific phage ligands. 

The sandwich assemblies were eluted from the plate with HCl (0.1 M, 100 μL per well) 

and sonication in a water bath for 10 min. The eluted solutions were combined and 

neutralized with 1/3 the volume of Tris-HCl (1 M, pH 8.0). Dynabeads M-270 Streptavidin 

were added (2 mg/mL) and the solution incubated at 4 °C with shaking at 150 rpm for 30 

min. The magnetic beads were pulled down with a magnet and the supernatant was 

collected. The eluted phage solution was used to infect log phase E. coli XL-1 Blue cells (20 

mL, supplemented with 5 μg/mL tetracycline). The culture was incubated with shaking at 

225 rpm at 37 °C for 1 h. Next, M13KO7 helper phage (NEB) was added to reach a multiplicity 

of infection of 4.6 and the culture was incubated with shaking at 225 rpm 37 °C for 45 min. 

The culture was transferred to 200 mL of 2YT supplemented with 50 μg/mL carbenicillin 

and 20 μg/mL kanamycin) and incubated at 37 °C with shaking at 225 rpm for 18 h. The 

phage were precipitated as described above, and the resulting phage pellets were 

resuspended in 1X PBS-T with glycerol (10%, v/v), separated into 1 mL aliquots, flash frozen 

with liquid nitrogen, and stored at -80 °C. As required, the phage solution was thawed on ice 

and precipitated a second time. 

After 3 or 4 rounds of selections, spot assays were performed on 96 selectants. Briefly, 

individual phage colonies were amplified in 96 deep well plates as before. After 

centrifugation at 3 krpm (1462 x g), the supernatants were assayed by phage-based ELISA 

to assess binding to either DJ-1 or the blocking agent, BSA. From these screens, potential DJ-

1 binders were isolated and evaluated by Sanger sequencing (Fig. 2-7).  
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Indirect Phage Specificity ELISA. A 96-well Nunc Maxisorp plate was coated with 10 

μg/mL of either BSA, HSA, hemoglobin, lysozyme, or E. coli supernatant in coating buffer 

(100 μL/well) and incubated overnight at 4 °C. From this point, the plate was treated 

identically to that described in Indirect Phage Affinity ELISA. 

Direct Strep-DL1-HRP and DJ-1 ELISA. The wells of a 96-well Nunc Maxisorp plate 

were coated with 10 ug/mL DJ-1 in coating buffer (100 μL) and incubated at 4 °C with 

shaking at 150 rpm overnight. The coating solution was discarded, and blocking buffer (400 

Figure 2-7 PvP selectant spot assay results. Data are normalized to signal for BSA. 
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Figure 2-8. ELISA to confirm strep-DL1 remains specific for DJ-1. 
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μL) was added to each well. The plate was incubated for 1 h at room temperature with 

shaking at 150 rpm. Next, a prepared strep-HRP:DL1 peptide solution (1:24 molar ratio, 230 

nM peptide) was serially diluted by a factor of 3 in PBT. The dilutions were added to the 

appropriate wells (100 μL) and incubated at room temperature with shaking at 150 rpm for 

1 h. From this point, the plate was treated identically to that described above (Fig. 2-8). 

Sandwich Strep-DL1/Phage Affinity ELISA. A 96-well Nunc Maxisorp plate was coated 

with 1:24 molar ratio of strep-DL1 in coating buffer (100 μL) and incubated at 4 °C with 

shaking at 150 rpm overnight. This solution was discarded and blocking buffer was added to 

each well (400 μL) for 1 h at room temperature with shaking at 150 rpm. DJ-1 was serially 

diluted by a factor of 3 in PBT starting at 10 μM. The dilutions were added to each well (100 

μL) and the plate was incubated at room temperature for 1 h with shaking at 150 rpm. The 

plate was washed three times and 1 nM of phage selectants were added to each well (100 μL 

in PBT). The plate was incubated at room temperature for 1 h with shaking at 150 rpm, 

followed by an additional three washes. Next, 1:5,000 anti-M13-HRP was added to each well 

(100 μL in PBT) and the plate was incubated at room temperature for 30 min with shaking 

at 150 rpm. From this point, the plate was treated identically to that described above. 

Sandwich Strep-DL1/Phage Specificity ELISA. A 96-well Nunc Maxisorp plate was 

coated with 1:24 molar ratio of strep-DL1 in coating buffer (100 μL) and incubated at 4 °C 

with shaking at 150 rpm overnight. This solution was discarded and blocking buffer was 

added to each well (400 μL) for 1 h at room temperature with shaking at 150 rpm. BSA, HSA, 

hemoglobin, lysozyme, (10 μM, 100 μL/well) or E. coli supernatant in PBT and incubated 1 h 

at 4 °C. From this point, the plate was treated identically to that described in Sandwich Strep-

DL1/Phage Affinity ELISA. 
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Data Analysis. All data and statistics (mean, SEM, P values) were analyzed with 

GraphPad Prism 9.0. Specificity ELISA data were normalized by division of the DJ-1 signal for 

each assay type. Analysis of variance (ANOVA) with Sidak’s multiple comparisons was 

performed to determine significance between DL3Φ indirect and DL3Φ sandwich ELISAs. 

ANOVA with Dunnett’s multiple comparisons was performed to determine significance 

between DFab1Φ indirect and DFab1Φ sandwich ELISAs. 
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CHAPTER 3  

Under 5 Minute Immunoblot Assays by Vortex Fluidic Device Acceleration 

 

3.1 Abstract  

Unlocking the potential of personalized medicine in point-of-care settings requires a new 

generation of biomarker and proteomic assays. Ideally, assays could inexpensively perform 

hundreds of quantitative protein measurements in parallel at the bedsides of patients. This 

goal greatly exceeds current capabilities. Furthermore, biomarker assays are often 

challenging to translate from benchtop to clinic due to difficulties achieving the necessary 

selectivity, sensitivity, and reproducibility. To address these challenges, we developed an 

efficient (<5 min), robust (low CoVs), and inexpensive (decreasing reagent use and cost by 

>70%) immunoassay method. Specifically, the immunoblot membrane is dotted with the 

sample and then developed in a vortex fluidic device (VFD) reactor. All assay steps – 

blocking, binding, and washing – leverage the unique thin-film microfluidics of the VFD. The 

approach can accelerate direct, indirect, and sandwich immunoblot assays. The applications 

demonstrated include assays relevant to both the laboratory and the clinic.  
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3.2 Introduction 

The promises of personalized medicine require efficient, inexpensive testing for the 

presence and concentration of biomarkers. Low-cost diagnostics for broad deployment of 

precision medicine also represent a health justice issue, as high-tech medical devices often 

neglect resource-limited areas.1 The extreme disparity between technologically lagging and 

advanced settings directly impacts disease mortality and morbidity, particularly for 

infectious diseases.2 Thus, a clear need exists for a simple, cost-effective platform technology 

to advance precision medicine worldwide.  

Point-of-care (PoC) tests have revolutionized diagnostics and patient care. For 

example, the rapid Strep A test has reduced unnecessary antibiotic treatments with clear 

benefits to public health.3 Similarly, PoC influenza tests can allow early antiviral 

intervention, if conducted within 72 hours post-symptom onset.4,5 The pregnancy test for 

chorionic gonadotropin has changed women’s reproductive health and has emerged as both 

the most common at-home and PoC diagnostic test.6 Despite these successful examples, a 

clear gap exists between the thousands of evidence-based biomarkers reported and their 

validation in the clinic.7 Thus, technology allowing PoC biomarker validation and widespread 

deployment is required to close this gap. 

Already used extensively for biomarker-based tests, immunoblot assays (IAs) offer a 

low-tech, but highly effective disease diagnostic. For example, an IA was developed as a cost-

effective tool for detection of Dengue, a rampant ailment in countries lacking medical 

infrastructure for more complicated testing.8 Similarly, IAs have been developed for the 

diagnosis of myofibrillar myopathies.9 Most prominently, an IA is used in concert with an 
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enzyme-linked immunosorbent assay (ELISA) to diagnose human immunodeficiency 

virus.10,11  

However, IAs typically incur high costs and have complex protocols and low 

sensitivity.12,13 Despite these limitations, IAs in laboratories are often used to optimize 

conditions for the more experimentally demanding and time-consuming Western blot. A 

conventional IA typically requires >2 hr and consumes significant amounts of expensive 

reagents (e.g., primary and secondary antibodies).14 Kurien et al. previously described a 

shortened, >40 min IA protocol reliant on processing the blot with reagents pre-warmed to 

37 °C, which suggests thermally driving equilibration is one approach to accelerating IAs.15 

An alternative, especially for temperature sensitive applications, the Vitrozm Zoom Blot 

Plate, a single-use apparatus, can perform a multiplexed IA in 60 min.16 

Eliminating the IA’s background is key to improving its sensitivity. Wu et al. 

determined that inefficient washing is the main contributor to high background in IAs.17 We 

envisioned applying the mechanical energy of a vortex fluidic device (VFD) to provide 

stringent washes, accelerated equilibration, and decrease IA background. Previously, the 

VFD has been used to drive protein purification and tethering18, recovery of DNA from 

formalin-preserved tissue19, protein folding20, and embedding active enzyme in xerogels.21 

Here, we report using the easily-deployed VFD to improve IA sensitivity and reduce 

processing time to <5 min.   

3.3 Results and Discussion 

To access the unique microfluidics of the VFD, IAs were performed entirely inside a 

VFD quartz reactor. Briefly, antigens were dotted on a nitrocellulose membrane that was 

sandwiched between two sheets of filter paper. The paper assembly was rolled into a 
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cylinder and placed concentrically within the VFD reactor. All subsequent blocking, binding, 

and washing steps then took place inside the spinning VFD.  

The initial optimization of the VFD-accelerated IA (VAIA) was performed with a 

previously described, robust assay format.22 The dotted HSA antigen was captured by 

addition of a small quantity (2 mL of 1 nM phage) of a phage-displayed HSA binding ligand 

and visualized by colorimetric activity of a peroxidase-conjugated, phage-specific antibody 

(2 mL of 1:10,000 diluted antibody in PBS) (Fig. 3-1A). The VFD conditions, including 

rotational speed and time, were subject to optimization. Ultimately, 1500 rpm and 4.5 min 

Figure 3-1. Optimization of the VAIA method. A) Nitrocellulose membranes dotted with target antigens 
are concentrically placed in a VFD reactor. The VFD reactor is tilted at 45° and rotated at 1500 rpm 
throughout the assay steps. Membranes are removed from the VFD reactor and the assay dots are visualized 
with a colorimetric reagent. B) An indirect phage IA was used to optimize VAIA rotational speed and assay 
time. Systematic screening of 9 combinations of these parameters revealed 1500 rpm and a 4.5 min assay 
time yielded the highest signal-to-noise ratios and lowest error. Error bars represent SEM (n = 3). C) A 
direct eGFP-FLAG detection IA was used to compare quantitation with VAIA to the conventional IA method. 
VAIA was faster, more robust, and more sensitive than the conventional method. The fluid flow was 
examined by performing VAIA with either hemispherical-bottom VFD reactors or flat-bottom VFD reactors. 
Error bars represent SEM for each group of dots on each immunoblot (n = 3). Coefficients of variance 
indicate variation between separate immunoblots (n = 3). 
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total of blocking (1 min), phage binding (2 min), antibody binding (1 min), and washing (2 x 

15 s) steps  yielded the greatest signal-to-noise ratios and the lowest levels of non-specific 

background binding (Fig. 3-1B). 

Next, a direct assay further demonstrated the generality of the technique and 

revealed the effects of fluid flow on VAIA (Fig. 3-1C). The model protein, enhanced green 

fluorescent protein with a C-terminal FLAG-tag (eGFP-FLAG)23, was detected with an anti-

eGFP peroxidase-conjugated antibody. The assay was performed in either a hemispherical 

quartz VFD tube (VAIA-Hemi) or a flat-bottom quartz VFD tube (VAIA-Flat). At the optimal 

speed, the curved hemispherical base of the tube and the curved wall of the tube are expected 

to create a Coriolis fluid flow impacting the inner surface of the tube. Overall, the fluid flow 

afforded by the VAIA-Hemi resulted in more sensitivity and lower variability, where the 

rapid processing arises from the Coriolis fluid flow inducing high mass transfer into and out 

of the membrane.   

The multifunctional eGFP-FLAG fusion protein provided a useful model to 

demonstrate a multitude of classic IA methods. The FLAG-tag was used as the antigen in both 

indirect (4.5 min) and direct (3.25 min) IA formats (Fig. 3-2A). Both formats delivered a 

dose-dependent response and the expected binding patterns (i.e., one format has higher 

sensitivity due to stronger binding affinity). Specifically, the direct FLAG immunoblot has 

drastically reduced signal below 0.33 μM. However, the indirect FLAG immunoblot maintains 

a detectable signal to concentrations of eGFP-FLAG as low as 0.04 μM. These data are 
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consistent with the finding that indirect immunoassays are generally more sensitive due to 

signal amplification by the secondary antibody.26 

Another common IA, the sandwich-format, features an antigen entrapped between 

two noncompetitive antibodies. VAIA enabled two different sandwich-format assays to be 

performed with each requiring <5 min (Fig. 3-2B). An anti-FLAG antibody was dotted on the 

membrane and captured either eGFP-FLAG or FLAG-tagged M13 bacteriophage (FLAG 

phage). The eGFP-FLAG fusion was sandwiched with anti-eGFP-HRP; the FLAG phage was 

sandwiched with anti-M13-HRP. Both immunoblots demonstrated dose-dependent binding; 

however, the FLAG phage signal was significantly more intense and sensitive. Taken as a 

whole, the wide variety of IA formats demonstrate the generality and robustness of VAIA. 

Figure 3-2. Generalization of VAIA to three common immunoassay formats. A) Both an indirect and 
direct anti-FLAG VAIA allowed dose-dependent quantification of eGFP-FLAG. The different binding modes 
cause the data to vary in both sensitivity and saturation limit. B) Anti-FLAG antibodies captured either FLAG 
phage or eGFP-FLAG for sandwich VAIAs. Detection of FLAG phage was more sensitive, but both methods 
resulted in useful signal. A schematic for each assay format is provided (middle). Error bars represent SEM 
(n = 3). 
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The previously described assays were all performed with a commercial blocking 

agent, ChonBlock (CB). However, researchers typically block with solutions of bovine serum 

albumin (BSA), non-fat milk (NFM), or high concentrations of the non-ionic detergent 

Tween-20. Therefore, the eGFP-FLAG direct detection with anti-eGFP-HRP was repeated 

with these more common blocking conditions (Fig. 3-2). All four blocking conditions 

resulted in a robust signal; however, 5% CB had the best signal-to-noise and therefore the 

best sensitivity. The experiments illustrate the adaptability of the VAIA platform for 

application to a variety of IA conditions and reagents. 

VAIA also works well for potential clinical applications. In clinical samples, 

endogenous proteins can be challenging to detect due to the complex composition of the 

biofluid, including interfering substances. Human serum albumin (HSA) levels in the body 

are a biomarker for malnutrition, cirrhosis, and kidney disease.24,25 Here, detection of 

Figure 3-3. Clinical potential of VAIAs with biofluids. A) An indirect HSA immunoassay in plasma, 
sera, urine, blood, and PBS demonstrated VAIA applicability to a variety of biofluids. B) IgM and IgG 
levels in plasma from healthy and COVID-19 patients were assayed with VAIA. Error bars represent SEM 
(n = 3). ANOVA with Tukey’s multiple comparisons yields p-values of *<0.05, ***<0.001, ****<0.0001. 
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endogenous HSA in diluted plasma, sera, urine, and blood from human patients validated 

testing of biofluids with VAIA (Fig. 3-3A). HSA levels were the highest in blood, followed by 

plasma, then sera. In urine, the measured HSA levels were undetectable (i.e., comparable to 

the negative control). This result is predictable, as urine from healthy donors should be 

relatively HSA-free.26 

Several diseases can be diagnosed through the assessment of immunoglobulin levels 

in biofluids.27–29 However, the current state-of-the-art immunoglobulin assays are lengthy 

and complicated. Here, pooled plasma from healthy donors and COVID-19 patients further 

characterized the clinical potential of VAIA (Fig. 3-3B). Interestingly, immunoglobulin G 

(IgG) levels were consistent amongst the pooled plasma (no significance by ANOVA), and 

immunoglobulin M (IgM) levels varied drastically from one another. This data agrees with 

previous measurements from our laboratory.23 In summary, the strong wash conditions of 

VAIA can overcome interfering substances during IAs with clinical samples. 

The approach described here could find use in many chemical processes requiring 

the interactions of solid and liquid states. In diagnostics, for example, molecular recognition 

often requires molecules in liquid-phase to bind to a target affixed to solid support. The VFD-

driven rapid equilibration could accelerate equilibration of otherwise slow binding events. 

Furthermore, the >10-fold acceleration, combined with decreased cost, and simplified 

execution suggests the work reported here could advance IAs in academic, industrial, and 

clinical spaces. 

We conclude by noting that VAIA satisfies the requirements for bringing proteomic 

assays to PoC settings. VAIA is robust, rapid, and technically simple to execute, unlike 

conventional IAs. This conclusion was verified by an independent operator who replicated 
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the Materials and Methods. Additionally, the large number of assay formats in this report 

demonstrates VAIA’s adaptability to a variety of established immunoassay formats. The 

approach can be readily scaled to examine hundreds to potentially thousands of proteins in 

one assay using a <5 min, inexpensive sandwich format assay. Most importantly, the data are 

unambiguous, digitizable with a cell phone camera, and robust. Therefore, VAIA could 

address the gap between development and implementation of biomarker-based precision 

medicine.  

3.4 Materials and Methods 

Propagation and Purification of M13 Phage-Displayed Peptide Ligands. The HSA-

binding- or FLAG-phagemid was transformed into SS320 Escherichia coli (E. coli) competent 

cells and heat-shocked at 42 °C for 40 s. The cells were plated onto a pre-warmed LB-

carbenicillin plate at 37 °C overnight. Near a flame, a 20 mL primary culture of 2YT (16 g 

tryptone, 10 g yeast extract, 5 g NaCl in 1 L autoclaved, nanopure water) with carbenicillin 

(50 mg/mL) and tetracycline (5 mg/mL) was inoculated with a single colony and incubated 

with shaking at 225 rpm and 37 °C until an OD600 of 0.5 to 0.7 was reached. Next, the primary 

culture was induced by addition of isopropyl β-D thiogalactopyranoside (IPTG, 30 μM) and 

M13KO7 helper phage (8 nM, 5 μL). After incubation for 45 min at 37 °C with shaking at 225 

rpm, 8 mL of the primary culture was transferred to 150 mL of 2YT supplemented with 

carbenicillin (50 μg/mL), kanamycin (20 μg/mL), and IPTG (30 μM) and incubated for 18 h 

at 30 °C with shaking at 225 rpm. 

To harvest the phage, the expression culture was centrifuged at 10 krpm (15300 x g) 

for 10 min at 4 °C. The supernatant was transferred to a 250 mL centrifuge bottle with 30 

mL of 20% (w/v) PEG-8000/2.5 M NaCl and inverted three times. After incubation on ice for 
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45 min, an additional centrifugation was done at 10 krpm (15300 x g) for 30 min at 4 °C. 

Without disturbing the pellets, the supernatant was decanted, and the centrifuge bottles 

were centrifuged with pellets facing away from the central axis of the rotor at 4 krpm (2,500 

x g) for 4 min at 4 °C. The pellets were resuspended in 1X PBS (10 mM phosphate, 137 mM 

NaCl, pH 7.2) supplemented with TWEEN-20 (0.05%, v/v) and glycerol (10%, v/v), aliquoted 

into 1.5 mL Eppendorf tubes, flash frozen with liquid nitrogen, and stored at -80 °C. As 

required, the phage were thawed on ice. One-fifth of the total volume of 20% (w/v) PEG-

8000/2.5 M NaCl was added, and the phage was incubated on ice for 45 min. Next, the phage 

were centrifuged at 10 krpm (15300 x g) for 30 min at 4 °C. The supernatant was decanted, 

and the pellets were resuspended in 1X PBS. The phage were centrifuged a final time at 10 

krpm (15300 x g) for 10 min and decanted into a clean tube. The phage concentration was 

determined by measuring the absorbance at 268 nm, multiplying the A268 value by a factor 

of 8.14, and correcting for the dilution factor.  

Expression and IMAC Purification of eGFP-FLAG. A pET28c plasmid containing eGFP-

FLAG fused to an N-terminal His-tag was transformed into BL21 DE3* E. coli heat-shock, 

competent cells. Cells were plated on a carbenicillin-supplemented (50 μg/mL) LB-agar plate 

and incubated at 37 °C overnight. A single colony was transferred to an overnight culture of 

25 mL LB media (10 g tryptone, 10 g NaCl, 5 g yeast extract in 1 L autoclaved nanopure 

water) supplemented with carbenicillin (50 μg/mL) and incubated at 37 °C for 18 h. An 

expression culture of 500 mL LB supplemented with carbenicillin (50 μg/mL) was 

inoculated with 5 mL of the seed culture before incubation at 37 °C with shaking at 225 rpm 

until an OD600 ~0.5 was reached. The cultures were induced by addition of 0.5 mM IPTG and 

incubated for 18 h at 25 °C. To harvest the protein, the culture was centrifuged (9632 x g) 
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for 20 min, resuspended in lysis buffer (20 mM Tris-HCl, 250 mM NaCl, pH 8), and sonicated. 

The lysate was centrifuged (26,892 rcf, 45 min, 4 °C), and the supernatant was incubated 

with charged Ni2+-charge IMAC (Profinity™) resin overnight on a rotary shaker (150 rpm at 

4 °C). The resin-bound protein was purified by gravity column, first by washing with lysis 

buffer containing 20 mM imidazole and then eluted with lysis buffer containing 250 mM 

imidazole. The eluted fractions were visualized using a 12% SDS-PAGE (Bio-rad Mini-

PROTEAN Tetra electrophoresis system) stained with Coomassie brilliant blue dye (Fig. 3-

4). The eluted fractions containing the purified eGFP-FLAG were pooled, and the buffer 

exchanged for 3 column volumes (20 mL) with lysis buffer without imidazole using a 10 kDa 

cutoff microconcentrator (Vivaspin, Fisher Scientific). The protein concentration was 

determined by Bradford assay using the estimated MW. 

Optimization of VAIA Rotational Speed and Assay Time. The general process of 

arraying samples for testing is as follows. The nitrocellulose membrane was trimmed to fit 

Figure 3-4. SDS-PAGE analysis of eGFP-FLAG expression and purification. The fusion protein had an 
expected molecular weight of ~32 kDa, as indicated with a red box. From left to right, the lanes are the 
following: 1) PageRuler Plus Prestained Protein Ladder, 2) Flowthrough, 3) Wash, 4) Elution 1, 5) Elution 2, 
6) Elution 3, 7) Elution 4. 
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the inner circumference of the VFD reactor (5 cm) and marked with a pencil to create a 1 x 1 

cm square for each sample. The negative control (1 μL of PBS) or experimental antigen (1 μL 

of 50 mg/mL HSA in PBS) was applied as a dot directly to the membrane, which was allowed 

to dry as usual. Next, the membrane was sandwiched between two pieces of filter paper cut 

to the size of the membrane; this assembly prevents damage to the membrane during 

processing. The filter paper membrane sandwich was shaped into a cylinder and placed 

concentrically within the glass VFD reactor for assay. 

VAIA speed and assay time were optimized through an indirect phage assay. These 

assays consisted of three distinct steps performed with different times in 1:2:1 ratios 

(blocking : phage binding : antibody binding) (Fig. 3-5). Different rotational speeds were 

also explored for each ratio. First, each membrane was blocked with 3 mL 5X Chonblock 

(Chondrex Inc.) in PBS (blocking buffer) at the indicated speeds and times, and the solution 

was discarded. Next, 3 mL of HSA-binding phage (HSA-L3) diluted in blocking buffer was 

 1:2:1 min 2.5:5:2.5 min  5:10:5 min  

500 rpm 

   

1500 rpm 

 
  

3000 rpm 

   

Figure 3-5. Images of HSA-phage VAIAs with varying speeds and assay times.  For each blot, the top 
row is dotted with HSA, the bottom row is dotted with PBS. Images were taken under a light table with an 
iPhone 12 mini camera and imported into ImageJ for further analysis. For images shown in this manuscript, 
an additional adjustment of contrast was performed. 
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added to the VFD reactor for processing at the indicated speeds and times. The solution was 

discarded, and 3 mL of 1X PBS with 0.05% (v/v) Tween-20 (PBS-T) was added to the reactor 

to wash the membrane for 15 s before discarding the solution. Next, the HSA/HSA-L3 binding 

interaction was detected through addition of 3 mL anti-M13-HRP (Creative Diagnostics) 

diluted in blocking buffer (1:10,000) before VFD processing at the indicated speeds and 

times. Finally, this solution was discarded, and the membrane sandwich was washed once  

more as previously described. 

After each assay was complete, the membrane was removed from the VFD reactor 

through gentle tapping and placed on a clean paper towel. Sufficient TMB solution was added 

to cover the membrane surface. After sufficient time passed for color to develop (1 to 5 min), 

each membrane was rinsed with water and imaged after drying. All membranes were imaged 

using top-down lighting by a light table with an iPhone 12 Mini camera (Fig. 3-6). The images 

were transferred into Image-J and converted to 8-bit grayscale format, as directed by the 

software. Next, the background was subtracted with a 50.0 rolling ball radius and light-dark 

inverted. The mean density of each assay dot was measured and imported into Prism 9.0 for 

further analysis.  

 Blot 1 Blot 2 Blot 3 

VAIA-Hemi 

   

VAIA-Flat 

   

Figure 3-6. Images of eGFP-FLAG VAIAs. From left to right on each blot, the eGFP-FLAG concentrations 
are: 3.00 μΜ, 1.00 μΜ, 0.33 μΜ, 0.11 μΜ, 0.04 μΜ. Images were acquired under a light table with an iPhone 
12 mini camera and imported into ImageJ for further analysis. For images shown in this manuscript, an 
additional adjustment of contrast was performed. 
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Direct Detection of eGFP-FLAG with Conventional Dot Blot. The membranes were 

prepared as described above. These assays were performed in separate plastic containers. 

To prevent non-specific binding, 10 mL of blocking buffer were added to each container, 

shaken at 150 rpm for 30 min, then discarded. Next, 10 mL of 1:1,000 anti-eGFP-HRP in 

blocking buffer were added to each container, shaken at 150 rpm for 60 min, then discarded. 

Each membrane was washed with 10 mL PBS-T with shaking at 150 rpm for 10 min three 

times. The membranes were developed, and the data were processed as described above 

(Fig. 3-7). 

