
UC Berkeley
UC Berkeley Electronic Theses and Dissertations

Title
Application of Tyrosinase-Mediated Oxidative Coupling to Site-Selective Surface 
Bioconjugation

Permalink
https://escholarship.org/uc/item/1kj0t9kh

Author
Ramsey, Alexandra

Publication Date
2021
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/1kj0t9kh
https://escholarship.org
http://www.cdlib.org/


Application of Tyrosinase-Mediated Oxidative Coupling
to Site-Selective Surface Bioconjugation

By

Alexandra Victoria Ramsey

A dissertation submitted in partial satisfaction of the

requirements for the degree of

Doctor of Philosophy

in

Chemistry

in the

Graduate Division

of the

University of California, Berkeley

Committee in charge:

Professor Matthew B. Francis, Chair
Professor Michael Marletta
Professor Markita Landry

Spring 2021



Application of Tyrosinase-Mediated Oxidative Coupling
to Site-Selective Surface Bioconjugation

Copyright © 2021

By: Alexandra Victoria Ramsey



Abstract

Application of Tyrosinase-Mediated Oxidative Coupling
to Site-Selective Surface Bioconjugation

by

Alexandra Victoria Ramsey

Doctor of Philosophy in Chemistry

University of California, Berkeley

Professor Matthew B. Francis, Chair

Bioconjugation is key to enabling the diverse applications that biomolecules are capable 
of mediating. While strategies for solution-phase bioconjugation are of critical importance, 
many applications of biomolecules require surface immobilization. Thus, efficient surface 
bioconjugation strategies are required in order to enable the full potential of biomole-
cules, particularly proteins. Many current immobilization methods are not site-specific. 
Although non-site-specific methods are sometimes effective, such as the new approach 
for tyrosinase immobilization provided herein, site-specificity is often critical to maintain-
ing protein activity once immobilized. This work focuses on a new method for surface 
bioconjugation that employs an enzymatic oxidative coupling strategy. The method was 
optimized on gold nanoparticles, and it was demonstrated that phenol functional groups 
on gold nanoparticle surfaces can be directly oxidized by the enzyme tyrosinase to en-
able subsequent site-selective bioconjugation of proteins, including multivalent protein 
assemblies, and DNA. Cellulose was also explored as a solid support, and small mol-
ecule oxidative coupling is described. Appropriate optimization may allow the oxidative 
coupling approach to be efficient for biomolecule immobilization on cellulose substrates. 
Progress was also made toward oxidative coupling of proteins on gold chips, with the goal 
of generating reversible Surface Plasmon Resonance sensor chips to study biomolecule 
interactions. Overall, the work herein offers a new route for protein immobilization on a 
range of surfaces, which expands the toolbox of surface bioconjugation and may improve 
or enable a variety of devices, diagnostics, and other systems that require efficient protein 
immobilization strategies. 
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Chapter 1

Protein Bioconjugation Strategies for 
Modification of Native Amino Acid Residues

Abstract

Proteins are magnificent biomolecules that are capable of achieving a vast range of func-
tions. Bioconjugation is an essential tool for exploiting these biomolecules and gaining 
access to the numerous applications that proteins can enable. Thus it is vital to maintain 
a bioconjugation toolbox with a wide variety of strategies that can be selected based on 
the specific application at hand. This chapter presents a popular set of such strategies 
that target lysine, cysteine, tyrosine, carboxylate, and tryptophan residues. When native 
residues are not accessible or cannot yield desired selectivity, the reported methods are 
also effective toward modification of engineered residues. Applications toward surface 
bioconjugation are also considered and highlight an unmet need that is addressed in the 
following chapters of this work.
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1.1 Introduction

 Proteins drive the regulation and function of every organ and tissue in the human 
body. While derived from a basis set of only 20 amino acids, proteins exhibit incredible 
diversity owing to the multitude of ways in which the amino acids can be combined. 
Each permutation leads to a specific three-dimensional folding structure that is critical 
to the particular role that a protein carries out. Because of the diverse functions attribut-
ed to proteins, these biomolecules have found extensive utility in a vast range of fields 
from drug delivery to diagnostics and even nanomaterials. To broaden the participation 
in these applications, it is often critical to first append a functional moiety to the protein to 
generate a “bioconjugate.” Common functional moieties include fluorophores, cytotoxic 
drugs, nanoparticles, radiolabels, polymers, surfaces, and even other biomolecules. The 
process (termed “bioconjugation”) of appending these moieties is key to chemical biology 
and adjacent fields, and thus much effort has been devoted to developing methods for 
constructing bioconjugates.1

 While the majority of new chemistries focus on solution-phase chemistry, novel 
methods for protein immobilization are equally critical, particularly for advancing the fields 
of diagnostics and therapeutics where immobilized proteins find a wide range of appli-
cations. For example, enzyme-linked immunosorbent assays (ELISA) require initial im-
mobilization of antibodies or other analyte detection elements. Many detection devices, 
such as lateral flow assays and microfluidic devices, rely on immobilization of antibodies 
or DNA aptamers on cellulose-based substrates and/or metal nanoparticles. Other appli-
cations of immobilized proteins include phage display, which has implications in immu-
notherapy,2 and solid phase enzymes, which can enhance the efficiency of purification 
processes and large-scale industrial applications of enzymes.3 Despite the vast number 
of applications, many immobilization strategies are inefficient and lead to loss of native 
function that is critical to the performance of the device or system.

1.2 General Considerations

 Highly stable amide bonds form the backbone of protein structure, but pH and tem-
perature can drastically affect protein folding and thus function. While protein refolding 
is possible, it can be cumbersome, time consuming, and difficult to achieve. Generally, 
protein structure is maintained between pH 6 and 8.5 and from 0 ºC to 37 ºC, and thus 
bioconjugation reactions involving proteins should be carried out in these pH and tem-
perature ranges. Reactions should also employ buffered aqueous conditions, although 
small quantities (up to 10% by volume) of organic co-solvents such as dimethylformamide 
and dimethyl sulfoxide can be included. This is necessary when small molecule coupling 
partners, such as fluorophores, are not soluble in aqueous solvents.

 Although protein synthesis has become vastly more scalable in recent years, pro-
teins remain relatively rare and costly when compared to organic small molecule com-
pounds that are produced on massive scales. Because of the valuable nature of proteins, 
as well as the low concentrations of biomolecules in nature, most bioconjugation reac-
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tions occur at low micromolar in protein substrate and correspondingly low concentrations 
of coupling partners. Similar to proteins, the coupling partners can be quite costly and, 
as mentioned, exhibit limited solubility. These low concentrations necessitate the use of 
chemistries with very favorable kinetics, which exemplifies one of the key hurdles in de-
veloping new bioconjugation reactions.

 Another obstacle in the field of bioconjugation methodology is developing site-spe-
cific chemistries, i.e. strategies that target only one residue on a protein that may consist 
of over 1,000 amino acids. Needless to say, this can be a challenging task. While many 
methods target a specific residue type, proteins often display multiple solvent-exposed 
copies of a particular amino acid. This is especially true for lysine, tyrosine, and carboxylic 
acid residues and can lead to heterogeneous modification.4 Furthermore, cross-reactivity 
can be observed, especially when using reagents that can react with multiple nucleophilic 
residues. Depending on the application, heterogeneous modification may be acceptable, 
but in many cases, it can greatly affect the properties of the protein, including native ac-
tivity and solubility. Achieving homogeneous modification often requires genetic manipu-
lation to install reactive residues (either canonical or noncanonical) at specific locations in 
the protein structure. While an effective strategy, it can be cumbersome, and the success 
is highly dependent on the nature of the protein and the ease at which it is expressed and 
purified. As a result, the application of the final conjugate and the need for homogeneous 
versus heterogeneous modification should be considered before choosing a bioconjuga-
tion method (Figure 1). While not discussed in this chapter, it should be noted that many 
modification strategies developed for protein modification can also be used in the context 
of DNA conjugation. However, the higher inherent stability of DNA allows for greater flex-
ibility in the reaction conditions, including a broader range of reaction temperatures and 
the use of higher quantities of organic co-solvents.