Blot 1 Blot 2 Blot 3 

   

Direct VAIA Detection of eGFP-FLAG with anti-FLAG-HRP. The membranes were 

prepared and blocked as previously described. Next, 2 mL of 1:1,000 anti-FLAG-HRP (Sigma-

Aldrich) in blocking buffer were added to the tube and spun at 1500 rpm for 2 min. The 

solution was then discarded, and the membranes were washed and processed as described 

above. 

Indirect VAIA Detection of eGFP-HRP with anti-FLAG and anti-mouse-HRP. The 

membranes were prepared and blocked as previously described.  The solution was then 

discarded. Next, 2 mL of 1:1,000 anti-FLAG (Sigma-Aldrich) in blocking buffer were added to 

the tube and spun at 1500 rpm for 2 min. The solution was discarded, and the membrane 

was washed by adding 2 mL of PBS-T and spinning at 1500 rpm for 15 s. After discarding the 

Figure 3-7. Images of conventional eGFP-FLAG IAs. From left to right for each blot, the eGFP-FLAG 
concentrations are: 3.00 μΜ, 1.00 μΜ, 0.33 μΜ, 0.11 μΜ, 0.04 μΜ. Images were acquired under a light 
table with an iPhone 12 mini camera and imported into ImageJ for further analysis. For images shown in 
this manuscript, an additional adjustment of contrast was performed after data analysis. 
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wash solution, 2 mL of 1:10,000 anti-mouse-HRP in blocking buffer were added to the tube, 

spun at 1500 rpm for 2 min, then discarded. The solution was discarded, and the membranes 

were washed and processed as previously described. 

Sandwich VAIA Detection of eGFP-FLAG with anti-FLAG and anti-eGFP-HRP. 

Membranes were prepared as previously described. Five serial dilutions of anti-FLAG 

(1:100, 1:1000, 1:10,000, 1:100,000, 1:1,000,000) were prepared and 1 μL of each was added 

in triplicate on each of the five columns within the grid. The membrane was sandwiched in 

filter paper and blocked as previously described. Next, 2 mL of 3 μM eGFP-FLAG in blocking 

buffer were added, and the tube was spun at 1500 rpm for 2 min. The solution was then 

discarded, and the membrane was washed as previously described. Next, 2 mL of 1:1000 

anti-eGFP-HRP in blocking buffer were added to the tube and spun at 1500 rpm for 2 min, 

then discarded. The solution was discarded, and the membrane was washed, and the data 

were processed as previously described. 

Sandwich VAIA Detection of eGFP-FLAG with anti-FLAG and FLAG-Binding Phage. The 

membrane was prepared and blocked as previously described. Next, 2 mL of 1 nM FLAG-

binding phage in blocking buffer were added to the tube and spun at 1500 rpm for 2 min. 

The solution was then discarded, and the membrane washed as described above. Next, 2 mL 

of 1:1000 anti-M13-HRP in blocking buffer were added to the tube and spun at 1500 rpm for 

2 min, then discarded. The solution was discarded, and the membrane was washed, and data 

processed as previously described. 
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Direct VAIA Detection of HSA in Biofluids. The membrane was prepared as previously 

described. Plasma, sera, urine, blood were diluted (1:100) in PBS and dotted on the 

membrane in triplicate. Additionally, PBS was dotted on the membrane as a negative control. 

An image of the membrane was acquired as before. The membrane was sandwiched in filter 

paper and blocked as previously described. Next, 2 mL of anti-HSA-HRP (Bethyl 

Laboratories, 1:1000) in blocking buffer were added to the tube and spun at 1500 rpm for 2 

min. The solution was discarded, and the membrane was washed and imaged as described. 

Figure 3-8. Image of VAIA assay completed in a variety of biofluids. Images were acquired under a light 
table with an iPhone 12 mini camera and imported into ImageJ for further analysis. For images shown in this 
manuscript, an additional adjustment of contrast was performed after data analysis. 
 

Figure 3-9. Images of patient plasma VAIAs. IgMs and IgGs were detected with anti-IgM-HRP or anti-
IgG-HRP, respectively. Images were acquired under a light table with an iPhone 12 mini camera and 
imported into ImageJ for further analysis. For images shown in this manuscript, an additional adjustment 
of contrast was performed after data analysis. 
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To account for the initial dark color of the diluted blood, the mean density values were 

calculated by subtracting the values before and after the assay (Fig. 3-8).   

Antibody Detection in COVID-19 Patient Plasma. The membrane was prepared as 

previously described. Plasma from healthy patients and COVID-19 patients were diluted 

(1:100) in PBS and dotted on the membrane in triplicate. The membrane was sandwiched in 

filter paper and blocked as previously described. Next, 2 mL of anti-IgG-HRP (Sigma-Aldrich, 

1:1000) or anti-IgM-HRP (Invitrogen, 1:1000) in blocking buffer were added to the tube and 

spun at 1500 rpm for 2 min. The solution was discarded, and the membrane was washed and 

imaged as described above (Fig. 3-9). 
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CHAPTER 4 

Predicting COVID-19 Severity with a Specific Nucleocapsid Antibody plus 

Disease Risk Factor Score 

 

Adapted with permission from mSphere.  
DOI: 10.1128/mSphere.00203-21 
 

4.1 Abstract 

Effective methods for predicting COVID-19 disease trajectories are urgently needed. 

Here, ELISA and coronavirus antigen microarray (COVAM) analysis mapped antibody 

epitopes in the plasma of COVID-19 patients (n = 86) experiencing a wide-range of disease 

states. The experiments identified antibodies to a 21-residue epitope from nucleocapsid 

(termed Ep9) associated with severe disease, including admission to the ICU, requirement 

for ventilators, or death. Importantly, anti-Ep9 antibodies can be detected within six days 

post-symptom onset and sometimes within one day. Furthermore, anti-Ep9 antibodies 

correlate with various comorbidities and hallmarks of immune hyperactivity. We introduce 

a simple-to-calculate, disease risk factor score to quantitate each patient’s comorbidities and 

age. For patients with anti-Ep9 antibodies, scores above 3.0 predict more severe disease 

outcomes with a 13.42 Likelihood Ratio (96.7% specificity). The results lay the groundwork 

for a new type of COVID-19 prognostic to allow early identification and triage of high-risk 

patients. Such information could guide more effective therapeutic intervention.  
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4.2 Introduction 

The COVID-19 pandemic has triggered an ongoing global health crisis. More than 

108.2 million confirmed cases and 2.3 million deaths have been reported worldwide as of 

February 16, 20211. The virus that causes COVID-19, severe acute respiratory syndrome 

coronavirus (SARS-CoV-2), belongs to the same family of viruses responsible for respiratory 

illness linked to recent epidemics – severe acute respiratory syndrome (SARS-CoV-1 termed 

SARS here) in 2002-2003 and Middle East respiratory syndrome (MERS) in 20122. The 

current and previous outbreaks suggest coronaviruses will remain viruses of concern for 

global health. 

Many risk factors and comorbidities, including age, sex, hypertension, diabetes, and 

obesity, can influence COVID-19 patient outcomes 3. Analysis of patient immune parameters 

has linked disease severity to elevated levels of biomarkers for inflammation (c-reactive 

protein and cardiac troponin I), organ damage (aspartate aminotransferase, abbreviated 

AST, and hypoalbuminemia), immune hyperactivity (IL-6 and IL-10), and clotting (D-

dimer)4. Mortality in COVID-19 is often caused by multi-organ injury and severe pneumonia 

attributed to an excessive immune response, termed a cytokine storm5. Given the rapid and 

wide spectrum of COVID-19 disease progression, a more precise prognostic linking disease 

risk factors and specific immune responses can potentially predict disease trajectories and 

guide interventions.  

One hypothesis to explain differences in severity of COVID-19 implicates weakly 

binding, non-neutralizing antibodies (Abs) to SARS-CoV-2 proteins6. However, the potential 

harm of these suboptimal Abs in COVID-19 patient outcomes remains ill-defined. 

Furthermore, a recent review on antibody-dependent enhancement of SARS-CoV-2 stated, 
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“At present, there are no known clinical findings, immunological assays or biomarkers that 

can differentiate any severe infection from immune-enhanced disease, whether by 

measuring antibodies, T cells or intrinsic host responses7." This conclusion inspired our 

study. 

SARS-CoV-2 encodes four major structural proteins – spike (S), nucleocapsid (N), 

membrane (M), and envelope (E). The S, N, and M proteins from SARS elicit an Ab-based 

immune response8,9. The Ab response and its effects on disease progression in SARS-CoV-2 

remain under investigation10,11. Bioinformatics has predicted >55 Ab binding epitope 

regions from SARS-CoV-212–17. The epitopes for N, M or E proteins are less well-characterized 

than for S protein. Several studies have reported comprehensive epitope mapping of the 

antibody response to SARS-CoV-218–21. Here, we sought to characterize epitopes from SARS-

CoV-2 and their correlations with disease severity. ELISAs with phage-displayed epitopes 

(phage ELISAs) and coronavirus antigen microarray (COVAM) analysis 22 examined plasma 

samples from COVID-19 patients (n = 86). The results demonstrate that Abs to a specific 

epitope from N protein plus disease risk factors strongly correlate with COVID-19 disease 

severity. 

4.3 Results 

Design and Production of Candidate Epitopes. Twenty-one putative SARS-CoV-2 

epitopes were predicted through bioinformatics 12–14 and structure-based analysis. The 

candidate epitopes span the S, N, M, or E proteins and are on average 34 amino acids in length 

(Fig. 4-1). These epitopes were phage-displayed as fragments of the full-length protein and 

were likely unstructured. Here, epitope refers to the predicted region of the antigenic protein 

recognized by the antibody's paratope. The structure of S protein bound to a neutralizing 
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antibody 23,24 provided the starting point for 12 of these antibody epitopes. Epitopes were 

designed to potentially isolate even suboptimal Abs binding to small portions of these 

structural proteins; such suboptimal Abs were hypothesized to provide insight into disease 

severity. After display of each potential epitope on the surface of phage, the quality of the 

epitopes was evaluated by PCR, DNA sequencing, and QC ELISA. A total of 18 phage-

displayed, putative epitopes passed quality control PCR, and were selected for further study.  

Mapping Epitope Binding to anti-SARS-CoV-2 Abs. Plasma from COVID-19 patients was 

subjected to ELISAs with the phage-displayed SARS-CoV-2 epitopes (Fig. 4-2A). Unless 

otherwise indicated (e.g., healthy controls), plasma refers to samples from PCR-verified, 

COVID-19 patients. In this initial assay, plasma was pooled, diluted 100-fold, and coated on 

a microtiter plate (3 pools of n = 5 patients per pool). Nonspecific interactions were blocked 

(ChonBlock), and phage-displayed epitopes were added for ELISA. The resultant data were 

normalized by signal from the corresponding negative control (phage without a displayed 

Figure 4-1. Predicted SARS-CoV-2 epitopes examined by phage ELISA. Structural models (gray) of the 
SARS-CoV-2 A) S, B) N, C) M, or D) E proteins illustrate our epitope design (colored). Sequence Ep13* has the 
mutation D614G, which increases the fitness of SARS-CoV-2(25,26). The depicted structural models were 
derived from an S protein X-ray structure (PDB: 6VXX)23 or computation modeling of N, M, and E proteins 
(Protein Gene Bank: QHD43423, QHD43419, and QHD43418, respectively)52. Sequences, sources, and 
rationale for selections can be found in the original publication. 
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epitope). Seven candidate epitopes from the pooled patients were further investigated with 

a larger number of individual patient samples (n = 28) (Fig. 4-2B). The strongest, 

reproducible binding was observed for three epitopes from M (Ep6), N (Ep9), and S (Ep20) 

proteins. Additional COVID-19 plasma samples were profiled for binding to these three 

epitopes (n = 86 total) (Fig. 4-2B).  

Only the Ep9 epitope from N protein demonstrated robust, statistically significant 

antibody binding in 27% of patients (n = 186) (Fig. 4-2B). Of these patients, 100 did not have 

corresponding health information and were not analyzed further in this report. To test non-

phage displayed epitopes, dose-dependent binding to Ep9 fused to eGFP (eGFP-Ep9) or to 

full-length N protein demonstrates that αEp9 IgGs bind its antigen with EC50 = 3.22 nM (95% 

CI = 2.49 to 4.14 nM). This experiment examines plasma samples with the highest IgG 

response against the N protein in the COVAM assay. Patients without αEp9 Abs have roughly 

the same level of binding to N protein as observed for αEp9 Abs binding to Ep9. However, 

such αEp9 Abs appear to add to N protein binding by antibodies; we observe approximately 

two-fold increase in apparent antibody binding levels for N protein if the patient also has 

αEp9 Abs (Fig. 4-2C). Therefore, the αEp9 response we report cannot solely be due to N 

protein antigenicity. In patients for whom longitudinal samples were available, the highest 

levels of αEp9 Abs were observed at days 1 to 14 post-symptom onset (n = 11) and were 

detectable within 6 days (Fig. 4-2D). In four of these patients, αEp9 Abs persisted after day 

14. 
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Cross-Reactivity of αEp9 Abs Against Orthologous Epitopes. Next, the cross-reactivity 

of αEp9 Abs was examined with Ep9-orthologs from four phylogenetically related 

coronaviruses known to infect humans. Specifically, plasma with αEp9 Abs (n = 3) and 

pooled plasma from healthy individuals (n = 5) were assayed. The Ep9 epitopes from SARS-

Figure 4-2. Mapping COVID-19 patient antibody responses with phage-displayed SARS-CoV-2 

epitopes. A) This phage ELISA with the indicated epitopes (x axis) examined plasma pooled from patients 
(n = 3 pools of 5 patients each, 2 technical replicates). STOP4 is the phage negative control. B) The epitopes 
with the highest signals were then further examined by ELISA with plasma from individual patients (n as 
indicated). C) This ELISA measures dose-dependent binding of αN IgGs from plasma pooled from five αEp9-
positive patients and five non-Ep9, αN-positive patients to eGFP-Ep9 (dashed line), eGFP negative control 
(eGFP-FLAG, dotted line), or full-length N protein (fl-N, solid line). The indicated concentrations of Ep9 or 
fl-N were immobilized on microtiter plates, and binding of pooled patient plasma (1:100) was detected 
using α-Fc IgG-HRP Abs (1:10,000). Pooled patients were matched by similar αN IgG binding signal in 
COVAM analysis (inset). Nonlinear lines of best fit for binding saturation are represented. Statistical 
comparisons of Bmax, Hill slope, and EC50 between groups determines that binding of αEp9 IgGs to fl-N or 
eGFP-Ep9 and that of non-Ep9, αN IgGs to fl-N are significantly different (P < 0.0001). Error bars represent 
±SD. The data demonstrate that the EC50 value of αEp9 Abs is equal to the cumulative EC50 of all other αN 
Abs in patients lacking the αEp9 Abs. In the presence of the αEp9 Abs, the apparent binding levels of αN Abs 
against fl-N approximately double. D) With samples from individual patients (designated P# and by color) 
collected at the indicated times, αEp9 Abs were measured. The subset of patients shown here comprises all 
samples for which longitudinal data were available. E) Phage ELISA with samples from patients with strong 
αEp9 Ab responses (two from the longitudinal study and one from the patient population) examines cross-
reactive binding to Ep9 or Ep9 orthologs from the indicated coronaviruses (x axis, 3 technical replicates). 
The arrow on the y axis and gray line (B and D) represents the negative control used for normalizing the 
data. Error bars represent SEM (A, B, C, and E) or range of two measurements (D). 
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CoV-2 and SARS have 90% amino acid sequence homology. Unsurprisingly, this high degree 

of similarity resulted in a cross-reactive Ep9 epitope, and a strong antibody response was 

observed to Ep9 epitopes from both viruses (Fig. 4-2E). The coronaviruses, MERS, HKU-1, 

and NL63 have 52%, 43%, and 8% sequence homology to SARS-CoV-2 Ep9, respectively. 

These more distantly related orthologs exhibited no cross-reactivity with the αEp9 Abs. 

Furthermore, no response was observed to Ep9 in pooled plasma from healthy individuals. 

The protein microarray COVAM analysis is a high-throughput serological test for 

SARS-CoV-2 Ab cross-reactivity with a panel of 61 antigens from 23 strains of 10 respiratory 

tract infection-causing viruses 22. In this assay, each antigen was printed onto microarrays, 

probed with human plasma, and analyzed with an ArrayCam imager. COVAM distinguishes 

between IgG and IgM Abs binding to the full-length N protein. Thus, the COVAM analysis 

complements the phage ELISA by expanding the scope of antigens surveyed and adding Ab 

serotype information. The ELISA and COVAM data both demonstrate that αEp9 Abs are 

highly specific for lineage B betacoronaviruses, and unlikely to be found in patients before 

their infection with SARS-CoV-2.  

More Severe Disease and Poorer Outcomes for αEp9 Patients. Direct comparison of data 

with full-length N protein from COVAM and Ep9 phage ELISA (n = 40 patients assayed with 

both techniques) reveals five unique categories of patients (Fig. 4-3A). To enable this 

comparison, raw data from each assay was normalized as a percentage of the negative 

control. Category 1 consists of patients without Abs to the N protein. The next categories 

include patients with IgMs (Category 2) or IgGs (Category 3) binding to N protein, but not 

Ep9, termed non-Ep9 αN Abs. Category 4 includes patients with αEp9 Abs (both IgMs and 

IgGs). Category 5 patients have exclusively IgG αEp9 Abs. The αEp9 Abs are only found in 
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patients with IgMs or IgGs against full-length N protein from the COVAM assay; the COVAM 

analysis thus independently corroborate the phage ELISAs (Fig. 4-3A).  

Interestingly, the patients with αEp9 Abs suffer more prolonged illness and worse 

clinical outcomes compared to patients with non-Ep9 αN Abs or no αN Abs. In this study, 

severe COVID-19 cases are defined as resulting in death or requiring admission to the ICU or 

intubation. The fraction of severe COVID-19 cases was 2.5 times higher in αEp9 Abs patients 

than non-Ep9 αN Abs patients (Fig. 4-3B, yellow panel); the differences in proportions of 

severe and non-severe αN-positive patients with or without αEp9 Abs are statistically 

Figure 4-3. Patients with αEp9 Abs have more severe disease. A) Normalized and categorized data from 
measurements by COVAM (IgMs in yellow, IgGs in green) and Ep9 phage ELISA (blue). ANOVA comparing COVAM 
to ELISA with Dunnett’s multiple comparisons yields p-values of **<0.01, ****<0.0001, or ns: not significant. B) 

Disease severity (color) binned by antibody response (COVAM in yellow, or ELISA in blue). Statistical analysis 
reveals significant differences between distributions of severe and non-severe disease comparing patient 
categories, p<0.01 and p<0.001 (Fisher’s exact test) for COVAM and ELISA, respectively. Patients with αEp9 Abs 
are C) symptomatic for longer durations and D) spend more days in the hospital than those with other αN Abs 
or no αN Abs. ANOVA with Tukey’s multiple comparisons yields p-values of *<0.05 and **<0.01. One outlier 
(black) (ROUT = 0.1%) was omitted from statistical calculations for panels C and D. E) The αN IgG appear at high 
levels early in the course of disease only for αEp9-positive patients, but are lower in non-Ep9, αN-positive 
patients. After >15 days post symptom onset, αN IgG levels increase for both groups of patients. F) However, IgM 
levels do not change significantly. Error bars depict SEM with the indicated number of patients (n, numbers above 
columns). 
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significant (p<0.030, Fisher’s exact test). Patients without αN Abs (Category 1) had less 

severe symptoms. The αEp9 Abs patients also had longer durations of symptoms and 

hospital stays relative to non-Ep9 αN Abs and no αN Abs patients (Figs. 4-3C and D). A larger 

data set of patient plasma analyzed by phage ELISA confirmed this conclusion (p<0.0013, 

Fisher’s exact test) (Fig. 4-3B, blue panel). Our data further demonstrates that 

asymptomatic COVID-19 patients (n = 3) also tested negative for αEp9 Abs. The data also 

reveals early seroconversion of αEp9 IgGs (Fig. 4-3E), but not αEp9 IgMs (Fig. 4-3F). 

Strong Correlation of Severity in Patients with αEp9 Abs and High DRFS. We compared 

risk factors, clinical parameters, and disease outcomes among patients with αEp9 Abs (n = 

23) (Figs. 4-4A). A disease risk factor score (DRFS) was developed to evaluate the 

relationship between clinical preconditions and disease severity in patients with αEp9 Abs. 

The DRFS quantifies a patient’s age, sex, and pre-existing health conditions associated with 

COVID-19 disease severity and mortality. Risk factors include hypertension, diabetes, 

obesity, cancer, and chronic conditions of the following: cardiac, cerebrovascular, kidney, 

and pulmonary 25–28. Using the age score from the Charlson Comorbidity Index 29 yields a 

patient’s DRFS as:  

(eq. 4-1) DRFS = Σ (# of risk factors) + (age score) 

where each risk factor is valued as either 0 or 1 if absent or present, respectively. The DRFS 

of patients with αEp9 Abs strongly correlates with COVID-19 disease severity (Pearson’s r = 

0.72, p-value <0.0001, and R2= 0.52) (Fig. 4-4A). The correlation in patients without αEp9 

Abs is weak (r = 0.30, p-value = 0.089, R2= 0.018) (Fig. 4-4A). Amongst patients with αEp9 

Abs (n = 23), a DRFS ≥3 can determine disease severity with 92.3% sensitivity (1/13 false 

negatives) and 80% specificity (2/10 false positives) (Fig. 4-4B). In the entire study cohort 
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(n = 86), patients with αEp9 Abs and DRFS ≥3 (n = 11) have severe disease with a high degree 

of specificity (96.7%) and a sensitivity of 44%. Notably, DRFS predicts disease severity only 

for patients with αEp9 Abs (n = 23), and patients without such Abs (n = 63) had no 

correlation with disease outcomes.  

Examining key contributors to high DRFS, the presence of αEp9 Abs correlates with 

more severe disease in patients who have hypertension, diabetes, or age >50 years. Such 

correlation is not observed for patients lacking αEp9 Abs (Fig. 4-4C). Such risk factors are 

Figure 4-4. Correlation between disease severity and risk factors in patients with αEp9 Abs. A) The 
relationship between DRFS and disease severity of COVID-19 patients with αEp9 Abs (blue) or no αEp9 Abs 
(gray). Each data point represents one patient. The solid lines indicate linear regression fits with 95% 
confidence intervals (dotted lines), and Pearson’s r-value as noted. B) Correlation of disease severity with DRFS 
in patients with αEp9 Abs. The data depicts a significant correlation between DRFS and disease severity in 
patients with αEp9 Abs (blue), but not in patients lacking αEp Abs (gray). In αEp9 patients, a DRFS threshold of 
3.0 can predict severe disease (red). Two-tailed, parametric t-tests were conducted to compare non-severe and 
severe disease outcomes of patients with and without αEp9 Abs, where ****p<0.0001. The error bars represent 
SD with the indicated n. C) The color-indicated risk factors (diabetes, hypertension, and age score) are depicted 
on the x-axis as the fractions of patients in each disease severity category (y-axis). Numbers indicate total 
patients (n) without αEp9 Abs (left) or with αEp9 Abs (right). The prevalence of risk factors (colors) increases 
with disease severity in patients with αEp9 Abs, but not in patients without these Abs. D) Patients with αEp9 
Abs and DRFS ≥3 are predisposed to increased COVID-19 severity and poorer outcomes. 
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prevalent at roughly the same percentages in both populations of patients. Thus, these risk 

factors are particularly acute for patients with αEp9 Abs. 

 Inflammatory Cytokine Levels and Tissue Damage Markers in αEp9 Patients. COVID-19 

patients can have elevated serum concentrations of >20 inflammatory cytokines and 

chemokines 30. However, information on the cytokine levels and the association with tissue 

damage and worse COVID-19 outcomes have been inconsistent 30–32. For patients with IL-6 

concentrations measured in plasma, patients with (n = 8) or without (n = 11) αEp9 Abs were 

compared. Interestingly, the comparison uncovered a strong positive sigmoidal association 

between IL-6 and AST unique to patients with αEp9 Abs (R2 = 0.968, Spearman’s r = 1.0, p-

value <0.0001, n = 8); correlation of IL-6 and AST in patients with αEp9 Abs remains strong 

even after removal of the data point at the highest IL-6 concentration. Conversely, a slight 

negative trend is observed in patients lacking αEp9 Abs (Spearman’s r = -0.575, p-value= 

0.0612, n = 13). Thus, the presence of αEp9 Abs can disambiguate the sometimes-

contradictory association of IL-6 with disease severity.  

4.4 Discussion 

This study introduces a two-step test as a prognostic for predicting COVID-19 disease 

severity and its worst outcomes. Specifically, αEp9 Abs can effectively predict severe disease 

(specificity 83.6%). However, combining presence of αEp9 Abs with DRFS ≥3 provides much 

higher specificity (96.7%) for predicting severe disease. Previously, αN IgGs have been 

recognized as a focal site for an antibody response 18,19,21,33 and associated with disease 

severity and poor outcomes 11,33,34.  

The present investigation expands on previous reports that recognize various regions 

of the RNA binding domain of N protein as focal sites for anti-SARS-CoV-2 antibody response. 



 

 

 

66

For example, the phage display-based VirScan identified an epitope region spanning 

residues 141-196 and microarrays further isolated peptides including residues 134-171, 

155-171, 153-190, and 153-17118,19,21. The above investigations, however, do not find 

correlations between any these epitopes and disease severity. Our results are confirmed by 

observations from a patient cohort in Singapore, which identify an epitope (residues 153-

170) very similar to Ep9 (residues 152-172) and shows a correlation between antibody 

response against the epitope and pneumonia and the tissue damage markers (CRP and LDH) 

20. In our investigation, we examine in-depth patient clinical histories, test results, disease 

outcomes ranging from asymptomatic to fatal, and longer longitudinal profiling post-

symptom onset, to determine the association of a larger subset of markers and risk factors. 

Such data allows calculation of the DRFS. Together with the presence of αEp9 Abs, patient 

DRFS allows early discrimination of severe from non-severe disease outcomes. Additionally, 

fine epitope mapping demonstrates that αEp9 Abs strongly and uniquely correlate with 

COVID-19 disease severity relative to other αN Abs.  

 We hypothesize that the underlying mechanism relating αEp9 Abs to increased 

disease severity involves an overzealous immune response. Specifically, we observe early 

seroconversion and strong early upregulation of αEp9 IgGs (Fig. 4-3E). Similar IgG 

observations have been correlated with poor viral neutralization and clearance, resulting in 

increased COVID-19 severity10,34,35. Also, high levels of IL-6 are observed for αEp9-positive 

patients with increased levels of the tissue damage marker AST; this correlation does not 

exist for patients lacking αEp9 Abs. The sensitivity to IL-6 concentration before AST-

monitored organ damage suggests anti-IL-6 therapeutics could be an effective management 

in the early and rapidly progressive stages of respiratory distress for αEp9-positive patients 
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30,36–40. Since binding to N protein by αEp9 antibodies is unlikely to enhance uptake of SARS-

CoV-2, an antibody-dependent enhancement mechanism could invoke antigen uptake by 

macrophages. This mechanism could stimulate complement activation and the cytokine 

storm observed here as elevated IL-6 response. Further investigation is required to 

determine the basis for increased disease severity in αEp9 patients. 

The data demonstrate that αEp9 positive patients with DRFS ≥3 are 13.42 times 

(Likelihood Ratio) more likely to have severe COVID-19 disease symptoms within the study 

cohort (n = 86). The presence of αEp9 without DRFS is less effective as a prognostic 

(Likelihood Ratio of 3.17). Despite its high specificity (96.7%), the sensitivity of this two-step 

test is 44% (n = 86). However, this test could predict a subset of patients with a specific 

immune response (i.e., early IgG response and IL-6 dependent immune hyperactivity), and 

could suggest targeted treatment options (e.g., targeting IL-6 and its pathways).  

Importantly, αEp9 Abs appear early in the course of disease. Thus, such a prognostic 

could outperform traditional markers for the cytokine storm such as IL-6, which appears 6-

8 days after symptom onset 30,38; all plasma collected from αEp9 positive patients (n = 7, Fig. 

4-2C) between 1 to 6 days post-symptoms onset demonstrate detectable levels of αEp9 IgG 

(≥ 2 fold over negative control). Early detection of αEp9 Abs in patients could be used to 

triage and treat COVID-19 prior to the onset of its most severe symptoms; delayed 

treatments of IL-6 targeting drugs can decrease their efficacy or be counterproductive 30,36–

41.  The αEp9 Ab biomarker could identify patients most likely to benefit from anti-IL-6 

therapeutics and avoid ineffective treatments. 
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4.5 Conclusions 

This study demonstrates the usefulness of fine epitope mapping, but the following 

limitations should be noted.  Short linear epitopes, unlike conformational epitopes in larger 

domains, might not resemble the tertiary structure of an antigen. Post-translational 

modifications, such as glycosylation were omitted for the phage-displayed S protein 

epitopes; the COVAM antigens, however, are produced in baculovirus or HEK-293 cells, 

which could glycosylate the antigens. Our analysis is largely based upon a population of 86 

COVID-19 patients and 5 healthy individuals, with the majority of Hispanic descent. The 

conclusions could be further strengthened with follow-up investigations in a larger 

population. Additionally, the population examined here only included three asymptomatic 

individuals, and additional testing is required to verify absence of αEp9 Abs in such patients. 

The sample size of patients with multiple antibody targets was too limited to allow 

correlation analysis; future investigations could examine associations between αEp9 and 

other Abs. Abs recognizing other SARS-CoV-2 structural proteins could also exhibit similar 

characteristics to αEp9 Abs. 

Existing diagnostic platforms could readily be adapted to test for αEp9 Abs, and the 

DRFS calculation is quite simple to implement (e.g., assay with eGFP-Ep9 fusion 

demonstrated here). As shown here, αEp9 Abs do not recognize orthologous sequences from 

closely related coronaviruses, providing good specificity for αEp9 as a prognostic. Previous 

studies have shown that the high homology of N protein among related coronaviruses can 

lead to high false positive rates in serodiagnostics with full-length N antigen 42. Thus, the 

two-step prognostic reported here could mitigate the worst outcomes of COVID-19, 

particularly for patients at high risk.  
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4.6 Materials and Methods 

Cloning Phagemids and eGFP Fusion Plasmids. For phage display of epitopes, the 

pm1165a phagemid vector as previously described43 was engineered to encode an N-

terminal FLAG tag and a C-terminal fusion to the P8 coat protein of M13 phage. This template, 

termed FlagTemplate, was used for subcloning of SARS-CoV-2, SARS, MERS, HKU-1, and 

NL63 epitopes. A vector map of the FlagTemplate, cloning procedures, and a list of 

oligonucleotides for Q5 site-directed mutagenesis and Gibson assembly are available online. 

Short (approximately 30 amino acids) putative epitopes for phage display and 

Escherichia coli expression as eGFP fusion peptides in the pET28 vector were cloned via Q5 

site-directed mutagenesis according to the manufacturer’s instructions. A vector map of the 

peptide with Ep9 fused to eGFP, termed eGFP-Ep9, is available online. For large epitopes 

(>500 bp), such as Ep17, Gibson assembly (New England Biolabs) was conducted in two PCR 

steps with the FlagTemplate or pCAGGS containing the SARS-CoV-2 S protein gene (BEI 

Resources) to generate the vectors and inserts, respectively. The Gibson assembly (2 μl) or 

KLD (kinase, ligase, DpnI) mix (5 μl) was transformed into Nova Blue E. coli competent cells, 

and transformants were plated on a carbenicillin-supplemented (50 μg/ml) agar plate 

before incubation at 37°C overnight. Five single colonies were selected to inoculate 4 ml of 

super optimal broth (2% wt/vol tryptone, 0.5% yeast extract, 8.56 mM NaCl, 2.5 mM KCl, 10 

mM MgCl2, 10 mM MgSO4) in a 15-ml culture tube supplemented with carbenicillin 

(50 μg/ml). The seed cultures were incubated at 37°C with shaking at 225 rpm for 8 to 12 h. 

Phagemid DNA was isolated using the QIAprep spin miniprep kit according to the 

manufacturer’s instructions. The successful subcloning of the open reading frame (ORF) 

encoding each epitope was verified via DNA sequencing (Genewiz). The full-length N protein 
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in a pLVX-EF1α-IRES-Puro plasmid was a generous gift from Rachel Martin of University of 

California, Irvine (UCI). 

Purification and Preparation of Phage. Phage were propagated and purified using 

procedures previously described44 with the following changes. A single colony was selected 

to inoculate 15 ml of yeast extract and tryptone media (2YT) (1.6% wt/vol tryptone, 1% 

wt/vol yeast extract, 0.5% wt/vol NaCl) and shaken at 37°C until the optical density at 600 

nm (OD600) reached 0.6. After incubation at 37°C for 45 min, 8 ml of the primary culture was 

used to inoculate 300 ml of 2YT supplemented with carbenicillin (50 μg/ml), kanamycin 

(20 μg/ml), and isopropyl-β-d thiogalactopyranoside (IPTG; 30 μM). 

To precipitate the phage, the cultures were centrifuged at 10 krpm (15,300 × g) for 

10 min at 4°C. The supernatant was decanted into a centrifuge tube containing 60 ml 

polyethylene glycol (PEG) 8000 (20%, wt/vol) and NaCl (2.5 M). The tube was inverted 10 

times and stored on ice for 30 min followed by an additional centrifugation at 10 krpm 

(15,300 × g) for 20 min at 4°C. The supernatant was decanted, and tubes were centrifuged 

for an additional 4 min at 4 krpm (2,429 × g) at 4°C. The pellets were resuspended in PBS 

(10 mM phosphate, 137 mM NaCl, pH 7.2) with Tween 20 (0.05%, vol/vol) and glycerol 

(10%, vol/vol), separated into 1-ml aliquots, flash frozen with liquid nitrogen, and stored at 

−80°C. For binding assays via ELISA, the purified phage was thawed on ice, precipitated a 

second time as before. The quality of each phage preparation was routinely checked by 

quality control ELISA, termed QC ELISA, to a FLAG peptide fused to the N terminus of each 

epitope; additionally, PCR using Oligo69 and Oligo70 followed by DNA sequencing (Genewiz) 

was performed for every phage preparation. Such quality control allowed for identification 

of toxic clones; for example, C8 was apparently toxic to E. coli, and three protein epitopes 
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failed to express in E. coli for unknown reasons. The phage concentration was determined 

by absorbance at 260 nm using a coefficient of molar absorptivity of 0.003 nM−1 cm−1 and 

diluted to 40 nM in PBS. 

Expression and Purification of eGFP-Ep9 and N Protein. A pET28c plasmid containing 

Ep9 fused to an N-terminal eGFP was transformed into BL21(DE3)* E. coli heat shock-

competent cells. A single colony was transferred to LB medium (20 ml) supplemented with 

kanamycin (40 μg/ml) and incubated at 37°C for 18 h. An aliquot of the starter culture 

(2.5 ml) was transferred to LB medium with 1% glucose (250 ml LB in a 1-liter baffled flask). 

After reaching an OD600 between 0.4 and 0.6, the culture was induced through addition of 

IPTG (0.5 mM) before incubation at 25°C for 18 h. The cells were centrifuged (15,300 × g) for 

20 min at 4°C, and the cell pellet was resuspended in lysis buffer (25 mM Tris-HCl and 

200 mM NaCl, pH 8.0, and supplemented with protease inhibitor cocktail) followed by 

sonication. The lysate was subjected to centrifugation (26,892 relative centrifugal force [rcf], 

45 min, 4°C). The supernatant was incubated with charged nickel immobilized-metal affinity 

chromatography resin overnight on a rotary shaker (150 rpm at 4°C). The resin was 

equilibrated in a column and washed with wash buffer (20 mM imidazole in lysis buffer), and 

the purified protein was eluted using elution buffer (250 mM imidazole in lysis buffer). 

Elutions containing the purified protein were visualized using 10% or 12% SDS-PAGE (Bio-

Rad Mini-Protean Tetra electrophoresis system) stained with Coomassie brilliant blue stain. 

The eluted fractions containing the purified eGFP-Ep9 were pooled, and buffer exchanged 

for 3 column volumes (20 ml) with lysis buffer without imidazole using a 10-kDa-cutoff 

microconcentrator (Vivaspin; Fisher Scientific). The protein concentration was determined 

by a bicinchoninic acid (BCA) assay or Bradford assay using the estimated molecular weight 
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(MW) (http://www.expasy.org). Like eGFP-Ep9, the full-length N protein was expressed in 

250 ml LB with 1% glucose and induced with 0.25 mM IPTG at an OD600 of 0.8. Protein 

overexpression cultures were incubated at 16°C for 22 h. Lysis and purification were 

conducted as described above, using N protein lysis buffer (20 mM Tris-HCl, 300 mM NaCl, 

5 mM MgCl2, 5 mM β-mercaptoethanol [BME], 10% glycerol, pH 8.0). The purified full-length 

N protein was analyzed using 10% SDS-PAGE. 

Patient Sample Collection. The UCI Experimental Tissue Resource (ETR) operates 

under a blanket IRB protocol (UCI no. 2012-8716) that gives ETR personnel “Honest Broker” 

status and enables the collection of any fluid or tissue remnant in excess of that needed for 

clinical diagnosis and distribution to investigators under the conditions of their own IRB 

approval. Patients undergoing COVID testing in the Emergency Department or on the 

inpatient service with confirmed COVID+ pharyngeal swabs were followed for their blood 

collections daily. Specimens collected originally for diagnostic purposes were processed and 

stored by the hospital laboratory in a manner compliant with College of American 

Pathologists (CAP) standards. EDTA-anticoagulated whole blood was stored for 2 days at 4°C 

after clinical diagnosis and released for research purposes. Plasma from heparin-

anticoagulated blood was centrifuged immediately after collection and preserved at 4°C for 

3 to 4 days before being released for research use. All COVID+ specimens were handled 

under biosafety level 2 (BSL-2) conditions, aliquoted into screw-cap cryovials, and stored at 

−80°C long term with constant temperature monitoring. Specimens were coded by the ETR 

with unique identifiers, and accompanying clinical information was stripped of protected 

health information such that investigators could receive specimens under a Non-Human 

Subjects Determination exemption from the UCI IRB. All samples from SARS-CoV-2-infected 
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patients were inactivated by incubation in a water bath at 56°C for 30 min45, aliquoted (40 

μl each), and stored at −80°C. 

Phage ELISA with Patient Plasma. The phage-displayed SARS-CoV-2 epitopes were 

used in phage ELISAs with patient plasma samples diluted 100-fold in coating buffer (50 mM 

Na2CO3, pH 9.6). After incubation in a 96-well Nunc MaxiSorp flat-bottom microtiter plate 

with shaking at 150 rpm at 4°C for 12 to 18 h, plasma was aspirated by a plate washer 

(BioTek). Next, the plate was treated with 100 μl per well of ChonBlock blocking/sample 

dilution buffer (Chondrex, Inc.) for 1 h with shaking at 150 rpm at room temperature and 

washed three times with wash buffer (0.05% [vol/vol] Tween 20 in PBS). The epitope 

displaying phage and controls were diluted to 1 nM in ChonBlock blocking/sample dilution 

buffer, and 100 μl was added to each well before incubating for 2 h with shaking (150 rpm) 

at room temperature. The plate was then washed three times with wash buffer. The primary 

antibody, anti-M13-horseradish peroxidase (HRP) (Creative Diagnostics), was diluted 

1:5,000 in ChonBlock secondary antibody buffer, and 100 μl was added per well; the plate 

was incubated for 1 h at 150 rpm and room temperature. Following three washes with wash 

buffer, 1-Step Ultra 3,3′,5,5′-tetramethylbenzidine (TMB)-ELISA substrate solution (100 μl 

per well; Thermo Scientific) was added. Absorbance of TMB substrate was measured twice 

at 652 nm by a UV-visible (UV-Vis) plate reader (BioTek) after 5 and 15 min of incubation. 

ELISA of eGFP-Ep9 and Full-Length N Protein with Plasma. Various doses, with a 

maximum concentration of 1.7 μM, of eGFP-Ep9, eGFP-FLAG, or full-length N protein (fl-N) 

were diluted in PBS (pH 8.0) and then immobilized on a 96-well Nunc MaxiSorp flat-bottom 

microtiter plate before incubation on a shaker (150 rpm) at 4°C for 12 to 18 h. After 

incubation, unattached proteins were removed through aspiration using a plate washer 
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(BioTek) and wells were blocked with 100 μl ChonBlock blocking/sample dilution buffer 

(Chondrex, Inc.) for 30 min with shaking (150 rpm) at room temperature. The plate was then 

washed three times with wash buffer (0.05% [vol/vol] Tween 20 in PBS). Pooled plasma 

from five patients within each experimental group was diluted 100-fold in ChonBlock 

blocking/sample dilution buffer, and 100 μl was added to each well before incubating for 1 

h with shaking (150 rpm) at room temperature. The plate was then washed three times with 

wash buffer. The detection antibody, IgG Fc goat anti-human–HRP (Invitrogen), was diluted 

1:5000 in ChonBlock secondary antibody buffer, and 100 μl was added per well; the plate 

was incubated for 30 min at 150 rpm and room temperature. Following six washes with 

wash buffer, 1-Step Ultra TMB-ELISA substrate solution (100 μl per well; Thermo Scientific) 

was added. Absorbance of TMB substrate was measured twice at 652 nm by UV-Vis plate 

reader (BioTek) after 5 and 15 min of incubation. 

COVAM. Serum coronavirus antigen microarray (COVAM) included 67 antigens across 

respiratory virus subtypes including 11 antigens from SARS-CoV-2 expressed in either 

baculovirus or HEK-293 cells as previously detailed.22 These antigens were provided by Sino 

Biological U.S. Inc. as either catalog products or custom synthesis service products. The 

antigens were printed onto microarrays, probed with human sera, and analyzed as 

previously described.46–48 Briefly, lyophilized antigens were reconstituted with sterile water 

to a concentration of 0.1 mg/ml protein in PBS, and printing buffer was added. Antigens were 

then printed onto Oncyte Avid nitrocellulose-coated slides (Grace Bio-Labs) using an 

OmniGrid 100 microarray printer (GeneMachines). The microarray slides were probed with 

human sera diluted 1:100 in 1× protein array blocking buffer (GVS Life Sciences, Sanford, 

ME) overnight at 4°C and washed with TTBS buffer (20 mM Tris-HCl, 150 mM NaCl, 0.05% 
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Tween 20 in double-distilled water (ddH2O) adjusted to pH 7.5 and filtered) three times for 

5 min each. A mixture of human IgG and IgM secondary antibodies conjugated to quantum 

dot fluorophores Q800 and Q585, respectively, was applied to each of the microarray pads 

and incubated for 2 h at room temperature, and pads were then washed with TTBS three 

times for 5 min each and dried. The slides were imaged using an ArrayCam imager (Grace 

Bio-Labs) to measure background-subtracted median spot fluorescence. Nonspecific binding 

of secondary antibodies was subtracted using a saline control. The mean fluorescence of the 

4 replicate spots for each antigen was used for analysis. 

Statistical Analysis. The ELISA data were analyzed in GraphPad Prism 8. Since the total 

antibody content differs from person to person, the raw absorbance values for every patient 

sample were normalized and represented as the ratio compared to a negative control. 

Analysis of variance (ANOVA) with Dunnett’s multiple-comparison test was performed to 

determine if values were statistically significant. Correlations between COVAM IgG/IgM and 

ELISA were determined by plotting normalized values on an xy graph and performing a 

nonparametric correlation analysis using a Spearman rank correlation coefficient test. 

For data visualization of clinical patient data, trends in data were evaluated using 

Knime Analytics Platform software. GraphPad Prism was used to calculate column statistics 

including mean, standard deviation, standard error of the mean (SEM), P values, odds ratios, 

and likelihood ratios defined as sensitivity/(1 − specivicity). ANOVA with Tukey’s multiple-

comparison test was used to evaluate antibody response and disease severity between 

patients with αEp9 Abs, non-Ep9 Abs, αN Abs, or non-αN Abs. Comparisons of patients with 

αEp9 Abs and non-αEp9 Abs were conducted using unpaired, two-tailed, parametric t tests. 

Contingency graphs were statistically evaluated using Fisher’s exact test, for groups with 
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binary categorization, and the chi-squared test for groups with multiple categories. Different 

data sets were fitted with linear or nonlinear regression methods; the fit with the higher R2 

value was chosen. Correlations between two clinical parameters (e.g., IL-6 and AST) were 

evaluated using the Pearson coefficient or Spearman coefficients (r) for linear or nonlinear 

regressions, respectively; r values between 1.0 and 0.7 were considered strong correlations, 

r values between 0.7 and 0.5 were considered moderate correlations, and values below 0.5 

were considered weak correlations.49 The significance of the correlation was evaluated 

based on a P value of <0.05. 
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Table 4-1. Phage-displayed putative epitopes of SARS-CoV-2 and Ep9 orthologs. 

 

 
 

  



 

 

 

78

Table 4-2. Demographics and clinical characteristics of COVID-19 patients. 

 
 

Results are presented as mean ± SD or n and percentage of population. P-values for continuous variables 
are calculated using unpaired, two-tailed T-tests. P-values for categorical variables use Fisher’s exact test 
for single value parameters, and Chi-squared test for multi-group variables. *, ** p-values < 0.05, 0.01, 
respectively. 
 
^ Pulmonary symptoms are based on descriptive reports of X-ray and CT scans. “Other” pulmonary 
symptoms include, but are not limited to, atelectasis, pleural scarring, pleural effusion, pulmonary edema, 
mild peribronchial thickening. 
^^ Non-severe include ER and in-patients only, severe includes patients in the ICU, on the ventilator or 
death. 
 
BMI = body mass index, CVD = cardiovascular disease, CAD = coronary artery disease, CKD = chronic kidney 
disease, ESRD = end-stage renal disease, SOB = shortness of breath, COPD = chronic obstructive pulmonary 
disease. 
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CHAPTER 5 

Evidence for Deleterious Original Antigenic Sin in SARS-CoV-2 Immune 

Response 

 

5.1 Abstract  

A previous report demonstrated the strong association between the presence of an 

antibody against a SARS-CoV-2 nucleocapsid epitope, termed Ep9, and COVID-19 disease 

severity. Patients with anti-Ep9 antibodies (Abs) had early IgG upregulation and cytokine-

associated injury, which are the hallmarks of original antigenic sin (OAS). Thus, the 

immunological memory of an unknown previous infection was hypothesized to drive 

formation of suboptimal anti-Ep9 Abs in severe COVID-19 infections. This study identifies a 

putative original antigen capable of stimulating production of cross-reactive, anti-Ep9 Abs. 

From bioinformatics analysis, 21 potential “original” epitope regions were identified. 

Binding assays with patient blood samples directly show cross-reactivity between Abs 

binding to Ep9 and only one homologous potential antigen, a sequence derived from the 

neuraminidase protein of H3N2 Influenza A virus. This cross-reactive binding affinity is 

highly virus strain specific and sensitive to even single amino acid changes in epitope 

sequence. The neuraminidase protein is not present in the influenza vaccine, and the anti-

Ep9 Abs likely resulted from the widespread influenza infection in 2014. Therefore, OAS 

from a previous infection could underlie some cases of COVID-19 disease severity and 

explain the diversity observed in disease outcomes.  
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5.2 Introduction 

Original antigenic sin (OAS) occurs when the immune responses adapted for a 

primary (or “original”) infection instead target a similar, but not identical, pathogen1. Since 

B-cells undergo affinity maturation post-primary infection, affinity-matured Abs from 

previous infections can sometimes outcompete naïve Abs with specificity for the new 

antigen 2. The phenomenon has been observed for immune responses to dengue fever, 

influenza, respiratory syncytial virus and human immunodeficiency virus (HIV)3,4. OAS 

ideally accelerates pathogen clearance by targeting highly conserved antigens; however, 

suboptimal targeting by non-neutralizing Abs binding to the antigen can exacerbate disease 

conditions by either enhancing viral infection or hyperactivating the innate immune 

response2. The wide range of outcomes observed in SARS-CoV-2 infected individuals, from 

asymptomatic to fatal, has been hypothesized to result from a patient’s unique 

immunological memory1,5.  

Reports of OAS in COVID-19 patient have largely focused on the phenomenon’s 

beneficial or benign impacts on the immune response. For example, Abs from individuals 

naïve for SARS-CoV-2 infection, but exposed to other common human coronaviruses (hCoV), 

could cross-react with the spike protein and neutralize SARS-CoV-2 pseudotypes6. Another 

study of pre-pandemic-collected plasma found Abs that cross reacted with SARS-CoV-2 

nucleocapsid (NP) and spike proteins, but did not confer protection against severe COVID-

19 outcomes for the patients7. While higher rates of prior infection by cytomegalovirus and 

herpes simplex virus 1 have been observed for hospitalized COVID-19 patients compared to 

patients with milder symptoms, no Ab signature linking to a molecular mechanism has been 

shown 8.  
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Recently, our laboratory reported a strong association of severe COVID-19 disease 

outcomes with the presence of Abs binding specifically to a 21-mer peptide derived from 

SARS-CoV-2 NP, an epitope region termed Ep9. The patients, described as αEp9(+), 

comprised about 27% of the sampled, SARS-CoV-2-infected population (n = 186). The 

αEp9(+) patients (n = 34 used in this report due to sample availability) had high, early levels 

of αN IgGs, typically within the first week, compared to αEp9(-) patients; cytokine-related 

immune hyperactivity also appeared in the αEp9(+) individuals 9. These two observations 

suggest an OAS-based mechanism for the disease severity observed in αEp9(+) patients. 

Here, we explore the epitope homology landscape and αEp9 Ab cross-reactivity to 

potentially identify the original antigen driving Ab-based immune response in αEp9(+) 

patients.  

5.3 Results and Discussion 

Assays measured levels of αEp9 IgGs and IgMs from αEp9(+) patients whose plasma 

was collected at various times post-symptom onset (PSO). Consistent with the hallmarks of 

OAS tracing a prior infection, αEp9 IgG levels appeared elevated as early as one day PSO in 

one patient and have similar levels in the patient population over >4 weeks (one-way 

ANOVA, p = 0.321) (Fig. 5-2A). Levels of αEp9 IgMs between patients at all stages of disease 

progression were also similar (one-way ANOVA, p = 0.613). The signals measured for αEp9 

IgM levels were significantly lower than the equivalent αEp9 IgG levels (T-test, p = 0.0181) 

(Fig. 5-2B); this difference could reflect the lower IgM affinity, quantity, or both. 

Searches for homologs to Ep9 in protein sequence and structural homology databases 

suggested candidate primary antigens or potential OAS epitopes. The Basic Local Alignment 

Sequence Tool  (pBLAST) 10 and Vector Alignment Search Tool (VAST) 11, were used to 
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identify a structurally homologous region on the beta herpesvirus 6A, and 14 different 

proteins with Ep9 sequence homology spanning >7 residues. Additionally, Ep9-orthologous 

regions from six common human coronaviruses (SARS-CoV, MERS, OC43, HKU-1, NL63, 

229E) were also chosen for production and assays (Figs. 5-1 and Fig. 5-2A). To expedite the 

binding measurements, the potential OAS epitope regions were subcloned into phagemid 

vectors and displayed as fusions to the M13 bacteriophage P8 coat protein. DNA sequencing 

and ELISA experiments demonstrated successful cloning and consistent phage display, 

respectively (Fig. 5-1A). Two of the 21 epitopes could not be displayed on phage and were 

omitted from subsequent investigations.  

Figure 5-1. Expression of phage-displayed and eGFP-fused potential OAS epitopes. A) ELISA 
demonstrating the display of N-terminal FLAG-tagged potential epitopes fused to the N-terminus of the P8 
coat protein. Immobilized αFLAG Abs in microtiter wells bind the displayed FLAG-tag and epitope, and 
binding is detected with αM-13-HRP Abs as usual. Phage with no epitope displayed provide the negative 
control. Epitopes for mastadenovirus protein (mAdV) P8 and V. bacterium NADH oxidoreductase (NOX) did 
not display. Error bars represent SD values. B) 10% SDS-PAGE gel stained with Coomassie Blue shows His-
tag affinity-purified and buffer-exchanged eGFP-fused epitopes, EpPred, EpNeu, FLAG negative control and 
Ep9.  
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Figure 5-2. Potential OAS epitopes for αEp9 Abs identified from bioinformatics and validated by 

phage ELISA. A) Cladogram depicting sequence homology of proteins from different human pathogens to 
the Ep9 sequence. Sequence alignments used pBLAST 10 and VAST 11 software, and the cladogram was 
generated by iTOL 28. B) Structures of SARS-CoV-2 NP RNA binding domain (PDB: 6M3M) and the Flu A 
2014 H3N2 NA protein (modeled by SWISS-Model15). SARS-CoV-2 NP highlights Ep9 residues (light and 
dark blue) and the region homologous to EpNeu (dark blue). The depicted model of Flu A 2014 H3N2 NA 
highlights the EpNeu putative antigen (pink).  
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The potential OAS epitopes to αEp9 Abs were tested by ELISA. To assess average 

response within a patient population, pooled plasma from five αEp9(+) and five αEp9(-) 

COVID-19 patients were coated onto ELISA plates, and tested for binding to the phage-

displayed potential OAS epitopes. Pooled plasma from healthy individuals provided an 

additional negative control. Confirming previously reported results, SARS-COV-2 Ep9 along 

with a homologous epitope from SARS-CoV-1 (90% similarity) bound only to plasma from 

αEp9(+) patients 9. SARS-CoV-1 is unlikely to be associated with OAS, as only 75 cases were 

reported in the United States during the 2003 pandemic12. However, the panel of potential 

epitopes revealed a candidate epitope from the neuraminidase (NA) protein of an H3N2 

influenza A strain, which circulated in 2014 (A/Para/128982-IEC/2014, Accession No. 