 Generally, surface bioconjugation faces the same obstacles as solution-phase bio-
conjugation, with the added complication that surface chemistry is inherently less effi-
cient because it can be difficult for biomolecules to access the surface functional groups. 
This necessitates constant agitation during reaction. Protein adsorption is another com-
monly encountered issue, and thus a surface passivation technique, alongside a surface 
functionalization approach, is often required. Additionally, even when site-specificity is 
achieved, immobilization can obstruct active sites and hinder substrate access, leading to 
activity loss. It can also be difficult to control the surface density of immobilized proteins, 
which may affect the performance of the resulting device or system as an exceedingly 
dense protein layer can also impede substrate access. A final complication from a practi-
cal standpoint is that characterizing and quantifying the extent of surface immobilization 
can be difficult, making it challenging to optimize reaction conditions.

 This chapter will cover traditional and contemporary protein modification chemis-
tries that target lysine, tryptophan, and carboxylic acid residues. Standard modification of 
cysteine and tyrosine residues will also be discussed. When relevant, applications toward 
surface modification are considered. 
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Figure 1. Flowchart to determine the optimal bioconjugation strategy for constructing a desired protein bioconjugate. 
(Figure is based on a previously published figure.5)
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1.3 Modification Chemistries

1.3.1 Lysine Modification

 Within protein sequences, lysine is the 7th most abundant amino acid, and it occurs 
in over 90% of proteins.6 This frequency makes lysine a commonly targeted residue for 
protein modification, especially in cases for which the protein sequence is unknown or 
cannot be easily altered. The majority of lysine residues are surface-exposed and have a 
pKa of roughly 10.5.7 However, the exact value of the amine pKa depends on its location 
and microenvironment. As one striking example, buried lysine residues have been shown 
to have pKa values as low as 5.3, representing a 100,000-fold decrease in basicity.8 For 
the most part, however, the amines of lysine residues remain largely protonated at phys-
iological pH and exhibit low reactivity. As the pH is raised, increasing numbers of free 
amines become accessible as reactive nucleophiles. However, this is balanced by protein 
stability considerations and the fact that many amine-reactive reagents are susceptible 
to hydrolysis at elevated pH. In practice, therefore, the optimum pH for lysine bioconjuga-
tion is roughly 8.5 to 9.5.9 Since hydrolysis still occurs readily under these conditions, it 
is common to use large stoichiometric excesses of amine-reactive reagents—particularly 
when the targeted lysine residue is less reactive due to either limited solution exposure or 
an increased pKa value. It is thus recommended to screen varying pH values and reagent 
stoichiometries to determine the optimal conditions for the case at hand. As an additional 
consideration, buffers free of amines and other small, nucleophilic molecules must be 
used.9 

 While lysine modification chemistry is widely applicable across a vast range of 
proteins, important limitations exist. The high occurrence of this residue almost always 
leads to heterogeneous modification products. This highlights the key trade-off in lysine 
bioconjugation chemistry: convenience versus heterogeneity. For example, lysine chem-
istry is often used as a facile and rapid method for protein immobilization on surfaces, but 
the inherent heterogeneity can lead to randomly oriented proteins. This can lead to vari-
able protein activities, and, for enzymes or binding proteins, obstruction of active sites or 
binding regions. An additional limitation of lysine bioconjugation is that other nucleophilic 
residues, such as exposed cysteines, can cross react with amine-reactive reagents. De-
spite these limitations, lysine chemistry remains the most common approach for protein 
modification with tracking labels, polymers, and many other chemical functional groups. 

 Perhaps the easiest route for lysine modification is the use of N-hydroxysuccinim-
ide (NHS) activated esters (Figure 2A).10 The electrophilic carbonyl of these esters reacts 
readily with side chain amines to form highly stable amide bonds. While the extent of 
modification can be controlled by tuning the stoichiometry of the NHS ester components, 
heterogeneous modification is typically obtained. However, NHS chemistry is very con-
venient as reactions are typically completed in one hour at room temperature under mild 
aqueous reaction conditions. Additionally, there exist many commercially available NHS 
esters, including fluorophores, biotin, and a variety of cross-linkers. NHS esters can also 
be synthesized from carboxylic acids by initial activation with dicyclohexylcarbodiimide 
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(DCC), diisopropylcarbodiimide (DIC), or 
N-3-dimethylaminopropyl-N’-ethylcar-
bodiimide (EDC), to form an anhydride 
intermediate, followed by reaction with 
NHS-OH. With DCC, the use of dichloro-
methane as the solvent during the for-
mation step facilitates the removal of the 
resulting urea byproduct. EDC, on the 
other hand, offers the advantage of wa-
ter solubility. For protein immobilization, 
there are many commercially available 
resins that are pre-activated with NHS 
esters. The wide accessibility of these 
derivatives and ease of use make NHS 
modification a common and widely used 
strategy. NHS chemistry is also one of 
the most common methods for activating 
surfaces for subsequent bioconjugation. 
Typically, a monolayer of carboxylic acids 
is first formed, and these carboxylic acids 
are subsequently activated through the 
addition of NHS and EDC.