AIX95025.1). From three separate experiments with pooled plasma, assaying a total of 15 

αEp9(+) and 15 αEp9(-) patients, only αEp9(+) patient pools demonstrated significant 

binding to this specific NA epitope, termed EpNeu here. Pooled samples from αEp9(-) 

patients and healthy individuals (commercially purchased plasma) did not bind to EpNeu 

(p<0.0001, two-way ANOVA ad hoc Tukey test) (Fig. 5-2C,D). Surprisingly, SARS-CoV-2 Ep9 

and EpNeu share only 38% amino acid sequence similarity, which is significantly less 

homology that other candidate epitope regions. 

C) ELISAs examined binding of phage-displayed potential OAS epitopes to Abs from the pooled plasma of 
five αEp9(+) patients, or five αEp9(-) patients. Pooled plasma from healthy patients was used as the negative 
control. The colors of the heat map represent the mean binding signal normalized to the negative controls 
(phage without a displayed peptide) from three separate experiments with pools of plasma from different 
patient samples. Thus, a total of 15 αEp9(+) patients and 15 αEp9(-) patients were examined in this 
experiment. D) The data from panel C showing results from the individual pools (****p <0.0001 for a two-
way ANOVA including the phage-displayed epitopes listed in panel C, ad hoc Tukey test). E) Using EpNeu as 
the search template, ELISAs examined the most homologous epitopes, with the data represented as 
described in panel C (****p <0.0001 for two-way ANOVA including all phage-displayed epitopes, ad hoc 
Dunnett’s test, using healthy patients as the control). F) Amino acid sequence alignment of the closely 
related Flu A NA homologs of EpNeu from pBLAST 10. Blue and orange residues represent conserved and 
mismatched amino acids, respectively, relative to Ep9. Bolded residues are important for epitope 
recognition by αEp9 Abs. Here, the term Flu refers to influenza.  
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To test whether the observed binding to H3N2 influenza A NA protein was strain 

specific, the EpNeu sequence was used as a template to search for homologs via pBLAST 10. 

Closely aligned NA sequences isolated from human, avian and swine hosts in North America 

Figure 5-3. Early upregulation of αEp9 IgGs and cross-reactive Ab binding to both Ep9 and EpNeu. 
ELISA of αEp9 A) IgG and B) IgM levels in αEp9(+) patients (n = 34) for plasma collected at the indicated 
time periods post-symptom onset (PSO). Statistical analysis was conducted using one-way ANOVA, ad hoc 
Tukey test. The solid line represents the median value, and dashed lines represent quartiles. C) Comparing 
normalized levels of phage-displayed Ep9 and EpNeu binding to plasma-coated wells from individual 
αEp9(+) patients (n = 34). A strong correlation is observed, as shown by the depicted statistics. Individual 
points in panels A-C represent data from individual patients. D) A schematic diagram of the sandwich ELISA 
to examine cross-reactivity of αEp9 Abs. The assay tests for bivalent binding to both Ep9 and EpNeu. Pooled 
plasma from five αEp9(+) patients or five αEp9(-) patients with other αNP Abs was tested for bivalent 
binding to both eGFP-fused Ep9 and phage-displayed EpNeu.  Healthy patient plasma was used as a negative 
control. For additional negative controls, phage-FLAG and eGFP-FLAG replaced Ep9 and EpNeu, 
respectively (****p <0.0001 one-way ANOVA, ad hoc Dunnett’s test, with healthy plasma group in the 
presence of EpNeu and Ep9 as control). Error bars represent SD. Individual points on bar graph represent 
technical replicates. 
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were chosen for further analysis (Fig. 5-2F). These sequences were phage-displayed as 

before. Despite their close similarity to EpNeu (up to 92.3% similarity, with a difference of 

only one residue), none of the EpNeu homologs bound to Abs from αEp9(+) patients (Figure 

5-2E). A single EpNeu amino acid substitution, K142N (numbering from full-length NA, 

Accession No. AID57909.1) occurs in an H1N2 swine flu from 2016; the single substitution 

dramatically decreased binding affinity. The epitope from H4N6 avian influenza A from 2010 

omits residue S141, but includes the conserved K142, also greatly reduced binding to Abs 

from αEp9(+) patients. The H1N2 strain of swine flu from 2013 includes mutations S141N 

and K142N. This sequence entirely lacks binding to αEp9 Abs, as shown by comparison to 

αEp9(-) patients and healthy individuals (Fig. 5-2E,F). Therefore, we conclude that the 

presence of S141 and K142 are critical for αEp9 Abs binding. 

Next, ELISAs were used to determine whether Ep9 and EpNeu epitopes bind to the 

same Abs. Assays of 34 αEp9(+) patients demonstrated a strong and highly significant 

correlation between levels of Abs binding to Ep9 and EpNeu epitopes in patient plasma, 

suggesting the two epitopes may bind to the same Abs (Fig. 5-3C).  This cross-reactivity was 

confirmed by a sandwich-format assay requiring bivalent, simultaneous binding by Abs to 

Ep9 and EpNeu (Fig. 5-3D). In this assay, Ep9 was fused to the N-terminus of eGFP, and 

EpNeu was phage-displayed. The results demonstrated binding of Abs to both Ep9 and 

EpNeu epitopes in pooled plasma from αEp9(+) patients, but not in αEp9(-) patients with 
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other αNP Abs or healthy donors. Thus, we conclude that αEp9 Abs also recognize the EpNeu 

epitope region. 

We then investigated whether EpNeu could present a viable antigen during the 2014 

H3N2 (NCBI: txid1566483) infection. Linear epitope analysis of the whole NA protein using 

Bepipred 2.0 13 predicted a candidate with eight residues from EpNeu, including S141 and 

K142 plus ten additional residues (146-155). This predicted epitope region, termed EpPred, 

includes the conserved catalytic residue D151 targeted for viral neutralization by the human 

Figure 5-4. Binding interactions of αEp9 Abs with the predicted EpNeu epitope. A) Linear and 
structural B-cell epitope prediction tools Bepipred 2.0 and Discotope 2.0 suggested an extended, linear 
epitope region from the influenza A H3N2 2014 NA, including the eight residues of Ep9 Neu (light blue) 
with an additional ten, C-terminal residues (dark blue). This extended, predicted epitope is termed EpPred. 
Structural epitope predictions are underlined. Residues on EpNeu that are not aligned with Ep9 are 
depicted in orange. B)  Structural model depicting the influenza A H3N2 2014 NA. The model was generated 
using SWISS-Model based on the NA structure from influenza A H3N2 Tanzania 2010 (PDB: 4GZS). The 
EpNeu region (light blue), the extended residues in EpPred (dark blue), and the residues S141 and K142 
(red), which are important for αEp9 Ab recognition, are shown. C) Dose-dependent ELISA comparing 
binding of αEp9 Abs to Ep9, EpNeu and EpPred. Pooled plasma from five αEp9(+) patients and five αEp9(-
) patients were tested in triplicates with varying doses of eGFP-fused epitopes. The data demonstrates the 
strongest interactions occurred between αEp9 Abs and Ep9 with an approximately 2-fold decrease in 
binding affinity with EpNeu. EpPred bound slightly stronger to αEp9 Abs than EpNeu; the difference in 
trend lines of EpNeu and EpPred are statistically significant (p<0.0001, Comparison of Fits). Trendlines 
represent non-linear regression fit with Hill slope analysis. 
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immune system 14 (Fig. 5-4A). Using a modelled structure of the 2014 H3N2 NA from Swiss-

Model 15–18, the structural epitope prediction tool, Discotope 2.0 19, also identified potential 

epitopes within EpPred (Fig. 5-4A).   

 EpPred was overexpressed as an eGFP-fusion protein (Figure 1-supplement 3B). 

Pooled plasma from five αEp9(+) patients was tested for Ab binding to EpPred, EpNeu, the 

SARS-CoV-2 Ep9 and a negative control. Ep9, derived from SARS-CoV-2, bound 

approximately two-fold better than EpNeu to αEp9 Abs (Fig. 5-4C). The increased binding 

strength of Ep9 must result from additional arounds of Ab affinity maturation post-primary 

infection 2. EpPred modestly improved upon the binding of EpNeu to αEp9 Abs (Fig. 5-4C). 

Thus, αEp9 Abs likely target a larger epitope of H3N2 2014 NA beyond regions homologous 

to Ep9, though expression of NA is difficult 20. The results support the hypothesis that the 

αEp9 Abs found in severe COVID-19 disease may have originated from a primary infection 

with H3N2 influenza A.  

Unfortunately, patient histories only rarely include previous influenza infections, and 

such information was unavailable. The H3N2 2014 NA sequence was isolated from Para, 

Brazil, and the strain’s spread in North America remains unknown; however, a severe 

outbreak of influenza was recorded in 201421, making high levels of spread likely. Specific 

secondary structures and neighboring non-linear epitope regions may also further 

strengthen epitope Ab interactions. Furthermore, the phage-displayed and bacterially 

overexpressed epitopes applied here do not include post-translational modifications. 

5.4 Conclusions 

This report offers a molecular mechanism for OAS underlying the high-rate of severe 

COVID-19 in αEp9(+) patients.  Specifically, we demonstrate cross-reactive binding between 
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αEp9 Abs and a predicted NA epitope from a 2014 influenza A strain. Future studies could 

examine correlation between a country’s rate of the H3N2 2014 influenza and severe COVID-

19.  Additionally, health systems might have recorded such primary infections in specific 

patients, which could also be searched for correlation. Examining epitope conservation and 

Ab cross-reactivity could predict OAS-based immune responses and disease outcomes in 

future infections. Identifying detrimental, benign or beneficial OAS pathways could also 

guide vaccine design for increased efficacy and reduced risk.  

5.5 Materials and Methods 
 

Sequence and Structural Alignment Analysis To identify possible sources of primary 

infection responsible for αEp9 Ab generation, sequence and structural alignment with Ep9 

residues and the SARS-CoV-2 NP was conducted. Alignment of Ep9 sequence with the 

orthologs from other human coronaviruses (hCoVs) such as SARS-CoV, MERS, HKU-1, NL63, 

229E and OC43 was conducted using the Benchling sequence alignment tool 22 

(https://benchling.com). To explore a wider range of human host pathogens pBLAST10 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to search for Ep9 homology in a database 

of non-redundant protein sequences;  common human-host viruses were specified in the 

organism category. The queries were conducted with the blastp (protein-protein BLAST) 

program10 with search parameters automatically adjusted for short input sequences. 

Alignments spanning >7 residues were included here. The Vector Alignment Search Tool 

(VAST)11 (https://structure.ncbi.nlm.nih.gov/Structure/VAST/vast.shtml) was used to find 

structural alignment between SARS-CoV-2 Ep9 and proteins from other viral and bacterial 

human host pathogens. Alignment for NP from common hCoV were not further examined, as 

they had been included in sequence alignment analysis. The aligned sequences were sorted 
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by the number of aligned residues as well as root-mean square deviation (RMDS). The top 

50 structurally aligned proteins were then examined for structural homology in the Ep9 

epitope region. Regions of proteins that aligned with the Ep9 region were selected for 

subsequent analysis.  

Cloning. Predicted OAS epitopes were subcloned for phage display using the pM1165a 

phagemid vector23 with an N-terminal FLAG-tag and a C-terminal P8 M13-bacteriophage 

coat protein. OAS constructs were subcloned using the Q5 site-directed mutagenesis kit 

(New England Biolabs, Ipswich, MA) as per manufacturer’s instructions. After cloning, cells 

were transformed into XL-1 Blue E. coli and spread on carbenicillin-supplemented (50 

μg/ml) plates. Individual colonies were then inoculated into 5 ml cultures, and shaken 

overnight at 37 °C. The phagemid was isolated using the QIAprep spin miniprep kit (Qiagen, 

Germantown, MD) as per manufacturer’s instructions. Cloned sequences were verified by 

Sanger sequencing (Genewiz, San Diego, CA). 

Phage Propagation and Purification. The Ep9 homologs were expressed as N-terminal 

fusions to the P8 coat protein of M13 bacteriophage. Plasmids were transformed into SS320 

E. coli and spread onto carbenicillin-supplemented (50 μg/ml) LB-agar plates before 

overnight incubation at 37 °C. A single colony was inoculated into a primary culture of 15 ml 

of 2YT supplemented with 50 μg/ml carbenicillin and 2.5 μg/ml of tetracycline, and 

incubated at 37 °C with shaking at 225 rpm until an optical density at 600 nm (OD600) of 0.5 

to 0.7 was reached. 30 μM IPTG and M13KO7 helper phage at an MOI 4.6 was added to the 

primary culture, and the culture was incubated for an additional 37 °C with shaking at 225 

rpm for 45 min. 8 ml of the primary culture was then transferred to 300 ml of 2YT 
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supplemented with 50 μg/ml of carbenicillin and 20 μg/ml of kanamycin. The cultures were 

inoculated at 30 °C with shaking at 225 rpm for around 19 h. 

The phage propagation culture was centrifuged at 9632 x g for 10 min at 4 °C. The 

supernatant, containing the phage, was transferred into a separate tubes pre-aliquoted with 

1/5th volume of phage precipitation buffer (20% w/v PEG-8000 and 2.5 M NaCl), and 

incubated on ice for 30 min. The solution, containing precipitated phage, was centrifuged for 

15 min at 4 °C, and the supernatant was discarded. The precipitated phage was centrifuged 

a second time at 1,541 x g for 4 min at 4 °C, and then dissolved in 20 ml of resuspension 

buffer (10 mM phosphate, 137 mM NaCl, pH 7.4 - 8.0 with Tween-20 0.05%, v/v and glycerol 

10% v/v). The resuspended pellet solution was divided into 1 ml aliquots, which were flash 

frozen with liquid nitrogen for storage in -80 °C. Prior to use in ELISA binding assays, the 

aliquoted phage-displayed constructs were re-precipitated in 0.2 ml of phage precipitation 

buffer after incubation for 30 min on ice. Aliquots were centrifuged at 12298 x g for 20 min 

at 4 °C and the supernatant was discarded. The phage pellets were re-centrifuged at 1968 x 

g for 4 min at 4 °C, and then resuspended in 1 ml of 10 mM phosphate, 137 mM NaCl, pH 7.4.  

Expression and Purification of eGFP Fusion Peptides. pET28c plasmids encoding eGFP 

fusions to C-terminal Ep9-FLAG, EpNeu-FLAG, EpPred-FLAG and FLAG (negative control) 

and N-terminal His6 peptide epitopes, were transformed into BL21DE3 Star E. coli chemically 

competent cells. Transformants were spread on carbenicillin-supplemented (50 µg/ml) LB-

agar plates and incubated at 37 °C overnight. Single colonies of each construct were selected 

to inoculate 25 ml LB media supplemented with carbenicillin (50 µg/ml). After incubation at 

37 °C with shaking at 255 rpm overnight, 5 ml of seed cultures were used to inoculate 500 

ml of LB media supplemented with carbenicillin (50 µg/ml). Expression cultures were 
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incubated at 37 °C with shaking at 225 rpm until an OD600 of ~0.5 was reached. The cultures 

were induced with 0.5 mM IPTG and incubated at 25 °C for 18 h. The cells were pelleted by 

centrifugation at 9632 x g for 20 min and resuspended in Tris-HCl lysis buffer (20 mM Tris-

HCl, 250 mM NaCl, pH 8). Cells were lysed by sonication and the insoluble fractions were 

pelleted by centrifugation at 24696 x g. The supernatant was affinity-purified using 

Profinity™ IMAC (BioRad, Hercules, CA) resin charged with nickel sulfate. The protein lysate 

was batch bound overnight to the IMAC resin and purified using gravity columns. Columns 

were washed with lysis buffer supplemented with 20 mM imidazole, and the elution 

fractions were collected from lysis buffer containing 250 mM imidazole. The elution fractions 

were then buffer-exchanged with lysis buffer lacking imidazole using Vivaspin® 20 

Ultrafiltration Units (Sartorius, Goettingen, Germany) with a molecular weight cutoff of 10 

kDa. The final buffer imidazole concentrations were calculated to be ~0.1 mM. Purified and 

buffer-exchanged protein fractions were then visualized using 10% SDS-PAGE with 

Coomassie dye staining. 

Patient Sample Collection. Samples were collected as previously described 9. Briefly, 

the UC Irvine Experimental Tissue Resource (ETR) operates under a blanket IRB protocol 

(UCI #2012-8716) which enables sample collection in excess of requirements for clinical 

diagnosis, and allows distribution to investigators. Plasma was collected from daily blood 

draws of COVID(+) patients, initially confirmed with pharyngeal swabs.  After immediate 

centrifugation, plasma from heparin-anticoagulated blood was stored for 3-4 days at 4 °C 

prior to its release for research use. Personal health information was omitted and unique de-

identifier codes were assigned to patients to comply with the Non-Human Subjects 

Determination exemption from the UCI IRB. At the research facility, SARS-CoV-2 virus in 
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plasma samples was inactivated through treatment by incubation in a 56 °C water bath for 

30 min24 prior to storage at -80 °C. 

Phage ELISAs. As described in previous reports9, pooled plasma from five αEp9(+) 

patients, five αEp9(-) patients, or healthy patients (Sigma-Aldrich, Saint Louis, MO) were 

separately prepared in coating buffer (50 mM Na2CO3, pH 9.6); the plasma was diluted 100-

fold during this step. Plasma samples were then immobilized in 96 well microtiter plates by 

shaking the plasma solutions at 150 rpm at room temperature (RT) for 30 min. After 

aspiration and washing by plate washer (BioTek, Winooski, VT), each well was blocked with 

100 μL of ChonBlock Blocking Buffer (CBB) (Chondrex, Inc., Woodinville, WA) for 30 mins, 

shaking at 150 rpm at RT. Wells were subsequently washed three times with PBS-T (0.05% 

v/v Tween-20 in PBS). Next, 1 nM phage-displayed candidate “original” epitopes and 

controls prepared in CBB  was incubated in microtiter wells for 1 h at RT with shaking at 150 

rpm. Unbound phage were aspirated and removed using three washes with PBS-T. The 

peroxidase-conjugated detection antibody, αM13-HRP (Creative Diagnostics, Shirley, NY), 

was diluted 1000-fold in Chonblock Secondary Antibody Dilution (Chondrex, Inc., 

Woodinville, WA) buffer; 100 µl of this solution was added to each well before incubation for 

30 min at RT with shaking at 150 rpm. Following aspiration and three washes (100 µl each), 

1-Step Ultra TMB-ELISA Substrate Solution (ThermoScientific, Carlsbad, CA) was added (100 

μl per well). Absorbance of TMB substrate was measured twice at 652 nm by UV-Vis plate 

reader (BioTek Winooski, VT) after 5 and 15 min of incubation. The experiment was 

repeated three times using plasma from different αEp9(+) and αEp9(-) patients for each 

experiments, using a total of 15 patients for each group. Each experiment was conducted in 

technical duplicate.  
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αEp9 IgG and IgM ELISA. Plasma from 34 patients, previously tested for the presence 

of αEp9 Abs using phage ELISAs 9, were used to test levels of αEp9 IgGs and IgMs. 2 µM eGFP-

Ep9 or eGFP-FLAG in PBS pH 8.0 were immobilized onto 96 well microtiter plates via 

overnight incubation with shaking at 150 rpm at 4 °C. Excess protein was aspirated and 

removed with three consecutive PBS-T washes. Wells were blocked by adding CBB (100 µl) 

before incubation at 30 min at RT with shaking at 150 rpm. Next, αEp9(+) patient plasma, 

diluted 1:100 in CBB (100 µl), was added to duplicate wells before incubation at RT for 1 h 

with shaking at 150 rpm. The solutions were discarded and sample wells were washed with 

PBS-T three times. αEp9 Abs binding to the potential epitopes was detected using horse 

radish peroxidase (HRP) conjugated αHuman Fc IgG (Thermo Fisher Scientific, Waltham MA) 

or αIgM µ-chain specific (Millipore Sigma, Temecula, CA) Abs diluted 1:5000 in ChonBlock 

Sample Antibody Dilution buffer. 100 µl of detection Abs were added to each sample well, 

and incubated for 30 min at RT with shaking at 150 rpm. Sample wells were aspirated and 

washed three times in PBS-T, and the binding signal was detected after addition of TMB 

substrate (100 µl per well).  

Bivalent Abs Binding ELISA. eGFP-Ep9 or eGFP-FLAG was serially diluted (120 nM, 40 

nM, 13 nM and 4 nM) in PBS pH 8.0, and added to the appropriate wells in 96 well microtiter 

plates, followed by shaking overnight at 150 rpm at 4 °C. Excess unbound protein was 

removed, and the plate was washed three times in PBS-T. Wells were then blocked in CBB 

and incubated for 30 min at RT. After blocking, pooled plasma (100 µl per well) from either 

five αEp9(+) patients, or five non-αEp9, αNP(+) patients, or healthy individuals was added 

to the appropriate wells. Plasma from pooled patients was diluted 100-fold in CBB. As a 

positive control αFLAG Ab was used as a 1:2000 dilution in CBB. Samples were incubated for 
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1 h at RT with 150 rpm shaking. The solution was removed by aspiration, and the plate and 

washed three times with PBS-T. Then 1 nM EpNeu displaying phage or the phage negative 

control with no epitopes displayed was diluted in CBB. 100 µl phage solution was added to 

microtiter wells and incubated for 30 min at RT with shaking at 150 rpm. After aspirating 

and washing off unbound phage, binding of phage-displayed EpNeu to plasma αEp9 Abs was 

visualized using αM13-HRP Ab diluted 1:10,000 in ChonBlock Sample Antibody Dilution 

buffer. Samples were incubated for 30 min at RT with 150 rpm shaking, and unbound Abs 

were removed through washing with PBS-T three times before addition of TMB substrate 

(100 µl). Experiments were conducted in technical triplicates and repeated three times with 

different αEp(+) and αEp(-) patient samples. 

Dose-Dependent ELISA. Wells of microtiter plates were coated with serially diluted 

concentration of eGFP-Ep9, EpNeu and EpPred or eGFP-FLAG, and incubated overnight at 4 

°C before blocking as described above. Next, pooled plasma (100 µl per well) from either five 

αEp9(+) patients, or five αEp9(-) patients, or healthy individuals at 1:100 total plasma 

dilution  in CBB was added to the appropriate wells. Samples were incubated for 1 h at RT 

with shaking at 150 rpm. After incubation, unbound solution was removed, and the plates 

were washed three times with PBS-T. αEp9 IgG levels were detected by adding αFc IgG-HRP 

diluted 1:5000 in ChonBlock Sample Dilution buffer, followed by incubation for 30 min at RT 

with shaking at 150 rpm, followed by addition of TMB substrate (100 µl per well). 

Experiments were conducted in technical triplicates and repeated three times with different 

αEp(+) and αEp(-) patient samples. 

Linear B-cell Epitope Prediction. Linear epitopes from the Influenza A/Para/128982-

IEC/2014(H3N2) neuraminidase protein were predicted using the partial sequence with 
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Accession AIX95025.1 from the National Center for Biotechnology Information’s GenBank 

and the linear B-cell epitope prediction tool, Bepipred 2.0 13 

(http://www.cbs.dtu.dk/services/BepiPred-2.0/). The prediction thresholds were set to 

0.5. The specificity and sensitivity of epitope prediction at this threshold is 0.572 and 0.586, 

respectively.   

Structure-Based B-cell Epitope Prediction. The structure of Influenza A/Para/128982-

IEC/2014(H3N2) neuraminidase protein was modelled using Swiss-Model 15–18,25,26 

(https://swissmodel.expasy.org/interactive). Using the ProMod3 3.2.0 tool 16, a structural 

model was generated based on the crystal structure (2.35Å, PDB 4GZS 1.A) of a homologous 

H3N2 neuraminidase with 96.39% sequence identity. Modelling methods and quality 

assessments are further detailed in the report below.     

The structural model of Influenza A/Para/128982-IEC/2014(H3N2) neuraminidase 

was used to predict structure-based epitopes. Using the in silico online platform Discotope 

2.0 19 (http://www.cbs.dtu.dk/services/DiscoTope-2.0/), structure-based epitope 

propensity scores were calculated to predict likely B-cell epitope residues. The score of -3.7 

was set as the threshold for epitope prediction, which estimates a specificity and sensitivity 

of 0.75 and 0.47, respectively (Figure 3 – supplement 1).  

Statistical Analysis. The ELISA data were analyzed in GraphPad Prism 9 

(https://www.graphpad.com). Since the ELISA assays of 21 potential OAS epitopes were 

conducted over several microtiter plates for repeated experiments, the raw absorbance 

values for every patient sample were normalized and represented as the ratio of phage 

negative control to the signal. For heatmaps, two-way Analysis of variance (ANOVA) with 

Tukey multiple comparisons tests were conducted for the entire dataset of epitopes. For 
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column comparisons of two groups, for example IgM levels and IgG levels in the αEp(+) 

patients, unpaired, two-tailed, parametric t-tests were applied. Additionally, for column 

comparisons between more than two groups, for example IgM or IgG levels groups by weeks 

PSO, One-way ANOVA with Tukey multiple comparisons tests were used. Where indicated, 

Dunnett’s tests were performed to compare results to healthy Abs interactions to αEp9(+) 

patient results. Graphs represent SD error bars for technical replicates, defined as replicates 

of the same conditions in multiple wells of the same plate. Whereas error bars are shown as 

SEM when an experiment is repeated with different patient sample sets. Correlations 

between Ep9 and EpNeu levels in patients were determined by plotting normalized values 

on an XY graph and performing a linear Pearson’s correlation coefficient test, where r-values 

between 1.0-0.7 were considered strong correlations, values between 0.7 and 0.5 were 

considered a moderate correlation, and values below 0.5 were considered a weak 

correlation27. The significance of the correlation was evaluated based on p-value <0.05.  
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CHAPTER 6 

Virus Bioresistor (VBR) for Detection of Bladder Cancer Marker DJ-1 in Urine 
at 10 pM in One Minute 

Adapted with permission from Analytical Chemistry. 

DOI: 10.1021/acs.analchem.0c00534 
 

6.1 Abstract  

DJ-1, a 20.7 kDa protein, is overexpressed in people who have bladder cancer (BC). 

Its elevated concentration in urine allows it to serve as a marker for BC. However, no 

biosensor for the detection of DJ-1 has been demonstrated. Here, we describe a virus 

bioresistor (VBR) capable of detecting DJ-1 in urine at a concentration of 10 pM in 1 min. The 

VBR consists of a pair of millimeter-scale gold electrodes that measure the electrical 

impedance of an ultrathin (≈ 150–200 nm), two-layer polymeric channel. The top layer of 

this channel (90–105 nm in thickness) consists of an electrodeposited virus-PEDOT (PEDOT 

is poly(3,4-ethylenedioxythiophene)) composite containing embedded M13 virus particles 

that are engineered to recognize and bind to the target protein of interest, DJ-1. The bottom 

layer consists of spin-coated PEDOT–PSS (poly(styrenesulfonate)). Together, these two 

layers constitute a current divider. We demonstrate here that reducing the thickness of the 

bottom PEDOT–PSS layer increases its resistance and concentrates the resistance drop of the 

channel in the top virus-PEDOT layer, thereby increasing the sensitivity of the VBR and 

enabling the detection of DJ-1. Large signal amplitudes coupled with the inherent simplicity 

of the VBR sensor design result in high signal-to-noise (S/N > 100) and excellent sensor-to-

sensor reproducibility characterized by coefficients of variation in the range of 3–7% across 

the DJ-1 binding curve down to a concentration of 30 pM, near the 10 pM limit of detection 

(LOD), encompassing four orders of magnitude in concentration. 
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6.2 Introduction 

Minimally invasive cancer screening using bodily fluids, so-called “liquid biopsies”, 

may eventually eliminate the evaluation of suspected malignancies using surgery.1 Liquid 

biopsies involve the detection in blood, urine, and other bodily fluids of nucleic acids, 

circulating tumor cells (in blood), or distinctive protein markers that signal the presence of 

a particular cancer. DJ-1, a 20.7 kDa protein, is elevated in the urine of people with bladder 

cancer (BC).2,3 Presently, the measurement of DJ-1 in urine requires an enzyme-linked 

immunosorbent assay (ELISA), which is both slow and inconvenient. A biosensor for DJ-1 

could accelerate its assessment for the detection of BC recurrence in patients who have 

undergone treatment for the disease. However, no biosensor for DJ-1 has been demonstrated 

to our knowledge. Here we demonstrate that a new type of biosensor, the virus bioresistor 

or VBR, that uses virus particles as receptors can be programmed to detect DJ-1 in human 

urine. 

The VBR is a bioresistor contacted with two gold electrodes. The bioresistor consists 

of an electronically conductive channel composed of a layer of poly(3,4-ethylene 

dioxythiophene) (PEDOT) doped with virus particles. Recently,4 we demonstrated the VBR 

concept for the detection of human serum albumin (HSA, 66.5 kDa) in high salt (160 mM 

NaCl) buffer. A limit-of-detection for HSA (LODHSA) of 7 nM was achieved in that study. 

However, a sub-1.0 nM LOD for protein markers is required to enable cancer surveillance in 

urine. Here we unlock higher sensitivity for VBRs simply by engineering the PEDOT channel 

to concentrate the impedance in an ultrathin (≈ 90 nm) virus-PEDOT composite layer. With 

this modification, a limit-of-detection of (LODDJ1) of 10 pM is achieved in urine (synthetic and 

human), coupled with a dynamic range of more than four orders of magnitude from 10 pM 
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to 300 nM. This performance is clinically relevant because it allows for the detection of 

elevated DJ-1 in the urine of patients who have bladder cancer (≈ 100 pM).2,3,5,6 Importantly, 

the modifications to the VBR do not compromise either the speed or the simplicity of its 

operation. As before, the VBR operates in a dip-and-read modality and produces a stable, 

quantitative signal within 1.0 min. The sensing performance reported here also eclipses 

prior virus-based biosensors that we have studied over a period of 14 years in our 

laboratories.7–12 

The mechanism by which the VBR transduces protein binding remains under 

investigation. A hypothesis presented here proposes that a target protein permeates the 

virus-PEDOT layer as it undergoes affinity-driven partitioning to virus particles entrained in 

this layer. As the volume fraction of electrically insulating proteins increases, the electrical 

conductivity of the resistor channel imparted by PEDOT is reduced, generating the VBR 

signal. 

6.3 Results and Discussion 

VBR Fabrication and Characterization. Starting with patterned gold electrodes on 

glass, VBRs are prepared in three steps. First, a PEDOT–PSS layer is deposited by spin-

coating. Second, a poly(methyl methacrylate) or PMMA solution cell with adhesive backing 

is pressed onto the PEDOT–PSS layer. Third, this solution cell is used to electrodeposit a 

virus-PEDOT layer. This electrodeposition process applied the following protocol. The VBR 

cell is rinsed with PBS buffer and filled with an aqueous solution of EDOT (2.5 mM), LiClO4 

(12.5 mM), and engineered M13 virus particles (8 nM). Using a mercurous sulfate reference 

electrode (MSE), and a platinum counter electrode, the virus-PEDOT composite layer is 

electrodeposited onto the PEDOT–PSS surface by scanning its potential (20 mV/s) from 
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+0.20 V to +0.80 V and back versus MSE in two cycles. Under these conditions, EDOT is 

oxidized, and the growth of EDOT oligomers proceeds until insoluble cationic PEDOT is 

precipitated as a film, together with charge-compensating ClO4– anions, onto the PEDOT–PSS 

electrode.13 If M13 virus is present in the plating solution, virus particles are incorporated 

into the growing film, a process promoted by the high negative charge density of these 

particles. At neutral pH, each M13 virion is blanketed with ∼6000 negative charges.14 

Previously, we have demonstrated that the electrodeposition of films from a plating solution 

containing M13 virus particles and EDOT produces a composite virus-PEDOT film that 

concentrates virus particles by a factor of 500 times relative to the M13 concentration in the 

plating solution.15 As seen in the photograph of a VBR shown in, the resulting VBR “channel”, 

consisting of a PEDOT–PSS bottom layer and a virus-PEDOT top layer, is transparent. 

The VBR device architecture and polymeric channel resembles that of an organic 

electrochemical transistor (OECT).16–20 The differences between these two types of devices 

are the following. (1) The VBR is a two-terminal device with no gate electrode. This simplifies 

its operation considerably, as the VBR measures the impedance of its channel at its rest 

potential in the analysis solution without the need for gate scans and the requirement for 

optimization of the gate potential prior to a measurement.21 (2) The VBR measures an 

impedance frequency spectrum for the channel, typically across five orders of magnitude in 

frequency instead of the DC resistance of the channel, as is common practice with OECTs.22,23 

This impedance data set allows the channel impedance, RVBR, which provides the VBR signal, 

to be cleanly separated from the solution impedance, Rsoln, which is correlated with the salt 

concentration of the analysis solution. For bodily fluids such as urine, Rsoln has the potential 

to provide information relating to the hydration state of a patient. (3) VBRs use engineered 
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virus particles as receptors. Virus particles may be entrained in a PEDOT film by 

coelectrodeposition of the virus with the polymer as described above. A fourth difference 

may be the mechanism of signal generation, as described below. 

The architecture and resultant properties of the VBR channel dictate its sensing 

performance. We focus attention here on the importance of the PEDOT–PSS layer thickness 

and electrical resistance. SEM cross-sectional images (Fig 6-1C,D) show that both polymer 

layers are tens of nanometers in total thickness. The thickness of the PEDOT–PSS bottom 

layer is influenced both by the presence of ethylene glycol (EG) in the deposition solution24,25 

Figure 6-1. Electrodeposition and SEM cross sections of virus-PEDOT bioaffinity layers. A) Virus-
PEDOT bioaffinity layer is electrodeposited on a PEDOT–PSS base layer using two voltametric scans, as 
shown. The plating solution is aqueous 2.5 mM EDOT and 12.5 mM LiClO4, 8 nM virus, and the scan rate is 
20 mV/s. The DC resistance, RPEDOT–PSS, of the PEDOT–PSS layer here is 75–79 Ω. B) Same electrodeposition 
process for a thinner, PEDOT–PSS base layer with RPEDOT–PSS in the range from 240–380 Ω. C,D). Cross-
sectional SEM images of these two layers show that the more conductive PEDOT–PSS layer (RPEDOT–PSS = 75–
79 Ω) is 70 nm (±3 nm) in thickness, whereas the less conductive PEDOT–PSS layer is 48 nm (±2 nm) in 
thickness. The electrodeposited virus-PEDOT layer is also somewhat thinner in panel d relative to panel c 
in accordance with the lower deposition currents observed for the second deposition scan. 
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and the spin coater speed. The addition of EG is known to increase the conductivity of 

PEDOT–PSS by altering its morphology.26,27 Relatively thick (70 (±3) nm) low resistance 

films were obtained using 3% (v/v) EG, while high resistance films (48 (±2) nm) were 

prepared using 1.5% (v/v) EG (Fig. 6-1C,D). The electrical resistance of these layers, 

RPEDOT–PSS, is = 75–79 Ω (thick) and 240–380 Ω (thin). The increased resistance of the 

PEDOT–PSS bottom layer has little effect on the thickness of the virus-PEDOT top layer 

electrodeposited on it, and the virus-PEDOT top layers have similar thicknesses of 92 (±4) 

nm (high PEDOT–PSS resistance) versus 103 (±4) nm (low resistance). As we demonstrate 

below, a reduction in thickness of the PEDOT–PSS layer, and an increase in its resistance, 

boosts the sensitivity of the VBR for the detection of HSA and DJ-1. 

Electrodeposited virus-PEDOT and PEDOT-only films have a characteristic 

topography imparted by PEDOT crystallites protruding by up to a micron from the planar 

surface of the PEDOT film (Fig. 6-2). These “PEDOT stalagmites” are not related to virus 

particles as they are observed both in the absence (Fig. 6-2A,B) and presence (Fig. 6-2C,D) 

of added phage particles. PEDOT stalagmites have attributes of crystallites including a 

faceted appearance, as previously reported in the literature.28,29 In virus-PEDOT films, 

entrained M13 virus particles appear as black filamentous objects against a gray PEDOT 

background (Fig. 6-2C-E). SEM examination of several samples shows that the virus 

concentration within the plane of the virus-PEDOT film is nonuniform with 10–30 μm2 

regions that are intensely black, indicating high virus concentrations, and other regions that 
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are gray with a relatively low virus concentration. The clustering of virus particles within the 

film is interesting and surprising, given the high negative charge density of these particles. 

VBR Electrical Response and Signal. As previously proposed, a simple equivalent 

circuit containing four circuit elements accounts for the measured frequency-dependent 

impedance of the VBR channel from DC to 40 kHz. In this circuit, the capacitance of the virus-

PEDOT/solution interface is represented by a total capacitance, C. This capacitance provides 

coupling between the AC voltage signal applied to the channel and the analyte solution. 

Three resistors represent the resistance of the analyte solution (Rsoln), the resistance of the 

Figure 6-2. Plane view SEM images. Acquired with secondary electron detection (SED), of A,B) virus-free 
and C,D,E) virus-containing bioaffinity layers. A,B) Control VBR bioaffinity layer prepared by 
electrodeposition from a solution containing no virus particles. Micron scale protrusions from the surface of 
this film are characteristic of electrodeposited PEDOT. These protrusions are not seen at PEDOT–PSS films 
prepared by spin-coating. We refer to these structures as “PEDOT stalagmites”. C,D,E) VBR bioaffinity layers 
containing M13 virus particles. Filamentous M13 virus particles comprise the dark regions of these images. 
Lighter gray regions contain no virus. PEDOT stalagmites are also observed. E) Enhanced contrast exposes 
tangles of M13, again distributed nonuniformly inside a virus-PEDOT bioaffinity layer. 
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top polymer layer (RPEDOT-virus), and the resistance of the bottom PEDOT–PSS layer (RPEDOT–

PSS). 

The impedance response of a VBR is characterized by a semicircular Nyquist plot (Zim 

versus Zre). A qualitative understanding of the VBR response is provided by examining its 

limiting behaviors at low and high frequencies across the range from 1.0 Hz to 40 kHz. At f = 

1.0 Hz, the capacitive reactance of the virus-PEDOT/solution interface, (ZC = (2πfC)−1 ≈ 6 

kΩ) is larger than RVBR (≈ 2.1–2.7 kΩ). Therefore, although Rsoln is small by comparison to 

RVBR (289–330 Ω), the value of ZC strongly attenuates the AC signal that accesses Rsoln. In this 

limit, RVBR is approximated by the parallel combination of RPEDOT-virus and RPEDOT–PSS (RVBR, eq 

1): 

(Eq. 6-1) <=>? ≈
�<@ABCD*@EE��<@ABCD*FGHIJ�

<@ABCD*@EE + <@ABCD*FGHIJ

 

As shown below and previously, RVBR increases in the presence of a target protein that 

is bound by virus particles in the virus-PEDOT layer. The difference between RVBR in the 

presence and absence of this protein is the VBR signal, ΔRVBR. At the high frequency limit, f = 

40 kHz, the capacitive reactance approaches zero (ZC = (2πfC)−1 ≈ 0.15 Ω), and the circuit of 

simplifies to three resistors in parallel: 

(Eq. 6-2) <=>? ≈
�<@ABCD*@EE��<@ABCD*FGHIJ��<JKLM�

<@ABCD*@EE<@ABCD*FGHIJ + <JKLM<@ABCD*FGHIJ + <JKLM<@ABCD*@EE

 

At f = 40 kHz, RVBR is much lower than at 1 Hz because the small resistor Rsoln is 

accessed in parallel to RPEDOT–PSS and Rvirus-PEDOT. To a first approximation, the impedance at 

both of these frequency limits, 1.0 Hz and 40 kHz, is purely resistive but at intermediate 

frequencies, a significant capacitive component is introduced, producing the characteristic 

semicircular Nyquist plot that is observed. 
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The values of C, Rsoln, and RVBR (encompassing RPEDOT-virus and RPEDOT–PSS) are obtained 

by deconvolution of the complex impedance data set. How do RVBR, Rsoln, and C change in 

response to the concentration of a target protein? For DJ-1 concentrations from 0–100 nM, 

variations of Rsoln are constant within the error bars for this measurement and are 

Figure 6-3. RPEDOT–PSS tuning of the VBR sensitivity for HSA. A) Equivalent circuit for the VBR places the 
electrical impedance of the virus-PEDOT layer, RVBR, in parallel with that of the PEDOT–PSS bottom 
layer, RPEDOT–PSS, forming a current divider. B) Increasing RPEDOT–PSS from 80 Ω to 300 Ω, by reducing the 
PEDOT–PSS layer thickness, forces current, i, through the virus-PEDOT measurement layer, increasing the 
signal for 100 nM HSA by a factor of 3 to 5 from 200 Ω to more than 900 Ω. C,D,E) Three Nyquist plots 
corresponding to three values of the resistor, RPEDOT–PSS, as indicated. In each plot, impedances are plotted in 
the complex plane from 1 Hz (right) to 40 kHz (left). A shift in the low frequency Zre from synthetic urine only 
(blue trace) to 100 nM DJ-1 (orange trace) approximates the signal, ΔRVBR. F) RVBR versus [HSA] calibration 
plots for a series of 42 VBR sensors (21 in each plot) with RPEDOT–PSS values in the range from 80 to 100 Ω and 
260 to 300 Ω. The higher RPEDOT–PSS devices produce 3–5-times more signal amplitude across the HSA binding 
curve. 
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independent of DJ-1 concentration. The capacitance, C, approximated as a constant phase 

element (CPE, ZC ≈ NO@A =
P

Q�RS�T
), varies weakly with the DJ-1 concentration. RVBR at low 

frequency, in contrast, is strongly correlated with the DJ-1 concentration and, as already 

indicated, ΔRVBR is used to transduce the concentration of a target protein bound by 

entrained virus particles.  

Since, as noted above, the VBR signal ΔRVBR is best measured at low frequency, would 

it not be simpler to use the DC resistance of the VBR channel to derive signal? In practice, the 

DC measurement does work, but there are two reasons for measuring the frequency 

spectrum instead. (1) In DC sensing mode, one does not acquire the high frequency 

impedance (Eq. 6-2) that permits deconvolution (and measurement) of the solution 

resistance from the ΔRVBR signal. (2) The reproducibility of the impedance at low frequency 

is better than for a DC measurement. That is, the signal-to-noise at low frequencies down to 

1 Hz is higher than the noise at DC (data not shown). 

Tuning VBR Signal Amplitude Using RPEDOT-PSS. Eq 5-1 predicts that at low frequencies, 

increasing RPEDOT–PSS causes RVBR to converge on RPEDOT-virus (Fig. 6-3A). If ΔRVBR is generated 

by the virus-PEDOT top-layer, then an increase in RPEDOT–PSS should increase VBR sensitivity. 

This expectation is confirmed by measurement of ΔRVBR for the protein human serum 

albumin, HSA, a 66.5 kDa protein that is a marker for renal failure. A plot of ΔRVBR versus 

RPEDOT–PSS for [HSA] = 100 nM shows that increasing RPEDOT–PSS is from 70 Ω to 380 Ω by 

reducing thickness of this layer increases the ΔRVBR from 40 Ω to more than 500 Ω (Fig. 6-

3B). 
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Nyquist plots for three RPEDOT–PSS values (Fig. 6-3C,D,E) document the increase in 

sensitivity for three VBRs. It should be noted that RPEDOT–PSS ≈ 300 Ω is a practical upper limit 

in our experiments. Attempts to further thin the PEDOT–PSS layer to achieve even higher 

sensitivities resulted in pronounced irreproducibility in both RPEDOT–PSS and measured ΔRVBR 

values. 

Two calibration plots for HSA in PBS buffer solution acquired using VBRs compare 

the performance of high resistance PEDOT–PSS layers (RPEDOT–PSS= 260–300 Ω) with low 

resistance PEDOT–PSS layers (RPEDOT–PSS = 80–100 Ω, Figure 6f). The ΔRVBR signal for HSA 

increases by between 10× (at low concentrations) to 3× (at high concentrations) across the 

HSA concentration range encompassed by these data. 

RPEDOT–PSS tuning of the VBR sensitivity also works for DJ-1–a bladder cancer marker 

that is significantly smaller than HSA (20.7 kDa versus 66.5 kDa). Again, a plot of ΔRVBR versus 

RPEDOT–PSS for a concentration of DJ-1 of 100 nM in synthetic urine shows that increasing 

RPEDOT–PSS from 75 Ω to 300 Ω increases ΔRVBR from 50 Ω to 550 Ω (Fig. 6-4A). Nyquist plots 

for three RPEDOT–PSS values (Fig. 6-4B-D) document the increase in sensitivity for three VBRs. 

Figure 6-4. RPEDOT–PSS tuning of the VBR sensitivity for DJ-1. A) Increasing RPEDOT–PSS from 80 Ω to 300 Ω 
by reducing the PEDOT–PSS layer thickness increases the signal for 100 nM DJ-1 by a factor of ≈10 from 50 
Ω to 550 Ω. B,C,D) Three Nyquist plots corresponding to three values of the resistor, RPEDOT–PSS, as indicated. 
In each plot, impedances are plotted in the complex plane from 1 Hz (right) to 40 kHz (left). A shift in the 
low frequency Zre from synthetic urine only (blue trace) to 100 nM DJ-1 (green trace) approximates the 
signal, ΔRVBR. 
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In looking more carefully at the DJ-1 sensing performance of VBRs with high 

resistance PEDOT–PSS layers (RPEDOT–PSS ≈ 300 Ω), Nyquist plots (Fig. 6-5A–C) show the 

accessible DJ-1 dynamic range extends from a limit-of-detection of 10 pM to 300 nM, a range 

of more than four orders of magnitude. A plot of ΔRVBR versus DJ-1 concentration across this 

same range for a total of 35 VBR sensors (Fig. 6-5D) conforms to the Hill equation:30 

(Eq. 6-3) 
<=>? ≈ Δ<=>?,V +

Δ<=>?,LGW − Δ<=>?,V

1 + �
YB

-Z[ − 1/
�\

 

A best fit of eq 3 to these data yields the following parameter values: ΔRVBR,lim = 950 ± 

640 Ω, ΔRVBR,0 = 50 ± 140 Ω, KD = 39 ± 170 nM, h = 0.3 ± 0.2, and R2 = 0.94. It should be 

noted that these data encompass measurements of DJ-1 in synthetic urine (21 sensors) and 

in pooled human urine (14 sensors). The measured value of h indicates strong negative 

cooperativity, meaning that the microscopic dissociation constant, KD, is increased (the 

affinity interaction is reduced) as the fraction of binding sites occupied by the target protein 

increases.30 This has the effect of stretching the binding curve across a wider range of DJ-1 

concentration range, exceeding four orders of magnitude in the present case (Fig. 6-5D). 
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In principle, the absence of a gate and an applied gate potential referenced to an 

external reference electrode leaves open the possibility of potential drift of the channel that 

could drive doping and de-doping reactions of the PEDOT sensing layers, causing baseline 

drift of the sensor and degrading reproducibility of the concentration measurements. 

However, the data show that this “channel conductivity drift” is inconsequential on the time 

scale of 1–2 min required for carrying out VBR measurements of concentration. To this end, 

we made measurements of DJ-1 conducted in triplicate (for synthetic urine) and duplicate 

(for human urine) document the reproducibility of VBRs (Fig. 6-5E). Sensor-to-sensor 

Figure 6-5. DJ-1 sensing performance using VBRs with RPEDOT–PSS= 280 to 300 Ω. A,B,C) Nyquist plots 
for three DJ-1 concentrations of A) 10 pM, B) 1 nM, and C) 300 nM. Also shown (blue traces) are 
background Nyquist responses in synthetic urine only. D) Calibration curve for the detection of DJ-1 using 
the RVBR signal constructed using 21 individual measurements from the same number of VBRs, at seven 
concentrations. Values of KD and h (the Hill exponent) obtained from a best fit of the experimental data to 
Eq. 5-2 are indicated. E) Bar plot for ΔRVBR measurements acquired from 21 electrodes, illustrating the 
sensor-to-sensor reproducibility of these data. CoVs for these data, shown, are in the 2 to 8% range across 
4 orders of magnitude in DJ-1 concentration.  
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coefficients-of-variation (CoV) vary from 2.9% (30 pM), to 4.1% (300 nM), extraordinarily 

low values. As expected, at the 10 pM LOD, a higher CoV of 19% is obtained. It should be 

noted that VBRs are effectively single use devices because the off-rate for bound DJ-1 after a 

single exposure is several hours (data not shown). This means that individual VBRs cannot 

be calibrated; every VBR sensor must respond to the same calibration curve placing a 

premium on the sensor-to-sensor reproducibility. 

Nonspecific adsorption at the unmodified virus-PEDOT surface of a VBR is negligible, 

contributing to the simplicity of VBR fabrication. Blocking, often accomplished by pre-

equilibrating a bioaffinity layer with solutions of bovine serum albumin (BSA), casein,31–33 

or poly (ethylene glycol),34 prior to exposure to a target protein, is not required. Three sets 

of negative controls (Figure 9a) for VBRs containing no phage, VBRs prepared using Stop-4 

phage (which has no displayed peptides at its surface), and VBRs prepared using DJ-1 

binding phage in the presence of interleukin 6 or IL-6 (a protein of similar size, 20.9 kDa, and 

Figure 6-6. VBR specificity and speed. A) Three control experiments. At left is the response of three VBRs 
prepared with no phage exposed to 500 nM DJ-1. To the right of this is the response of three VBRs prepared 
with Stop-4 phage that has no displayed peptides on its surface. Finally, at right are shown the results of three 
VBRs containing DL1 phage (selected for the binding to DJ-1) upon exposure to IL-6, a protein of similar MW 
(20.9 kDa) and pI (6.2) to DJ-1 (20.7 kDa and pI of 6.7, respectively). B) Real-time VBR sensing data. Responses 
for five VBR sensors are shown for DJ-1 exposures of 0 pM (green trace), 10 pM, 30 pM, 100 pM, and 1.0 nM. 
These traces were obtained by first stabilizing sensors in synthetic urine for 9 min, measuring a RVBR baseline 
at 0.10 Hz, and then interrupting for 1.0 min while the synthetic urine was replaced with synthetic urine 
supplemented with DJ-1 at the specified concentration, after which ΔRVBR signal was acquired. 
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pI, 6.2 versus 6.7 for DJ-1) either produce no measurable signal or a small “negative” signal, 

corresponding to a negative value of ΔRVBR (Fig. 6-6A). 

Analysis speed and simplicity of operation are two requirements for biosensors that 

are used either at the point-of-care (PoC) or outside a care facility, at a point-of-need 

(PoN).35,36 The VBR provides for detection of DJ-1 across a range of concentrations within 

one minute in a dip-and-read modality (Fig. 6-6B). Thus, the VBR is well-adapted to PoC and 

PoN applications. 

The frequency-dependent signal-to-noise ratio (S/N) for the VBR (Fig. 6-7A) 

increases with decreasing frequency from 40 kHz to 1.0 Hz. In this measurement, noise is 

defined as the standard deviation of repetitive measurements (N = 3) for ΔRVBR (the signal) 

at a defined concentration of target protein. At a DJ-1 concentration of 300 nM, S/N peaks at 

150 at 1.0 Hz and decreases to 60 at 100 pM and 4 at 10 pM, the limit-of-detection. S/N ratios 

at 40 kHz, in contrast, are in the range from 2 to 14 for this range of DJ-1 concentration. 

Consistent with the equivalent circuit, increasing frequency reduces the impedance of the 

virus-PEDOT solution capacitance, ZC, opening a low impedance path through the analyte 

solution, Rsoln, and bypassing the signal-generating current path of the channel. It should be 

noted that the S/N versus frequency data sets (Fig. 6-7A) are themselves noisy. Repeated 

measurements of these data show that the sharp peaks and valleys seen in these traces are 

not reproduced. This means that there are temporal variations in the noise present in the 

VBR circuit. However, the trend of increasing S/N with decreasing frequency remains 

prominent in these data. 
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Proposed Mechanism for VBR Signal Generation. The mechanism by which the VBR 

produces an impedance increase in the presence of target protein is of interest. This 

mechanism must account for three experimental observations: (1) ΔRVBR is positive. In 

particular, the sign of the protein charge, positive or negative, has no influence on the signal. 

For example, DJ-1 (pI = 6.7) can be measured both at pH = 5.5 and at 8.0, corresponding to a 

positively charged protein, and a negatively charged protein, respectively (Fig. 6-7B). ΔRVBR 

signal is unaffected by this charge inversion. (2) VBR signal is insensitive to the salt 

concentration of the test solution. Previously, we demonstrated this for the detection of 75 

nM HSA in salt solutions ranging from 134 mM to 670 mM NaCl where no significant change 

in HSA signal was observed. Collectively, (1) and (2) imply that a charge gating mechanism, 

responsible for signal in field-effect transistors,37 cannot be operating in VBRs. (3) The 

signal-to-noise ratio is strongly frequency dependent: S/N is high at low frequency (≈ 1 Hz) 

and near zero at high frequency (≈ 40 kHz) where it is also independent of the concentration 

Figure 6-7. Signal-to-noise (S/N) versus frequency for the detection of DJ-1. Shown are three plots 
of S/N versus frequency measured for three VBRs immersed in three DJ-1-spiked synthetic urine solutions 
containing DJ-1 at the indicated concentrations. Noise is calculated as the standard deviation of three 
replicate measurements at each frequency. S/N consistently increases from high to low frequencies. B) 
Comparison of ΔRVBR for the detection of DJ-1 in two electrolytes: synthetic urine (pH = 5.5) and PBS buffer 
(pH = 8.0). The charge state of DJ-1 (pI = 6.7) inverts across this pH difference, and is negatively charged at 
pH = 8.0 and positively charged at pH = 5.5. However, ΔRVBR at two different concentrations are the same, 
despite changes in pH, within the reproducibility of these measurements. 
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of a target protein. The implication is that the signal generating process does not require the 

transmission of AC signal through electrolyte. This includes electrolyte that is present in the 

voids within the porous virus-PEDOT signal-generating layer. Thus, RVBR decreases by just 

24 Ω or 4% (against a background of 600 Ω) in protein-free aqueous NaCl as CNaCl is increased 

by a factor of 50 from 0.02 to 1.00 M. 

A simple mechanism that may account for these observations is shown schematically 

in Figure 5-8. Here, just the virus-PEDOT layer is illustrated. The virus-PEDOT layer itself is 

semicrystalline, containing crystalline PEDOT-only domains surrounded by disordered 

domains that contain disordered PEDOT chains and, likely, most of the virus particles (Fig. 

6-8). Electrical conduction within this layer occurs by two processes: (i) intrachain charge 

transport (via bipolarons) and (ii) interchain electron hopping (Figure 11a). Interchain 

hopping, in particular, can be disrupted by the partitioning of protein into this layer, 

promoted by the immunoaffinity partitioning of target protein by virus particles entrained 

in the virus-PEDOT film.38 

This mechanism is analogous to that proposed for chemiresistive gas sensors that 

exploit a carbon/polymer composite chemiresistor.39–43 In these systems, permeation of a 

carbon/polymer (insulating) composite by a molecule in the vapor phase causes an increase 

in the volume of the composite and a decrease in the volume fraction of the conducting 

carbon phase, leading to a reduction in the conductivity of the composite, a process that is 

described by percolation theory:44,45 

(Eq. 6-4) ] = ]V-^ − _̂/` 

where σ0 is the conductivity of the composite in the absence of permeating vapor 

species, σ is the conductivity of the composite after exposure to this vapor, V is the volume 
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fraction of the conductive component of the composite, Vc is the volume fraction of the 

conductive phase at the percolation threshold, and α is a scaling exponent that depends only 

on the dimensionality of the percolation process (2-dimensional or 3-dimensional). Eq 5-4 

is intended to model the conductivity at values of V near the percolation threshold, but more 

generally, it provides a signal transduction mechanism for chemiresistors in which the 

resistor is composed of a nonconductive and a conductive component and for which 

permeation of analyte(s) induces swelling of this system. 

The mechanism depicted (Fig. 6-8) requires that target protein diffuses into the 

virus-PEDOT layer. Does this occur on the one-minute time-scale of signal generation, and if 

so, what mass loading of protein is obtained in this layer during this brief period? These 

questions can be addressed using quartz crystal microbalance (QCM) gravimetry. In this 

measurement, a two-layer PEDOT–PSS + virus-PEDOT bioaffinity layer is prepared on a QCM 

crystal coated with a thin photoresist layer. Exactly the same processes used for VBR 

fabrication (Figure 12a), involving the PVD deposition of gold electrodes, spin-coating of the 

PEDOT–PSS layer, and electrodeposition of the virus-PEDOT layer, are used for the 

preparation of these layers; for these experiments, the gold electrodes are not used to make 

electrical measurements. 

Upon exposure to DJ-1 solutions, the resonant frequency, fR, decreases within seconds 

and stabilizes within ∼40–60 s (Figure 12b). Using the Sauerbrey equation,46 the observed 

frequency change, Δf, can be translated into a mass change, Δm: 

(Eq. 6-5) Δa = −
a?

bcde
Δf 
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where fR is the resonant frequency of the quartz crystal oscillator in air, ρq is the density of 

this crystal, d is its thickness, and A is the area of the gold electrodes deposited onto this 

crystal. 

A plot of Δm versus DJ-1 concentration shows saturation behavior resembling the 

VBR calibration plot for DJ-1. The mass loading saturates at ∼4 μg/cm2, which corresponds 

to more than 1.0 monolayer of DJ-1 at the surface of the virus-PEDOT layer, even if this layer 

has significant roughness. For purposes of comparison, the mass of a hydrated protein 

monolayer has been measured using QCM for several proteins including RNAase (13.7 kDa, 

300 ng/cm2 on silica), bovine serum albumen (66.5 kDa, 150 ng/cm2 on silica),47 and human 

serum albumin (66.5 kDa, 230 ng/cm2 on oxidized gold).48 An estimate of the mass of a 

Figure 6-8. Schematic representation of a hypothesized signal transduction mechanism for the VBR. 

A) The virus-PEDOT layer shown here consists of semicrystalline PEDOT with virus particles that are 
concentrated within disordered regions of the PEDOT layer. B) When exposed to the DJ-1 protein solution, 
ΔRVBR is initially zero, because an induction time is associated with the rate-limiting diffusion of the protein 
into the virus-PEDOT layer. C) Permeation of the virus-PEDOT layer by DJ-1 is associated with an increase in 
its resistance as the insulating protein interferes with conduction pathways within this layer. 
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closest packed DJ-1 monolayer can also be derived from the dimensions of this protein 

previously reported using single crystal X-ray diffraction.49 The refined crystallographic data 

include 323 structural water molecules per DJ-1 protein, which should be considered a lower 

bound to the actual water content of this system. The mass of this monolayer is predicted to 

be 146 ng/cm2. 

The low end (146 ng/cm2) and high end of these estimates (300 ng/cm2) are 

indicated by dashed lines in Figure 12c. On the basis of these numbers, the ∼4 μg/cm2 

plateau measured for DJ-1 corresponded to 13–27 equiv protein monolayers. These data are 

consistent with permeation of DJ-1 into the virus-PEDOT layer, and perhaps the PEDOT–PSS 

layer as well, on the one-minute time scale as required by the mechanism depicted in Figure 

11. 

Finally, it is useful to confirm that the diffusion coefficient, DDJ-1, required for DJ-1 

permeation by diffusion in one minute is physically realistic. DDJ-1 can be estimated using the 

equation: DDJ-1= T2/2t where T is the total thickness of the two-layer channel (≈ 150–170 

nm) and t is the time required for diffusive permeation of DJ-1 (≈ 60 s), which we estimate 

as the time required for signal generation. The range of calculated DDJ-1 values is (1.9–2.4) × 

10–12 cm2/s, which is approximately 5–6 orders of magnitude slower than the diffusion 

coefficient for proteins of this size (D ≈ 10–7–10–6 cm2/s)50 in aqueous electrolyte solutions, 

qualitatively as expected. Potentially, the estimates of T, derived from SEM data (Figure 3), 

could be too low because these values pertain to dried films. However, doubling the estimate 

of T (≈ 300–340 nm) produces DDJ-1 values of (7.5–9.6) × 10–12 cm2/s within an order of 

magnitude of the dried values. 
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6.4 Conclusions 

The VBR is a biosensor that exploits direct electrical communication with virus 

particles to measure the concentration of protein biomarkers for cancer and disease. These 

virus particles, which are engineered to recognize and bind a target protein of interest, are 

entrained within an electrodeposited virus-PEDOT film. The electrical impedance of this film 

directly produces the signal required for protein quantitation, eliminating the need for any 

additional amplification. In addition, no reagents such as redox couples are required for 

these measurements. 

Direct QCM measurement of the mass of the bioaffinity bilayer demonstrates that the 

equivalent of multiple (>10) monolayers of DJ-1 protein is able to diffuse into this layer from 

solution within one minute, a process that coincides temporally with the generation of the 

VBR impedance signal. The resulting QCM binding curve for DJ-1 resembles the binding 

curve measured by the VBR for this protein. On the basis of this observation as well as other 

evidence, a simple model is proposed for signal transduction involving the dilution of the 

PEDOT conductor by insulating protein molecules resulting in an increased resistance for 

this layer, a mechanism analogous to that operating in carbon/polymer chemiresistor gas 

sensors. 

6.5 Materials and Methods 

Gold electrodes were prepared by photolithography and physical vapor deposition. 

The following materials and reagents were purchased commercially and used as received: 

PMMA cells (Wainamics Inc., Fremont CA) and bare gold electrodes were oxygen plasma-

cleaned (PDC-32G, Harrick Plasma). PEDOT–PSS (poly(3,4-ethylenedioxythiophene) 

polystyrenesulfonate) Heraeus Clevios PH1000 from Ossila; lithium perchlorate 99+% 
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purity from Acros organics; EDOT (3,4-ethylenedioxythiophene) from Sigma-Aldrich; 

ethylene glycol from Macron Fine Chemicals. Phosphate-buffered saline (PBS, 10× 

concentrate) from Sigma-Aldrich. 1× concentrate of the PBS yielded a phosphate-buffered 

saline solution at pH 7.4 with a sodium chloride concentration of 0.154 M and a phosphate 

buffer concentration of 0.01 M. The DJ-1 overexpression plasmid pET3a-His-DJ1 was a gift 

from Michael J. Fox Foundation, MJFF (Addgene plasmid #51488). DJ-1 was recombinantly 

overexpressed in E. coli. Interleukin 6 (IL-6) was purchased from Tonbo Bioscences. M13 

phage library design and procedures for the selection of DJ-1 binders using this library are 

described in the Supporting Information, available online. 

 The affinity of engineered M13 virus particles for DJ-1 can be seen from the results of 

two enzyme-linked immunosorbent assay (ELISA) measurements (Figure 1). The ELISA 

measurement was conducted two ways: with DJ-1 adsorbed onto a 96-well plate, measuring 

the recognition of adsorbed DJ-1 by phage particles in solution (Figure 1a), and by adsorbing 

the phage particles on the plate and measuring the binding of DJ-1 to this virus layer (Figure 

1b). The latter configuration, which yields a much higher apparent dissociation constant, 

Kd,app, more closely resembles the operation of the VBR. 
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Expression and Purification of DJ-1. The plasmid pET3a-His-DJ1 was heat shock-

transformed into BL21(DE3) E. coli cells and incubated overnight on an agar plate 

supplemented with carbenicillin (50 μg/mL). A single colony was selected and inoculated 

into 20 mL of LB media supplemented with carbenicillin (50 μg/mL) before incubation 

overnight at 37 °C with shaking at 225 rpm. A 5 mL aliquot of the overnight culture was 

transferred to 500 mL of LB media supplemented with carbenicillin (50 μg/mL) and shaken 

Figure 6-9. SDS-PAGE analysis of purified DJ-1 after IMAC purification. A) ImageJ analysis of similar 
gels quantified DJ-1 purity as >99% post-purification. B) DJ-1 enzyme activity assay. DJ-1 (1 μM) was added 
to 7.5 mM methylglyoxal and 7.5 mM L-glutathione. The decrease in absorbance at 268 nm over 90 min 
compared to the negative control indicates changes in hemithioacetal levels and therefore DJ-1 enzyme 
activity.  
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at 225 rpm and 37 °C until OD600 reached 0.6. The culture was induced through addition of 

IPTG (1 mM) and was incubated at 30 °C with shaking at 225 rpm for 4 h.  

Following bacterial overexpression, the culture was centrifuged at 6 krpm (4302 x g) 

for 30 min at 4 °C, and the supernatant was discarded. The resulting pellet was resuspended 

in 25 mL of lysis buffer (1X TBS, 10 mM 2-mercaptoethanol (BME), 1X Halt protease inhibitor 

cocktail, pH 7.5) and lysed by sonication. This lysed cell solution was centrifuged at 10 krpm 

(11952 x g) for 1 h at 4 °C. The protein was purified from the supernatant by immobilized 

metal affinity chromatography (IMAC) with Ni2+-NTA resin (BioRad). The resultant eluted 

fractions were visualized by 12% acrylamide SDS-PAGE and ImageJ analysis (Fig. 6-9A). The 

appropriate eluted fractions were combined and stored at -20 °C in storage buffer (1X TBS, 

10 mM BME, 50% glycerol, pH 7.5). DJ-1 enzyme activity was assayed by hemithioacetal 

consumption.2 Briefly, methylglyoxal (7.5 mM) and L-glutathione (7.5 mM) were mixed and 

preincubated for 30 min at room temperature in sodium phosphate (50 mM, pH 7.0) to form 

hemithioacetals. DJ-1 (1 μM), diluted in sodium phosphate (50 mM, pH 7.0), was then added 

to the reaction mixture. Changes in hemithioacetal levels were monitored over 90 min as a 

time-dependent change in the characteristic absorbance at 288 nm (Fig. 6-9B). 

Selection of DJ-1 Ligands. Four rounds of phage-based selections identified four DJ-1 

binding phage. In each round, 15 wells of a 96-well Nunc MaxiSorp microtiter plate were 

coated with DJ-1 (10 μg/mL) in PBS (pH 8.0, 100 μL per well) and incubated overnight at 4 

°C with shaking at 150 rpm. This solution was discarded and a blocking solution containing 

0.2% (w/v) nonfat milk in PBS (400 μL per well) were added to the wells, and the plate was 

incubated at room temperature at 150 rpm for 30 min. In sequential rounds, this blocking 
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step was performed with hen egg white lysozyme, ovalbumin, or a mixture of BSA and HSA 

to minimize selection of peptide ligands to blocking agents.  

After washing three times with wash buffer (0.05% (v/v) TWEEN 20 in PBS, 300 μL 

per well), mega random peptide libraries (MRPLs) were diluted to a final concentration of 

60 nM in binding buffer (0.2% (w/v) BSA, 0.05% (v/v) TWEEN 20 in PBS). The diluted 

libraries were added to the microtiter plate (100 μL per well) before incubation for 90 min 

with shaking at 150 rpm at room temperature. Next, the wells were washed to remove non-

specific phage ligands. In each round of selections, the number of washes were increased by 

three to a maximum of 15.  

The bound phage were eluted from the plate by adding 0.1 M HCl (100 μL per well) 

and sonicating the plate in a water bath for 10 min. The eluted phage solution was 

immediately neutralized by transferring to 1/3 volume of 1 M Tris-HCl (pH 8.0). A portion of 

the eluted phage solution was used to infect a 20 mL LB culture (supplemented with 5 μg/mL 

tetracycline) of log phage E. coli XL1 Blue cells. The cells were incubated with shaking at 225 

rpm at 37 °C for 1 h. Next, the culture was further infected with M13KO7 helper phage (NEB) 

to achieve a multiplicity of infection of 4.6. After 45 min of incubation at 37 °C with shaking 

at 225 rpm, the culture was transferred to 200 mL of 2YT (16 g tryptone, 5 g NaCl, 10 g yeast 

extract in 1 L autoclaved water) supplemented with 50 μg/mL carbenicillin and 20 μg/mL 

kanamycin and incubated at 225 rpm at 37 °C for 16-18 h. 

The cultures were centrifuged at 10 krpm (15300 x g) for 10 min. The supernatant 

was decanted into a tube containing 1/5 the final volume of 20% (w/v) PEG-8000 and 2.5 M 

NaCl. The tube was inverted 5 times and stored on ice for 30 min followed by an additional 

centrifugation at 10 krpm (15300 x g) for 15 min. The supernatant was decanted, and tubes 
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were centrifuged for an additional 4 min at 4 krpm (2429 x g). The pellets were resuspended 

in PBS and the precipitation steps were repeated. Phage concentrations were quantified by 

measuring absorbance at 268 nm measurements. Finally, the phage were diluted to 60 nM, 

flash frozen with 10% (w/v) glycerol, and stored at -80 °C. 

After four rounds of selections, spot assays were performed on 96 selectants. Briefly, 

individual phage colonies were amplified in 96 deep well plates as before. After 

centrifugation at 3 krpm (1462 x g), the supernatants were assayed by phage-based ELISA 

(see Phage ELISA method) to assess binding to either DJ-1 or the blocking agent, casein. From 

these screens, four unique potential DJ-1 ligands were isolated and identified by Sanger 

sequencing. The peptides’ specificity for DJ-1 was tested by additional screening for binding 

to a panel of proteins including BSA, HSA, ovalbumin, lysozyme, and E. coli supernatant. Two 

of the four potential ligands showed specificity for DJ-1. Ultimately, only one ligand was 

incorporated into the sensor design due to its significantly stronger apparent binding affinity 

than the other ligand, as measured by ELISA. This ligand is referred to as DJ-1 ligand one 

(DL1). 

Site-directed mutagenesis of DL1. The phage displayed DL1 ligand included an amber 

stop codon (TAG). In an amber suppressor strain of E. coli such as XL1-Blue, glutamine will 

be incorporated at a low rate of occurrence.3 To reduce this inherent heterogeneity, Q5 Site-

Directed Mutagenesis (NEB) was performed to replace the TAG stop codon with CAG, which 

encodes for glutamine. Sanger sequencing confirmed the successful introduction of the 

glutamine codon. 

Phage propagation and Purification. The phagemid DNA was transformed into SS320 

competent E. coli, and transformants were plated on a carbenicillin-supplemented (50 
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μg/mL) agar plate before incubation at 37 °C overnight. A single colony was selected to 

inoculate 25 mL of 2YT supplemented with 50 μg/mL carbenicillin and 2.5 μg/mL 

tetracycline. The culture was shaken at 37 °C until OD600 reached 0.5; then, 30 μM IPTG and 

sufficient M13KO7 to achieve a multiplicity of infection of 4.6 was added. After an additional 

45 min incubation, 8 mL of the culture was used to inoculate a 150 mL of 2YT supplemented 

with 50 μg/mL carbenicillin, 20 μg/mL kanamycin, and 30 μM IPTG. This culture was 

incubated at 30 °C with shaking at 225 rpm for 18 h.  

The phage were precipitated as described above. The resulting phage pellets were 

resuspended in 1X PBS with 0.05% (v/v) TWEEN 20 and 10% (v/v) glycerol, separated into 

1 mL aliquots, flash frozen with liquid nitrogen, and stored at -80 °C. To prepare for devices 

or ELISAs, the phage solution was thawed on ice, precipitated a second time, and diluted to 

40 nM in either 12.5 mM LiClO4 or PBS, respectively. 

Phage ELISA. To characterize the apparent binding affinity of the selected phage, 5 

μg/mL of DJ-1 in 50 mM Na2CO3 (pH 9.6, 100 μL per well) were added to a 96-well Nunc 

MaxiSorp microtiter plate. The plate was incubated at 4 °C with shaking at 225 overnight. 

The following day, the solution was discarded and a blocking solution of 0.2% (w/v) BSA in 

PBS (400 μL per well) was added to the coated wells. The plate was next incubated at room 

temperature for 30 min with shaking at 150 rpm. The coated wells were washed three times 

with wash buffer (300 μL per well), followed by the addition of either DL1 or negative control 

Stop4 phage serially diluted in binding buffer (100 μL per well). The plate was incubated for 

60 min at room temperature and shaking at 150 rpm. Next, the plate was washed three times. 

Finally, a 1:5000 dilution of HRP/Anti-M13 monoclonal conjugate (GE Healthcare Life 

Sciences, 100 μL per well) were added, and the plate was incubated at room temperature 



 

 

 

132

with shaking at 150 rpm for 30 min. After five additional washes with wash buffer and one 

PBS wash, 1-Step Ultra TMB-ELISA Substrate Solution (ThermoScientific, 100 μL per well) 

were added to each well. After 5 min, 2 M H2SO4 (100 μL) was added to every well and the 

absorbance at 450 nm was measured with an Epoch Microplate Spectrophotometer 

(BioTek). Data were analyzed with GraphPad Prism 8 and fit with a four-parameter logistic 

curve fit. The apparent dissociation constant (Kd, app) for the interaction between the 

phage-displayed DL1 and DJ-1 was calculated to be 14 pM (Fig. 5-10A). 

DJ-1 Phage-Antibody Sandwich ELISA. To simulate the DJ-1/DL1 interaction in the 

VBR format, 1 nM DL1 and Stop4 phages were bound to a 96-well microtiter plate as 

described above. The plate was treated identically to the indirect phage ELISA until the first 

binding step; DJ-1 dilutions were prepared and 100 μL of the diluted proteins were added to 

every well. The plate was incubated for 60 min at room temperature with shaking at 150 

rpm. After washing three times, the primary antibody, PARK7/DJ-1 Antibody (LifeSpan 

Figure 6-10. Two ELISAs for M13 phage binding of DJ-1. A) Phage ELISA of the DJ-1-binding phages DL-1 
(blue) and a negative control Stop-4 phage (red). Here, DJ-1 is immobilized, and the DL-1 phage is detected. 
The data were fit with a four-parameter logistic curve fit (R2 = 0.9230). Measurements were performed in 
triplicate; error bars represent the standard deviation of the mean. B) Sandwich ELISA of DJ-1. In this case, 
DL-1 phages (or the control Stop4 phage) are immobilized, and the DJ-1 protein is detected. This format 
mimics the function of the VBR. The data were fit as described above (R2 = 0.9944). Measurements were 
performed in triplicate; error bars represent the standard deviation of the mean. 
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Biosciences, Inc.), was diluted to 1:1000 in binding buffer and 100 μL were added to each 

well. The plate was incubated again for 60 min at room temperature with shaking at 150 

rpm, and washed three times. A secondary antibody, anti-rabbit IgG (Sigma-Aldrich), was 

diluted to 1:5000 in binding buffer and 100 μL were added to each well. The plate was 

incubated for 30 min and washed five times with wash buffer and once with PBS. Finally, the 

HRP activity was detected as described above and the Kd, app was determined to be 206 nM 

(Fig. 6-10B). 

VBR Fabrication. The fabrication process for the VBRs is similar to that described 

previously with minor modifications. Briefly, gold-film electrodes were cleaned in an O2 

plasma for 10 min immediately before use. Thick (≈ 70 nm) and thin (≈ 48 nm) PEDOT–PSS 

films were prepared as follows: thick PEDOT–PSS films were obtained by stirring a solution 

of 3% (v/v) ethylene glycol with PEDOT–PSS for 30 min. Thin PEDOT–PSS films were 

obtained by stirring a solution of 1.5% (v/v) ethylene glycol in PEDOT–PSS for 30 min. These 

solutions were spin-coated on the gold electrodes at 2500 rpm for 80 s and then heated for 

1 h at 90 °C. A PMMA cell was then attached to the PEDOT–PSS film, and PEDOT–PSS coated 

gold electrodes were equilibrated in PBS for 30 min. Next, virus-PEDOT films were 

electropolymerized onto the PEDOT–PSS/gold-film electrodes using a platinum foil counter 

and MSE reference electrodes. Virus-PEDOT films were then electrodeposited onto the 

PEDOT–PSS film from aqueous solutions containing 8 nM M13 bacteriophage, 12.5 mM 

LiClO4, and 2.5 mM EDOT by performing two voltammetric scans from 0.2 to 0.8 V versus 

MSE at a scan rate of 20 mV/s. A PARSTAT 2263 controlled by Electrochemistry PowerSuit 

2.6 software was used for this deposition. All VBRs employed for sensing measurements 
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conformed to the screening parameters applied at each step of the fabrication process, as 

described in detail in the SI.  

Impedance Spectroscopy. All solutions were prepared and equilibrated at room 

temperature (20 °C) prior to IS measurements. The VBR cell was first rinsed three times with 

PBS, after which impedance measurements were conducted as follows. Background IS 

measurement (in triplicate) was acquired in urine (synthetic or human) that contained no 

added protein, and a second impedance measurement (again in triplicate) was acquired in 

the same urine containing added DJ-1 or IL-6 at the indicated concentrations. The difference 

in Zre between these two measurements at each frequency is ΔRVBR. The two RVBR inputs to 

ΔRVBR are obtained by fitting an impedance frequency spectrum that spans the range from 1 

Hz to 40 kHz. All IS data were acquired using a Princeton Applied Research PARSTAT Model 

2263 controlled by Electrochemistry PowerSuit 2.6 software. Fifty data points were acquired 

across a frequency range of 1 Hz to 40 kHz. The amplitude of the applied voltage was 10 mV 

for all IS measurements. VBRs are single use devices. A different VBR was therefore used for 

each measurement. Equivalent circuit fitting was accomplished using EIS Analyzer (ABC 

Chemistry). Minimization algorithm Powell (300 iterations) was used to generate values for 

each circuit element. 

Time Scan Experiment. The time scan experiment was performed on four 

different VBRs for four concentrations of DJ-1 protein, 10 pM, 30 pM, 100 pM, and 1 nM. 

Each VBR was first equilibrated in synthetic urine for 9 min. A “pure” urine baseline RVBR was 

then acquired at f = 0.1 Hz for 1.0 min. The synthetic urine was then removed from the PMMA 

cell and replaced with synthetic urine supplemented with DJ-1 protein at the specified 
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concentration, without disconnecting the VBR from the potentiostat. After a 1 min exposure 

to the test solution, RVBR was again recorded for 10 min. 

Control Experiments. Three negative control experiments tested for signal specificity. 

In the first, a Stop-4 M13 virus, which has no displayed peptide binding moieties, was 

substituted for DJ-1-binding phage. The Stop-4 control VBRs were exposed to 500 nM DJ-1. 

Second, VBRs containing no phage were exposed to 500 nM DJ-1. Interleukin 6 (IL-6, 20.9 

kDa, pI = 6.2), similar in size and pI to DJ-1, was used as a third control. 

SEM Analysis. Scanning electron microscopy data were acquired using a FEI Magellan 

400L XHR FE-SEM. An accelerating voltage of 2 keV was used for uncoated films and 10 keV 

for samples coated with 3 nm of iridium. 
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CHAPTER 7 

Viruses Masquerading as Antibodies in Biosensors: The Development of the 

Virus BioResistor 

 

Adapted with permission from Accounts of Chemical Research. 

DOI: 10.1021/acs.accounts.0c00474 
 

7.1 Abstract  

The 2018 Nobel Prize in Chemistry recognized in vitro evolution, including the 

development by George Smith and Gregory Winter of phage display, a technology for 

engineering the functional capabilities of antibodies into viruses. Such bacteriophages solve 

inherent problems with antibodies, including their high cost, thermal lability, and propensity 

to aggregate. While phage display accelerated the discovery of peptide and protein motifs 

for recognition and binding to proteins in a variety of applications, the development of 

biosensors using intact phage particles was largely unexplored in the early 2000s. Virus 

particles, 16.5 MDa in size and assembled from thousands of proteins, could not simply be 

substituted for antibodies in any existing biosensor architectures.  

Incorporating viruses into biosensors required us to answer several questions: What 

process will allow the incorporation of viruses into a functional bioaffinity layer? How can 

the binding of a protein disease marker to a virus particle be electrically transduced to 

produce a signal? Will the variable salt concentration of a bodily fluid interfere with electrical 

transduction? A completely new biosensor architecture and a new scheme for electrical 

transduction of the binding of molecules to viruses were required.  
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This chapter describes the highlights of a research program launched in 2006 that 

answered these questions. These efforts culminated in 2018 in the invention of a biosensor 

specifically designed to interface with virus particles: The Virus BioResistor (VBR). The VBR 

is a resistor consisting of a conductive polymer matrix in which M13 virus particles are 

entrained. The electrical impedance of this resistor, measured across 4 orders of magnitude 

in frequency, simultaneously measures the concentration of a target protein and the ionic 

conductivity of the medium in which the resistor is immersed. Large signal amplitudes 

coupled with the inherent simplicity of the VBR sensor design result in high signal-to-noise 

ratio (S/N > 100) and excellent sensor-to-sensor reproducibility. Using this new device, we 

have measured the urinary bladder cancer biomarker nucleic acid deglycase (DJ-1) in urine 

samples. This optimized VBR is characterized by extremely low sensor-to-sensor coefficients 

of variation in the range of 3−7% across the DJ-1 binding curve down to a limit of 

quantitation of 30 pM, encompassing 4 orders of magnitude in concentration. 
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7.2 Introduction 

In 2020, the most reliable techniques used by doctors for cancer surveillance are 

identical to practices from 20 years ago: colonoscopy (colon cancer), mammogram (breast 

cancer), and Pap smear (cervical cancer). Cancer surveillance involving the analysis of blood 

and urine for cancer markers—so-called liquid biopsies—are not part of an annual physical 

examination for most Americans because biosensors and laboratory assays that facilitate 

rapid, reliable, and affordable analyses for cancer markers do not yet exist. 

We became interested in this problem in 2005.1 Up to this time, most biosensors 

designed to detect the distinctive protein “biomarkers” produced by cancers used antibodies 

to recognize and bind these proteins. M13, a filamentous bacteriophage that infects 

Escherichia coli, was engineered to “display” Fv antibody fragments on its surface, providing 

an intriguing opportunity for the development of cheaper, more robust biosensors. The basic 

approach for the “display” of proteins on the M13 phage surface was invented by George 

Smith in 1985.2,3 Subsequently, Jim Wells and co-workers introduced key and necessary 

improvements that enabled Greg Winter to display an antibody, or Fv, on the phage 

surface.4,5 Our laboratories exploited these seminal contributions to extend phage display 

into biosensing applications. 

M13 viruses are an attractive alternative to antibodies in biosensors for three main 

reasons: (1) the cost of engineered viruses is much lower; (2) the affinity of virus particles is 

similar (often with dissociation constants, KD, below 10–9 M); and (3) virus particles are 

quite robust and do not require refrigeration to maintain potency. In principle, biosensors 

based upon virus particles could be cheaper to manufacture and cheaper to distribute and 

store, especially in the resource challenged Third World. In this Account, we trace the 
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development over 14 years of a new biosensor, the Virus BioResistor (VBR),6,7 designed 

specifically for rapid (60 s) point-of-need detection of cancer markers in urine using virus 

receptors. 

7.3 Virus Biosensors That Resemble Antibody Biosensors 

A generic biosensor has three components: (i) A bioaffinity layer equipped with 

receptors such as single-stranded DNA probes or antibodies to recognize and bind a target 

DNA or protein, respectively; (ii) a transducer that detects the binding of the target to the 

bioaffinity layer by means of a measurement of a property such as the mass of this layer or 

its optical or electrical response; and (iii) electronics that convert the raw transducer signal 

into a quantitative measure of the target concentration. 

Bioaffinity layers for the detection of proteins have often exploited monolayers of 

antibodies conjugated to polymer or glass surfaces.8 The first biosensors to exploit the Nobel 

Prize-winning phage-display technologies2–5,8 were demonstrated in 2003 by a team at 

Auburn University lead by Valery Petrenko and Vitaly Vodyanoy.9 In that work, M13 virus 

particles were immobilized by physisorption onto the surface of an acoustic wave sensor and 

used to measure the binding of β-galactosidase, a 465 kDa protein, at concentrations down 

to 0.60 nM. These experiments provided the first proof of concept that viruses could function 

as receptors in biosensors. However, physiosorbed virus layers,9–11 were unstable in our 

measurements, compromising precision. 

Li-Mei Yang, working with Juan Diaz and Phillip Tam, attempted to remedy the 

stability problem by preparing monolayers of M13 virus particles that were covalently 

bonded to a gold electrode surface (Fig. 7-1).12,13 Her approach was first to electrochemically 

roughen a gold electrode and then to expose it to thioctic N-hydroxysuccinimide (NHS) ester 
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to form a thiol–Au-bonded self-assembled monolayer (SAM) and treat the SAM with a 

suspension of virus particles, thereby forming a covalent amide bond between free amines 

on the phage coat peptide and the activated carboxylate at the surface of the SAM. The final 

step was to plug any defects in this “covalent virus layer” (CVL) with bovine serum albumin 

(BSA) to minimize nonspecific adsorption (Fig. 7-1A). The CVL is complete after step 3. Steps 

4–6 in Fig. 7-1 illustrate the reversible binding of an antibody (p-Ab) by the CVL. 

Atomic force microscopy (AFM) showed that the CVL consists of a close-packed 

monolayer of filamentous M13 virus particles (Fig. 7-1B). When many M13 virus are 

covalently bound to a surface, the densely packed “monolayer” of the virus resembles a shag 

Figure 7-1. The covalent virus layer (CVL). A) Stepwise assembly (steps 1−3) and functionalization (steps 
4−6) of the CVL. B-D) Noncontact mode AFM images (1 μm × 1 μm) of (b) a single M13 virion on mica, (c) a 
self-assembled monolayer (SAM) of N-hydroxysuccinimide thioctic ester (NHSTE) on gold after exposure to 
BSA with no virus particles attached to the surface, and D) a functional CVL consisting of a SAM of NHS-TE 
on gold that was reacted with M13 to produce covalent attachment and exposed to BSA (step 3 in (a)). 
Adapted from ref 13. Copyright 2008 American Chemical Society. 
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carpet (Fig 7-1A). The resulting CVL retains significant free volume, as evidenced by the fact 

that each phage particle is capable of binding 140 antibodies to the P8 major coat peptide 

(P8-Ab, 2700 copies/M13 virus) on average. In the vacuum of a scanning electron 

microscope, the water and ions supporting the “shag carpet” are removed, and filamentous 

virus particles collapsed onto the surface can be clearly seen (Fig. 7-1D). 

 

7.4 Mass-Based Signal Transduction of the CVL 

The properties of the CVL for biosensing were first explored in 2008. Both mass-

based biosensing, conducted by depositing the CVL on a gold quartz-crystal microbalance 

Figure 7-2. QCM investigations of the CVL. A,B) Schematic diagram of the QCM and flow cell. C) QCM 
evaluation of the efficacy of three wash solutions as indicated. D) Plot of mass vs time for the exposure of a 
CVL to doses of P8-Ab ranging in concentration from 6.6 to 200 nM. E) Same data as shown in D) but 
normalized to the same injection time to precisely show the relative heights of these transients. F) Plot of the 
maximum mass change versus P8-Ab concentration for the data shown in D,E). The mass change was 
proportional to the concentration of injected P8-Ab (R2 = 0.997) and yielded a sensitivity of 0.018 μg cm−2 
nM−1 and a limit of detection of 6.6 nM. Adapted from ref 13. Copyright 2008 American Chemical Society. 
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(QCM) transducer, and electrochemical-based sensing12 were evaluated. In these 

experiments, the response of a CVL-modified gold surface to P8-Ab was studied. 

To measure the mass responses of a CVL during exposure to P8-Ab, the QCM crystal 

was mounted in a Teflon flow cell that provided for the radially symmetric delivery of 

solution to the circular QCM electrode surface (Fig. 7-2A,B). The increase in mass observed 

upon P8-Ab exposure (∼3 μg/cm2) could be reversed by washing briefly with aqueous acid 

(Fig. 7-2C), enabling mass versus P8 antibody concentration, [P8-Ab], data to be acquired 

over a wide range of [P8-Ab] for a single CVL (Fig. 7-2D-F). These data were linear from 6.6 

to 200 nM P8-Ab. A nonbinding antibody (n-Ab) control showed negligible nonspecific signal 

over this concentration range, establishing the limit of detection (LOD) for P8-Ab as 20 nM. 

This demonstrated that virus particles within the CVL were available for rapid binding of the 

antibody, suggesting that the CVL could function as a bioaffinity layer within a biosensor. 

Importantly, P8-Ab binding, while reversible, exhibited a very low off-rate of <10−5 s−1, 

indicating that reuse of the CVL would be a practical impossibility. The next question was 

whether the binding of a target antibody could be detected using the electrochemical 

response of these virus-modified electrodes instead of a QCM. 

In addition to mass-based transduction using the QCM, the electrochemical response 

of the CVL to P8-Ab and n-Ab were investigated using electrochemical impedance 

spectroscopy (EIS). A goal in these experiments was to carry out direct detection of antibody 

binding to the CVL. “Direct” in this context meant that a redox couple such as Fe(CN)64–/3– 

was not added to the testing solution as in the “indirect” approach, in which blocking of the 

Faradaic electron transfer signals protein binding to an electrode surface.14–19 Direct EIS 
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measurements, in contrast, probed changes to the non-Faradaic impedance of the CVL-

modified gold electrode caused by antibody binding to the surface. 

A conclusion of these experiments was that the highest signal-to-noise ratio (S/N ≈ 

20) and best selectivity for P8-Ab binding to the CVL-modified electrode occurred at high 

frequencies in the range of 4−140 kHz. This was surprising because the shift in the real 

component of the impedance signal, ΔZre, was the smallest in this frequency range, with ΔZre 

< 10 Ω at all P8-Ab concentrations. Selectivity for P8-Ab versus n-Ab was completely lost at 

lower frequencies, where ΔZre signals as large as 1 kΩ were observed. In contrast, prior work 

on EIS-detected indirect biosensors had emphasized the detection of target proteins at low 

frequencies, below 5 Hz in most cases. Zre is increased by binding of P8-Ab to the CVL because 

the bound, insulating P8-Ab molecules displace ionically conductive electrolyte from the free 

volume within the CVL layer. The LOD for P8-Ab in these experiments, limited by the low 

ΔZre signal amplitude, was 20 nM. 

The conclusion from these experiments was that this CVL did not afford enough 

sensitivity to enable the detection of proteins at subnanomolar concentrations, as required 

for cancer screening. A fundamentally new method for preparing a virus-based bioaffinity 

layer was needed. 

7.5 Virus-PEDOT Bioaffinity Layers 

Inspiration for a new type of virus-based bioaffinity layer arrived from an unexpected 

direction. In the 2010 time frame, the Penner group had been investigating the 

thermoelectric properties of nanowires composed of the electronically conductive organic 

polymer poly(3,4-ethylenedioxythiophene) (PEDOT).20 These PEDOT nanowires were 

prepared using lithographically patterned nanowire electrodeposition (LPNE).21,22 



 

 

 

147

Could PEDOT act as a host for M13 virus particles? This idea was interesting for two 

reasons: First, the electronic conductivity of PEDOT provided a means by which the 

biosensor signal from M13 particles could be directly transmitted to an external circuit. 

Second, PEDOT is positively charged as synthesized, with one positive charge for each four 

or five EDOT residues. During electropolymerization (Fig. 7-3A), EDOT is oxidized to a cation 

radical, and radical coupling occurs near the electrode surface until the resulting oligomers 

lose solubility and, with anions from the solution to balance the positive charge, precipitate 

onto the electrode. M13 virus particles have a net negative charge near 6000 as a 

consequence of three ionizable moieties (Glu2, Asp4, and Asp5) on the 2700-copy P8 major 

coat protein near its exposed N-terminus.23 Our hypothesis was that the polymerization of 

positively charged PEDOT in the presence of negatively charged M13 would electrostatically 

promote the incorporation of M13 particles within the polymer matrix. 

To test this hypothesis, virus–PEDOT biocomposite films were prepared by 

electropolymerization of EDOT in aqueous electrolytes containing just 12 mM LiClO4 and 

nanomolar concentrations of M13 virus particles.24 In these experiments, it was observed 

that as the virus concentration was increased from 3 to 15 nM the EDOT 

electropolymerization current peak was depressed relative to that of the virus-free control. 

This observation suggested that the virus particles either interfered with, or participated in, 

EDOT polymerization. QCM gravimetry (Fig. 7-3B) showed that the mass of the resulting 

films was augmented when virus particles were present in the EDOT polymerization 

solution. The excess mass relative to pure PEDOT films (Fig. 7-3C) was attributed to the 

incorporation of virus particles into the growing PEDOT film. This observation directly 
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demonstrated that virus particles could be incorporated into these electrodeposited PEDOT 

films as predicted by the reaction shown in Fig. 6-3a. 

How efficient is the virus incorporation into these films during 

electropolymerization? The QCM data in Fig. 6-3C provided the answer: The difference in 

mass (the vertical axis) at a particular deposition charge Qtot could be attributed to virus 

incorporated into the virus–PEDOT composite film. This analysis showed that concentration 

of M13 in the virus–PEDOT film prepared by electrodeposition was directly proportional to 

the M13 concentration in the polymerization solution (Fig. 7-3D), and the slope of this line 

Figure 7-3. Electrodeposition of a virus−PEDOT bioafOinity layer. A) Virus−PEDOT electrodeposition 
reaction. B) QCM analysis of virus−PEDOT electrodeposition, with increased mass loading shown as a 
decrease in frequency. C) Frequency change vs deposition charge, Qtot, for QCM measurements. D) 
Calibration curve showing the linear correlation of the virus concentration within the PEDOT film (vertical 
axis) vs the concentration of virus in solution. E-J) Topography of virus−PEDOT vilms imaged by scanning 
electron microscopy. Films were prepared from solutions containing virus particles at three concentrations: 
(e, f) [virus]soln = 3 nM; (g, h) [virus]soln = 9 nM; (i, j) [virus]soln = 15 nM. Adapted from ref 2. Copyright 2012 
American Chemical Society. 
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was an astonishing ∼500. These experiments demonstrated that the reaction shown in 

Figure 3a provided for highly efficient incorporation of virus into a growing PEDOT film. 

Scanning electron microscopy (SEM) images of electrodeposited virus–PEDOT composite 

films showed a striking transformation as virus was incorporated into the plating solution 

(Fig. 7-3E-J). In these images, bundles of virus particles are seen protruding from the surface 

of the virus–PEDOT films, and as expected, the density of these virus particles is correlated 

with the concentration of virus in the deposition solution. 

What would be the best way to exploit this new virus–PEDOT material in a biosensor? 

Our initial answer to this question was to prepare arrays of nanowires composed of virus–

PEDOT.25,26 These were prepared using LPNE21,22,27 in conjunction with the same 

Figure 7-4. PSMA detection in synthetic urine. A) Schematic diagram of bidentate binding to PSMA by 
KCS-1 (green) and genetically encoded peptide (red). Simultaneous binding by these two ligands provides 
a higher apparent affinity for PSMA. B) Polymerization reactions of EDOT in the presence of (top) LiClO4 
or (center) PSMA-binding phage and (bottom) PSMA-binding phage and exposure to the wrapper KCS-1 
(green). C) Schematic diagram of the biosensing experiment. D) ΔR/R0 of the film increases with the PSMA 
concentration. E) Comparison of PSMA detection in synthetic urine (green) with detection in PBS buffer 
(purple). Adapted from ref 31. Copyright 2013 American Chemical Society. 
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electrodeposition protocol employed for virus–PEDOT films described above. The resulting 

virus–PEDOT nanowires, deposited onto glass surfaces, were linear, millimeters in length, 

∼300 nm in width, and 60 nm in height. SEM, AFM, and fluorescence microscopy confirmed 

the incorporation of M13 into the conducting PEDOT nanowire arrays, and further 

fluorescence studies also demonstrated that the viruses remained intact and fully functional 

for binding to analytes.  

Biosensing experiments were conducted by measuring the DC resistance of a virus–

PEDOT nanowire array, rather than the frequency-dependent impedance of these arrays as 

in previous studies, and P8-Ab and the n-Ab control were compared. A P8-Ab concentration-

dependent increase in resistance was observed, culminating in a 40% increase in response 

to exposure to 99 nM buffered P8-Ab solutions. An LOD for P8-Ab of 20 nM was established 

for these nanowire arrays. n-Ab showed no measurable signal. 

Arrays of virus–PEDOT nanowires were also employed for the detection of prostate-

specific membrane antigen (PSMA), a promising urine-borne cancer marker for prostate 

cancer.28,29 PSMA is a 750 residue, 100 kDa glycoprotein that is overexpressed as a 

homodimer on the surface of prostate cancer cells. These studies exploited virus particles 

engineered to display the PSMA-binding epitope PSMA-3 (amino acid sequence 

SECVEVFQNSCDW). In spite of this change to the virus, the virus–PEDOT electrodeposition 

was unaffected because this process was completely modular with respect to the phage 

incorporation. In spite of the smaller size of PSMA relative to antibodies (100 vs 155 kDa), 

similar detection metrics were achieved in this study, which culminated in a PSMA LOD of 

66 nM in high-salt (∼160 mM) PBS buffer solutions and a linear response up to 150 nM 

PSMA. 
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The disappointing conclusion of these two studies was that arrays of virus–PEDOT 

nanowires performed approximately as well as the EIS-transduced CVL-modified gold 

electrodes. A more direct comparison of virus–PEDOT with the CVL was needed in 

experiments that exploited conventional electrodes and EIS, and this was our next step. 

Compared with virus–PEDOT nanowires, a simpler approach was to coat a virus–

PEDOT film onto a gold electrode. The response of such electrodes was studied using EIS for 

the detection of PSMA30,31 and, separately, P8-Ab.32 P8-Ab detection at virus–PEDOT 

electrodes showed a much higher S/N, ranging from 17 to 30, at high frequencies in the 100 

Hz–10 kHz range. At 1 kHz, a LOD for P8-Ab of 6 nM was achieved, and quantitation of P8-

Ab up to 65 nM was possible. This represented a 65% reduction in LOD for P8-Ab compared 

with the identical experiment conducted using CVL-modified gold electrodes. 

An even better result was obtained for the detection of PSMA using a new paradigm: 

synergistic dual ligand phage. The hypothesis tested in that work was that two peptide 

binders would be better than one. In other words, the sensitivity to PSMA could be improved 

by incorporating a second peptide binder for PSMA (called KCS-1) onto an engineered phage 

(phage-2) that already displayed a peptide binder for the protein (Fig. 7-4A). This was 

accomplished by conjugating a positively charged oligolysine tether to the polypeptide and 

then permitting it to self-assemble by electrostatic attraction onto the negatively charged 

phage after electrodeposition of the virus–PEDOT bioaffinity layer (Fig. 7-4B). The addition 

of the second ligand, KCS-1, significantly increased the affinity of the virus for PSMA in ELISA 

measurements (data not shown) and for electrochemical measurements (Fig. 7-4D). This 

enhanced sensitivity afforded a PSMA LOD of 100 pM in buffer and in synthetic urine 

solutions (Fig. 7-4E) for these dual ligand systems. 
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 7.6 The Virus BioResistor 

All of the virus-based biosensors investigated in our laboratories up to 2015 were 

laboratory experiments in the sense that the electrochemical measurements were conducted 

using three-electrode cells incorporating separate reference, counter, and working (sensor) 

electrodes.33 A portable, miniaturizable, and commercializable electrochemical sensor 

architecture—in which the necessary electrodes were incorporated into a single monolithic 

sensor body—had not been demonstrated. 

This advance occurred in 2016 with the demonstration by Alana Ogata, Ming Tan, and 

others that two virus–PEDOT-modified gold electrodes without reference or counter 

electrodes (Fig. 7-5A) could function as a biosensor for human serum albumin (HSA).34 Prior 

Figure 7-5. Two-sided biosensor: a monolithic biosensor for HSA A) Engineering diagram of the two-
electrode virus− PEDOT biosensor. B,C) Nyquist plots (Zim vs Zre) for a control protein (BSA) and HSA. D) 
Signal-to-noise ratio vs frequency plot for HSA and BSA. E) ΔRre vs HSA concentration calibration curve. 
Controls for BSA and off-virus binding are also shown. Adapted from ref 34. Copyright 2016 American 
Chemical Society. 
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work on PSMA had demonstrated that the signal generated by a virus–PEDOT-modified gold 

electrode was concentrated in the resistive component of the impedance, Zre, instead of the 

capacitive component, Zim. The hypothesis explored in the 2017 “two-sided” sensor 

architecture (Fig. 7-5B) was that arranging two virus–PEDOT bioaffinity layers electrically 

in series would double the impedance signal produced by the biosensor. 

In spite of its simplicity, the two-sided virus–PEDOT biosensor reliably distinguished 

HSA from BSA—proteins of identical size with 76% sequence homology. This demonstrated 

that the inherent selectivity of the engineered virus could be recovered with this device (Fig. 

7-5b,c). At an optimized detection frequency of 340 Hz (Fig. 7-5d), the two-sided sensor 

produced a prompt increase in Zre within 5 s and a stable Zre signal within 15 min. HSA 

concentrations in the range from 100 nM to 5 μM were detectable (Fig. 7-5e). These single-

use biosensors demonstrated excellent sensor-to-sensor reproducibility characterized by a 

coefficient of variation of 2–8% across the entire concentration range. Two-sided virus–

PEDOT sensors in synthetic urine demonstrated a concentration-dependent response to HSA 

similar to PBS buffer. 

This performance provided reason for optimism, but the two-sided virus–PEDOT 

biosensor had two serious deficiencies. First, its 100 nM LOD for HSA was insufficient to 

measure cancer markers in urine at subnanomolar concentrations. The two-sided sensor 

simply did not produce enough signal—a maximum of signal of 12 Ω against a 100–200 Ω 

background (Fig. 7-5e). Second, the two-sided biosensor required that current be carried 

through the test solution between the two electrodes, thus convoluting the resistance change 

due to binding of the target protein with the resistance of the solution. Since urine and other 

bodily fluids have highly variable ionic conductivities, this imposed a barrier to the clinical 
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use of this biosensor. In order to provide reliable results for highly variable single patient 

samples, a biosensor architecture that decoupled target binding from ionic conduction was 

required. In spite of these two issues, the two-sided virus–PEDOT biosensor was the 

progenitor of the VBR.  

Alana Ogata and Apurva Bhasin collaborated to invent the VBR in 2017 and, since 

then, to fully realize its capabilities.6,7 The extension of the two-sided biosensor to the VBR 

is almost trivial: The virus–PEDOT bioaffinity layer was extended across the gap between 

the two gold electrodes. Since the virus–PEDOT layer is electrodeposited, this modification 

Figure 7-6. The Virus BioResistor. A) The VBR is constructed on a 10 mm glass chip with patterned gold 
electrodes. B)  Three processing steps provide for the deposition of a PEDOT−PSS layer by spin-coating 
from solution (step 1), the attachment of a PMMA cell (step 2), and the electrodeposition of a virus−PEDOT 
layer (step 3). C) The electrical response of the VBR is modeled by three parallel resistors and a 
solution/channel capacitance. D) This circuit produces a semicircular Nyquist plot for which the high-
frequency impedance (40 kHz) approximates the solution resistance (Zre ≈ Rsoln) and the low-frequency 
impedance is dominated by the parallel resistance imposed by the two film resistors, Zre ≈ ZVBR. ZVBR 
increases with the concentration of target protein present in the solution phase. E) The VBR circuit 
maximizes the signal-to-noise ratio at low frequencies, and S/N can exceed 100 at high protein 
concentrations. Adapted from ref 4. Copyright 2020 American Chemical Society. 
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required that a conductor be deposited across this gap first. A spin-coated PEDOT layer was 

used for this purpose, and the virus–PEDOT layer was electrodeposited on top of it (Fig.  7-

6A,B). We refer to this two-layer construct connecting the gold electrodes as the VBR 

“channel”. This elaboration of the two-sided biosensor dramatically alters its properties. 

When the two gold electrodes are directly connected via the channel, an internal 

circuit is generated for the VBR (Fig. 7-6C) in which the resistance of the channel is arranged 

in parallel with the series capacitance and the resistance of the solution. This circuit 

produces a distinctive semicircular Nyquist plot (Zim vs Zre as a function of frequency) that 

can be modeled with the following two equations: 

(Eq. 7-1) 
NGW =  

gh=>?<=>?
i

1 +  gih=>?
i�<JKLM +  <=>?�i

 

 
(Eq. 7-2) 
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In contrast, the Nyquist plot for a two-sided biosensor produces a linear plot (Fig. 7-

5C). The response of three VBRs to the protein DJ-1, a 20 kDa bladder cancer (BC) 

biomarker,35,36 shows an increase in the diameter for the semicircle (Fig. 7-6D). This 

increase in diameter is produced by a shift in the low-frequency Zre to higher values, while 

the high-frequency edge of the semicircle is unchanged. This shift in the low-frequency Zre is 

correlated with the concentration of the target protein. One consequence of this circuit, 

shown in the signal-to-noise ratio versus frequency plot (Fig. 7-6E), is that the S/N is 

maximized at low frequency (∼1 Hz) and is negligible above 100 Hz. The high-frequency 

edge of the semicircle measures the solution resistance, Rsoln. We have demonstrated that 

these two resistors, RVBR and Rsoln, are orthogonal, allowing the value of RVBR to be accurately 

measured independent of the value of Rsoln. This means that the ionic resistance of the test 
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solution does not interfere with accurate measurement of the concentration of the target 

protein—a critically important capability for clinical measurements. 

The mechanism by which the VBR operates remains under investigation, but a 

working hypothesis is summarized by Fig. 7-7e,f. Evidence suggests that affinity-driven 

diffusion of the target protein into the virus–PEDOT layer produces an increase in its low-

frequency impedance. This impedance increase may be caused by disruption of the 

interchain electrical contacts between PEDOT chains in this material. Further 

experimentation, now underway, will be required to either refute or confirm this hypothesis. 

How do the VBR architecture and capabilities compare with those of other 

biosensors? The closest relative of the VBR is the organic electrochemical transistor 

(OECT).37–39 OECTs generally have a reference electrode, in addition to source and drain 

electrodes, and a semiconducting polymer film channel, similar to the VBR. The device is 

immersed in an electrolyte solution, the source and drain are bridged by the polymer, and 

the reference electrode is placed in the same electrolyte solution. Biasing one of the 

electrodes at a set potential changes the doping level of the polymer, inducing a large 

conductivity change. At the same time, the potential at another electrode is swept, and the 

current at the third electrode is measured. This allows small changes in the doping level of 

the film to be measured with great accuracy. By conjugation of a biorecognition element to 

the polymer film, low LODs (1 nM) and high specificity have been achieved for label-free 

detection of proteins.40 

While OECTs can achieve detection of many analytes, these devices have limitations 

when it comes to clinical biomolecular sensing. High-ionic-strength solutions cause Debye 
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screening and prevent low LODs.41 The doping level of the polymer is dependent on the ions 

in the solution, which can cause issues when ion detection is not desired. 

7.7 Summary and Outlook 

The VBR is noteworthy for its extreme simplicity, for its use of virus particles in place 

of antibodies as receptors, and because its performance for the detection of some cancer 

markers directly on bodily fluids can be adequate for the early detection of cancer. The 14-

year story of its development, recounted here, includes both dead ends (two-sided 

biosensors) and near failures (nanowires). That it now exists is a testament to the power of 

perseverance in science. 

A future goal is to create arrays of VBRs in which each VBR element contains a 

different M13 virus particle capable of detecting a different cancer or disease marker. Such 

a proteomic panel might provide a multidimensional picture containing information on 

disease progression and tumor grade. 
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CHAPTER 8 

Electrochemical Biosensing of Glycated Human Serum Albumin 

 
Adapted with permission from ACS Applied Materials & Interfaces. 

DOI: 10.1021/acsami.8b16071 
 

8.1 Abstract 

A polymer-based electrode capable of specific detection of human serum albumin, 

and its glycated derivatives, is described. The sensor is constructed from a glass microscope 

slide coated with a synthesized, polythiophene film bearing a protected, iminodiacetic acid 

motif. The electrode surface is then further elaborated to a functional biosensor through 

deprotection of the iminodiacetic acid, followed by metal-affinity immobilization of a specific 

and high-affinity, albumin ligand. Albumin was then quantified in buffer and synthetic urine 

via electrochemical impedance spectroscopy. Glycated albumin was next bound to a boronic 

acid-modified, single- cysteine dihydrofolate reductase variant to quantify glycation ratios 

by square wave voltammetry. The platform offers high sensitivity, specificity, and 

reproducibility in an inexpensive arrangement. The detection limits exceed the 

requirements for intermediate-term glycemic control monitoring in diabetes patients at 5 

and 1 nM for albumin and its glycated forms, respectively. 
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8.2 Introduction 

Human serum albumin (HSA) is a useful disease biomarker.1 In healthy adults, the 

concentration of HSA in blood is 500-800 μM and <0.3 μM in urine.2,3 Elevated urine HSA 

concentrations (0.3-3 μM) indicate renal failure or kidney damage, often associated with 

hypertension and diabetes mellitus (DM).4–6 Glycation is the nonenzymatic, post-

translational addition of carbohydrates to proteins.7–9 Glycated HSA (gHSA) is typically 

modified at the free amines of its N-terminus and lysine side chains.10,11 Healthy adults 

exhibit blood serum gHSA levels of 11-16% (as a proportion of total HSA), whereas DM 

patients present with levels of 20- 30%.2 Thus, gHSA has emerged as an important, 

intermediate-term glycemic control marker and can report average blood glucose 

concentrations over the 2-3 week lifetime of HSA in blood.12–15 

Standard methods for HSA quantification  are either antibody-based 

(immunonephelometry, immunoturbidity, enzyme-linked immunosorbent assays, 

immunoelectrophoresis, and radio- and chemiluminescent immunoassays) or employ HSA- 

specific fluorogenic dyes.16–22 gHSA detection and quantification typically involves 

automated analyzers, such as the Lucica GA-L (Asahi Kasei Pharma, Japan). This and similar 

instruments use proteolytic digestion and a colorimetric assay to detect glycated amino 

acids.23–26 Extensive innovation has been reported over the past decade in the detection of 

HSA and gHSA, and improved luminescence methods27–35 dominate the literature. Advanced 

materials could offer flexibility and tenability, which is difficult to achieve with conventional 

luminescence-based assays. 

We report a modified poly-ethylenedioxythiophene (PEDOT) electrode capable of 

detecting and quantifying both HSA and gHSA in a single sample. The high synthetic 
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tractability of this organic polymer has facilitated the creation of a diverse repertoire of 

functional derivatives for sensing applications.36–40 The device reported here employs a C-

terminal, His6- tagged GFP construct immobilized on a PEDOT surface via formation of a 

ternary complex with copper(II), and an iminodiacetic acid (IDA) motif present within the 

PEDOT film (Fig. 8-1a).41 Previously, we described electrodeposited phage-PEDOT films for 

biosensing.42,43 Here, the phage-derived peptide is fused to GFP (DCPIYCEDGYCLRKCVDLYR) 

which binds with equal apparent affinities for both HSA and gHSA. This affinity reagent 

(hereinafter referred to as αHSA) was acquired via recombinant protein expression. The 

PEDOT-Cu-αHSA-HSA quaternary complex generates distinctive electrochemical impedance 

spectra (EIS), allowing total HSA + gHSA concentrations to be quantified (Fig. 8-1b). 

The HSA-gHSA ratio was determined utilizing a boronate-tagged, engineered variant 

of the redox enzyme, dihydrofolate reductase (DHFR), as an electrochemical reporter (Fig. 

8-2). The boronate affinity-tag associates selectively with the carbohydrate components of 

Figure 8-1. Schematic of the reported biosensor. A) (i) HSA-binding peptide of αHSA is depicted as a 
green-colored random coil. (ii) Immobilized Cu(II)–His6 complex. Coordinating IDA and His ligands are 
depicted as rounded sticks bound to copper(II) (orange). (iii) Copolymer of EDOT and EDOT–IDA. B) 
Simplified illustration of the sensor, including (i) device architecture, and (ii) EIS sensing. 
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gHSA.16,44 The gHSA-immobilized DHFR reporter catalyzes a 2e- reduction of dihydrofolic 

acid to tetrahydrofolic acid with reduced nicotinamide adenine dinucleotide phosphate 

(NADPH) as the reducing agent. Under an applied potential, the tetrahydrofolic acid is 

oxidized, and its electrons are passed to the PEDOT electrode for detection (Fig. 8-2B). Thus, 

an exquisitely sensitive, switchable-mode sensor capable of dual quantification of total HSA, 

and gHSA ratios is realized. 

8.3 Results and Discussion 

The PEDOT electrode was constructed from a 95:5 mixture of EDOT and an EDOT 

derivative bearing an anhydride-protected IDA motif (EDOT-pIDA). A surprisingly stable 

anhydride, the EDOT-pIDA monomer was synthesized in one step from existing literature 

compounds. The mixture was copolymerized onto a glass surface pretreated with 

nitrocellulose adhesive (collodion) and Fe(ClO4)3 as the requisite polymerization oxidant. 

Figure 8-2. Schematic representation of gHSA quantification. A) DHFR (blue ribbon) associates with 
surface carbohydrates on gHSA via its boronate affinity tag. The surface-exposed fructosamine residue and 
phenyl boronic ester (pink) are depicted as sticks. B) (i) gHSA-sensing complex is detected 
electrochemically via SWV via (ii) redox cycling of dihydrofolic acid/tetrahydrofolic acid. 
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Protection of IDA as its anhydride prevents chelation of Fe(III) during this step. After 

thorough washing of the polymer surface, the essential IDA motif was liberated via base-

catalyzed hydrolysis of the anhydride to yield PEDOT-IDA. Six rounds of iterative 

copolymerization with 95:5 EDOT-EDOT-pIDA mixtures resulted in optimal device 

performance. Interrogation of the PEDOT-pIDA electrode by scanning electron microscopy 

(SEM) and atomic force microscopy (AFM) revealed a moderately rough surface, and 

therefore a large effective sensing surface area. The ternary PEDOT-Cu−αHSA complex 

formed spontaneously at ambient temperatures after sequential treatment with aqueous 

CuSO4, then buffered αHSA solution. 

Figure 8-3. EIS detection of HSA and gHSA. A,B) Nyquist plots for PEDOT–IDA biosensors in solutions of 
buffer (black) and 5 nM HSA (blue) or gHSA (red). (c–f) ΔZre and ΔZim plots vs frequency for PEDOT–IDA 
biosensors exposed to varying concentrations of HSA C,D) and gHSA E,F) where ΔZ is defined as ZHSA – Zbuffer. 
Error bars are defined as a propagated error from the standard deviation, ±1σ, for five consecutive EIS 
measurements. 
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For each concentration of HSA, three independent devices were used to perform five 

replicate measurements (Fig. 8-4A). The coefficients of variation (COVs) ranged from 2.9 to 

15%, commensurate with existing FDA-approved bioanalytical methods. These COV values 

include the idiosyncrasies associated with fabrication at the hands of two experimentalists. 

In the future, print manufacturing could further lower device COVs. The calculated limit of 

quantification and limit of detection (LOD) (10σ and 3σ, where σ is the standard deviation 

of the blank)45 are 1.0 and 0.13 nM, respectively, for HSA detection by these devices. In 

practice, the lowest consistently measurable HSA concentration was 5.0 nM (Fig. 8-3A,B), 

which is lower than the LOD (7 mg/mL, 105 nM) obtained by a point-of-care system that 

quantifies albumin. 

At the highest protein concentrations examined here, gHSA consistently provided 

higher levels of impedance than HSA, despite both analytes exhibiting similar apparent 

binding affinities for αHSA. At lower concentrations, impedance levels for the two analytes 

did not markedly vary. This behavior was observed in samples prepared both in synthetic 

urine and in buffer (Fig. 8-4B). Bohli reported a different device configuration applying an 

immunosensor to detect gHSA. This device results in decreased impedance, an effect 

opposite to our device, which the authors attribute to the electric charge differences of HSA 

and gHSA.46 

HSA binding to the PEDOT surface in our device increases the measured impedance 

(Fig. 8-3). This observation is consistent with a sensing mechanism in which electrolyte-

filled channels within the PEDOT film become blocked by immobilized HSA. Channel 

blocking would be expected to increase the ionic resistance, and hence Zre, while also 
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increasing Zim. In eq 8-1, Zim is the imaginary impedance, ω is the frequency of the alternating 

current, and C is the current amplitude. 

(Eq. 8-1) NGW = �gh�*P 

In this mechanism, C decreases as water (ε = 79) within channels is displaced by 

bound protein with a range of hydrophobic and hydrophilic functionalities (ε ≈ 4-20). In 

previous reports, we have proposed this mechanism to account for the resistance increase 

induced by HSA binding at phage-PEDOT composite films.47 Glycation presents additional 

steric bulk, further impeding such ion transport and decreasing Zre and Zim. Collectively, the 

results support the proposed impedance-based sensing mechanism. 

Six negative controls defined the biosensor and individual component responses to 

nonspecific binding (Fig. 8-4C). First, nonspecific binding examined biosensor response to 

bovine serum albumin (BSA, a close homolog of HSA), a mixture of proteins from Escherichia 

coli lysates, and an unrelated, high pI protein, phi29 DNA polymerase. Next, two different 

electrodes investigated the individual components of the biosensors as follows: a copper(II)-

Figure 8-4. Detection of HSA and gHSA by electrochemical impedance spectroscopy. Calibration plot of 
ΔZre vs HSA concentrations for independent PEDOT–IDA biosensors exposed to the indicated concentrations of 
gHSA or HSA in A) PBS (three independent devices for each concentration with 5 measurements each with the 
indicated % COVs) or B) synthetic urine (one device for each concentration with 5 measurements each). Each 
data point represents the average obtained from five measurements on one device; error bars indicate standard 
deviations. C) Control experiments confirm specific detection of gHSA and HSA and demonstrate the necessity 
of each component in the quaternary sensing complex for the device function. Proteins were tested at 
concentrations of 1000 nM. 
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free PEDOT-IDA electrode evaluated nonspecific binding of αHSA and HSA to PEDOT-IDA, 

and an electrode without αHSA examined nonspecific binding of HSA to the PEDOT-Cu(II) 

complex. These controls had low signal-to-noise ratios and generated impedance signals 

<10% of the positive controls. 

The αHSA electrode recognizes both HSA and gHSA equally well, but sandwich 

capture of gHSA allows discrimination of the two proteins. In this scheme, the boronic acid, 

conjugated to the DHFR reporter, forms covalent bonds with vicinal diols present on the 

glycated protein (Fig. 8-2). The single-cysteine variant of DHFR used here was expressed in 

E. coli to avoid glycosylation, thus abrogating problems associated with self-dimerization 

and aggregation. Guided by a previous mutagenesis study,48 we examined numerous mutant 

DHFR candidates, and the variant reported here (N37C/C85A/C152S) exhibits no loss of 

activity compared to wild-type DHFR. The DHFR variant was labeled using a thiol-ene click 

reaction between the C37 thiol of DHFR and the alkene of 3-acrylamidophenylboronic acid 

(3-APBA). This step is described in detail in the Materials and Methods section. 

Binding of boronic acid-labeled DHFR to gHSA was detected by square-wave 

voltammetry (SWV) measurements. The THF produced through enzymatic catalysis is 

oxidized by the αHSA electrode, generating a peak potential (Ep) near +0.3 V versus MSE. 

The potential was scanned in phosphate-buffered saline (PBS) (pH 7.4) from −0.6 to −0.8 V 

with a step potential of 5 mV, an amplitude of 25 mV, and a frequency of 20 Hz. The obtained 

total current peak is proportional to the concentration of gHSA in the range of 1-1000 nM 

(Fig. 8-5A). The corresponding calibration plot of the SWV response versus gHSA 

concentration presents a logarithmic regression (Fig. 8-5B). The lowest measurable gHSA 
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concentration by the proposed biosensor is 1 nM, which is lower than the LOD obtained by 

the Lucica GA-L assay (7.9 μM). 

HSA glycation ratios can be determined with this device. Mixtures of gHSA and its 

non- glycated counterpart [non-gHSA (nHSA)] were prepared such that the total gHSA + 

nHSA concentration was fixed at 500 nM. A significant increase in the current response with 

increasing gHSA ratios was observed in the range of 5 to 80% (Fig. 8-5C). HSA obtained from 

recombinant expression in bacteria [recombinant HSA (rHSA)] and BSA were used to 

evaluate nonspecific binding by boronic acid labeled-DHFR in PBS and synthetic urine (Fig. 

Figure 8-5. gHSA quantification. A) Square wave voltammetry with the indicated gHSA concentrations. B) 
Calibration plot of current vs gHSA concentration for 18 independent PEDOT–IDA biosensors exposed to the 
indicated concentrations of gHSA before incubation with boronic acid-labeled DHFR, NADPH, and dihydrofolic 
acid. The percentages indicate COVs for three devices. The logarithmic equation represents the curve fit to the 
depicted data. C) Current vs proportion of gHSA in gHSA + HSA mixtures after detection via SWV with boronic 
acid labeled DHFR (three independent biosensors at each concentration, total [nHSA + gHSA] is 500 nM in all 
cases). D) Control experiments verify specific binding of gHSA, nHSA isolated from healthy humans, rHSA, which 
also lacks glycation, and BSA to PEDOT–IDA biosensor and boronic acid-labeled DHFR in PBS (gray) and synthetic 
urine (orange). 
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8-5D). These controls generated a low signal of <8% the total current obtained from gHSA 

at the same concentrations. 

8.4 Conclusions 

In summary, this chapter focuses on development of key elements for robust sensor 

fabrication. The reported sensors exhibit exceptional reproducibility, within tolerances for 

FDA- approved medical diagnostics. Sensor-to-sensor reproducibility is very high, despite 

the lack of sophisticated manufacturing techniques. COVs of 1.4–15% were obtained across 

the 1–1000 nM HSA concentration range. The biosensor utilizes a boronate-tagged DHFR 

enzyme for SWV signal amplification, which allowed gHSA to be discriminated at 

proportions of total HSA as low as 5%. Our design is readily amenable to large-scale 

manufacture of both the polymer electrode, and the protein-based sensing components. The 

modularity of our design lends itself to rapid development of alternative sensors with 

different specificities, which can be achieved through substitution of αHSA with other His6-

tagged ligands. Further development could establish sensors for point-of-care, at-home, or 

lab-based gHSA monitoring. 

8.5 Materials and Methods 

General Experimental Methods. Three different HSAs have been used in this work: (i) 

a lyophilized powder, fatty acid-free, globulin-free HSA with no carbohydrate content with a 

purity of >99.0% (Sigma-Millipore), (ii) a lyophilized powder, in vitro gHSA with 3 mol 

hexose (as fructosamine) per mol albumin (Sigma-Millipore), and (iii) a recombinant HSA 

from recombinant S. cerevisiae fermentation, manufactured without the use of animal- or 

human-derived materials (Novozymes). The synthetic urine was Surine Negative Urine 
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Control pH 6.9 (Sigma-Millipore), a nonbiological mixture commonly used as a negative 

reference standard for laboratory urine tests. 

High-resolution mass spectra (HRMS) were obtained by electrospray ionization on a 

Waters (Micromass) LCT Premier equipped with a time-of-flight mass analyzer. Proton (1H, 

500 MHz) and carbon (13C, 125 MHz) nuclear magnetic resonance (NMR) spectra were 

obtained on a Bruker instrument equipped with a switchable BBFO probe. NMR samples 

were prepared in CDCl3 and DMSO-d6, and residual protonated solvent was used as an 

internal chemical shift standard. 1H and 13C assignments were determined using HSQC and 

10 Hz optimized HMBC 2D-NMR analyses. Fourier-transform infrared spectra were obtained 

as neat samples on a Jasco 4700 attenuated total reflectance instrument using a diamond-

coated zinc selenide sample accessory. Flash chromatography was carried out on silica gel 

60 according to the procedure of Still et al.53 Analytical thin-layer chromatography (TLC) 

was conducted on aluminium-backed 2 mm thick silica gel 60 GF254 and chromatograms 

were visualized under a UV lamp (254 and 365 nm), or by chemical staining with ceric 

ammonium molybdate (Hanessian’s Stain) or KMnO4. 

Synthesis of Chloromethyl EDOT, Azidomethyl EDOT, Nitrilotriacetic Acid Anhydride, 

and EDOT-pIDA. In the interest of brevity, the syntheses of these materials can be found 

online at: doi: 10.1021/acsami.8b16071. 

Biosensor Fabrication and Characterization. A 46 × 27 × 1 mm glass microscope slide 

was spin-coated with 0.5 M Fe(ClO4)3 and 3% w/v nitrocellulose in 1:1 EtOH/Et2O [iron(III) 

perchlorate in collodion, 150 μL] at 3500 rpm for 30 s. Then, 62.7 mM EDOT and 3.3 mM 

EDOT–pIDA in n-BuOH (150 μL) was spin-coated directly onto the collodion/Fe(III) film at 

3500 rpm. The successful polymerization of the first PEDOT–pIDA layer can be confirmed 
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visually through a color change of the film from yellow to dark blue. The next five   

consecutive   layers   were   deposited   by   alternating   between   spin   coats   of   0.5   M 

Fe(ClO4)3 in n-BuOH (150 μL), then 62.7 mM EDOT and 3.3 mM EDOT–pIDA in n-BuOH (150 

μL). The slides were then placed in a polystyrene Petri dish with the PEDOT–pIDA face-up 

and cured overnight at rt. The mature films were then washed under a stream of EtOH for 

30 s, air-dried, then fitted with a poly(methyl methacrylate) 100 μL capacity flow cell. The 

resulting device is bench stable, and no loss of performance was observed after storage for 

periods up to 30 days in air at rt. Hydrolysis of the IDA anhydride group is performed 

immediately prior to measurements. 

Prior to measurements, the flow cell reservoir was first rinsed with 0.5 M aq EDTA 

(20 μL), then 4 M aq NaOH (20 μL), which causes hydrolysis of the anhydride protecting 

groups, and then 10 mM PBS (pH 7.4, 100 μL). Each rinse solution was left to stand without 

agitation for 2 min and then carefully removed by a pipette. The reservoir was then charged 

with 100 mM aq CuSO4 (20 μL), incubated for 30 min at rt without agitation, and then the 

solution was removed by a pipette. The reservoir was rinsed with 10 mM PBS (pH 7.4, 3 × 

100 μL), charged with 1 μg·mL–1 αHSA in 10 mM PBS (pH 7.2, 20 μL), and incubated for a 

further 30 min. The αHSA solution was removed by a pipette and the reservoir was rinsed 

with 10 mM PBS (pH 7.4, 3 × 100 μL), providing a clean bioaffinity layer ready for 

electrochemical biosensing experiments. The surface morphology of the PEDOT–pIDA was 

examined by SEM and AFM. The final thickness of collodion–PEDOT–pIDA layers was ∼830 

nm. The root mean square (rms) surface roughness of a single layer of PEDOT–pIDA was 5 

nm; rms surface roughness of six layers of PEDOT–pIDA was 8 nm. Electrode surfaces were 

further characterized by contact angle analysis. A single drop (50 μL) of distilled water was 
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placed directly on the electrode surface and photographed with a DSLR camera (Nikon D60) 

equipped with a 60 mm macro lens. The water contact angle obtained for the nitrocellulose-

coated glass surface was 15°. Contact angles increase with successive spin-coats of 95:5 

PEDOT/PEDOT– pIDA; measured water contact angles were 50°, 65°, and 70° for surfaces 

with two, four, and six film layers, respectively. The increasing hydrophobicity of the surface 

is commensurate with increased coverage of the hydrophilic nitrocellulose by the film. The 

formation of the ternary sensing complex on the PEDOT–IDA films was characterized by 

impedance spectroscopy to illustrate changes in conductivity during the electrode assembly. 

Electrochemical Impedance Spectroscopy. Electrochemical impedance and square 

wave voltammetry were performed using a PalmSens3 controlled by PS-Trace 4.8 software 

(PalmSens BV, Houten, Netherlands). All electrochemical data were processed on GNU 

Octave, Igor Pro and OriginLab Pro 8 software. The impedance-frequency properties of the 

binding of αHSA to HSA and gHSA were evaluated using a two-electrode system. The working 

electrode (PEDOT–Cu−αHSA bioaffinity layer) was connected to the input of a PalmSens3 

potentiostat using a piece of copper tape fixed at its edge, and an alligator pin as electric 

contacts. The counter electrode (platinum foil) was connected to the output using an 

alligator pin and was inserted in the flow cell reservoir containing 100 μL of the sample. The 

frequency was scanned from 5 to 10 000 Hz with a 0.01 V alternating voltage. EIS was 

recorded and processed into an impedance difference (ΔZre), described as: ΔZ = ZHSA – Zbuffer, 

where ZHSA and Zbuffer are the measured impedances before and after incubation with HSA 

for 5 min. 

Boronic Acid Modification of DHFR. The boronic acid-labeled DHFR used to 

discriminate gHSA from HSA was obtained via a thiolene reaction. A solution of 10 mM 3-
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APBA and 20 μM N37C/C85A/C152S DHFR in 10 mM PBS (pH 7.4, 500 μL) was incubated on 

a shaker (5 rpm) at 4 °C for 10 h. The suspension was then transferred to a 5 kDa Amicon 

Ultra-0.5 mL centrifugal filter and centrifuged at 12 000 rpm and 4–5 °C for 10 min. The 

concentrate (15 μL) was diluted with 10 mM PBS (pH 7.4, 485 μL) and centrifuged a second 

time under the same conditions. Eight additional rounds of dilution/ultrafiltration were 

performed (total ultrafiltration steps = 10), which provides a high level of confidence that 

any unreacted 3-APBA remaining in the sample, if any, is negligible. The ultrafiltered and 

purified boronic acid labeled- DHFR was re-suspended in 10 mM PBS (pH 7.4), up to a final 

concentration of 5 nM. This stock was stored at 4 °C for later use in the biosensing 

experiments. 

 Square Wave Voltammetry. The sensor was incubated with HSA and gHSA for 5 min 

before binding of boronate-labeled DHFR to surface-immobilized gHSA was assessed by 

SWV. A solution of 5 nM boronic acid labeled DHFR (10 μL) was added to the flow cell 

reservoir and incubated for 10 min and then washed with 10 mM PBS (pH 7.4, 3 × 100 μL). 

A solution of 5 μM dihydrofolic acid and 5 μM NADPH in 10 mM PBS (pH 7.4, 100 μL) was 

then added to the reservoir (DHFR substrate and cofactor, respectively), and the SWV signal 

was measured immediately (Figs. 8-2 and 8-5). The oxidation of tetrahydrofolic acid on 

PEDOT−IDA was detected at an applied potential of +0.3 V versus MSE. The potential was 

scanned in PBS (pH 7.4) from −0.6 to −0.8 V with a step potential of 5 mV, an amplitude of 

25 mV, and a frequency of 20 Hz, and a baseline correction of the obtained voltammograms 

was performed using OriginLab Pro 8 software. 
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CHAPTER 9 

Conclusions & Summary 

 Filamentous bacteriophage technology has advanced greatly from the first examples 

of phage display by Smith in 1985 to a powerful tool that has yielded 9 FDA approved 

antibody drugs and countless affinity reagents that otherwise may have remained a mystery. 

This dissertation covers the utility of conventional phage display in epitope mapping, 

biosensing, and novel assay development.  

In chapter 4 phage display allowed identification of a population of COVID-19 

antibodies strongly correlated to disease severity when taken with a disease risk-factor 

score. Similarly, in chapter 5, phage display provided the initial platform to probe the 

potential origin of these antibodies, which led to new findings to support the original 

antigenic sin hypothesis. These findings have significant implications for human health in 

light of the COVID-19 pandemic and could lead to a better immunological understanding of 

why certain populations produce certain antibodies. 

 Conventional phage display selections gave rise to the DJ-1 binding phage DL1Φ, 

which is highlighted several times throughout this dissertation. In chapter 6, DL1Φ was 

incorporated in a virus bioresistor capable of detecting 10 pM DJ-1. DL1Φ’s utility was 

further exemplified in chapter 2, in which this dissertation presented a novel phage display 

“sandwich” selection technique. Furthermore, the DL1 peptide retained its strong binding 

interaction with DJ-1 even as a biotin-conjugated peptide bound to streptavidin. 

Phage is well-represented in biopanning via phage display selections, but, as 

discussed in chapter 1, the inherent biophysical properties of phage should not be 

overlooked in future research. From a biomaterials perspective, a simple to purify and 
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produce, well-characterized, monodisperse material that can be surface-modified via basic 

molecular biology methodology is extremely desirable. Furthermore, the electrostatic, 

piezoelectric, and liquid crystalline properties of phage provide ample opportunity to 

incorporate phage into hybrid materials for applications such as biosensing, as discussed in 

chapter 6, chapter 7, and chapter 8. The future of phage biotechnology is bright, with 

seemingly endless applications in chemistry, biology, and engineering. 