Lysine residues can also be acy-
lated using isocyanates and isothiocya-
nates (Figure 2B). Many isothiocyanates, 
especially fluorophores, are commercially 
available, while there are fewer isocya-
nates due to difficulties in storing these 
reagents. Reaction conditions for iso-
thiocyanates are comparable to those for 
NHS esters, but the thiourea linkage that 

forms is often less hydrolytically stable than an amide bond and can degrade over time;9 
thus NHS chemistry is typically preferred. 

 Reductive alkylation is another method used for lysine modification (Figure 2C). 
This strategy involves the condensation of an aldehyde with the side chain amine to form 
a transient imine, which is then reduced with a mild reducing agent, such as sodium cya-
noborohydride. The resulting alkylamine linkage has enhanced hydrolytic stability relative 
to the imine. Despite its widespread use, sodium cyanoborohydride is water sensitive 
and requires a desiccant for storage. In addition, this reductant has been found to re-
duce disulfides as well as imines,9 making it potentially problematic for the modification 
of antibodies and other proteins with critical disulfide bonds. As a workaround, a variety 
of borane and borohydride reductants have been developed that display varying water 
sensitivity, solubility, and reactivity.11 Additionally, an iridium catalyst that is less water 

Figure 2. Chemical modification of lysine. (A) Lysine 
residues can be acylated with NHS-esters. (B) Isocyanates 
and isothiocyanates react readily with lysine residues. 
However, isothiocyanates are more readily available. (C) 
Reductive alkylation of lysine residues can be carried out 
with borane- and borohydride-based reducing reagents or 
an iridium-based catalyst and formate ion. (D) A more 
recent lysine strategy involves reaction with sulfonyl 
acrylates. (Some components of this figure are derived from 
a previously published figure.4)
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sensitive than traditional reagents has been reported for reductive alkylation under mild 
reaction conditions with formate anion as a hydride source.12 

 An important advantage of reductive alkylation approaches is their ability to main-
tain the overall charge of the proteins, in contrast to acylation strategies that reduce the 
degree of positive charge with each modification. However, even with effective reducing 
reagents, reductive alkylation can suffer from long reaction times (often up to 24 h) and 
moderate-to-low conversion, making it a low efficiency reaction. 

 Overall, reductive alkylation has found its greatest utility in coupling amines to 
oligosaccharides.9 The C-C bond between adjacent hydroxyl groups in sugars can be oxi-
datively cleaved using sodium periodate, generating two free aldehydes that can then un-
dergo reductive alkylation with amine bearing cargo or proteins. This strategy has found 
use in the construction of vaccines, including the development of Salmonella vaccines 
that conjugate glycosylated S. typhimurium O-antigens to the carrier protein CRM197.13,14 
The ability to easily generate aldehydes from oligosaccharides has also given reductive 
alkylation extensive use in conjugating proteins to cellulose. In this case, the 2,3-diol 
bond of glucose is cleaved.15 Oxidative activation of cellulose for subsequent reductive 
alkylation remains one of the most commonly employed strategies for immobilization of 
proteins to generate cellulose-based biosensors and diagnostics (further discussed in  
Chapter 3).

 Although several long-standing chemistries remain in use, new methods for lysine 
modification are still being developed. Recently, a chemo- and regio-selective two-step 
modification strategy (Figure 2D) was shown to target a single lysine residue on five dif-
ferent proteins, including the anti-cancer mAb trastuzumab.16 The first step is the addition 
of a sulfonyl acrylate reagent, which is attacked by the most reactive lysine on the protein. 
This reaction proceeds rapidly at mild reaction conditions (pH 8, 37 °C, 1-2 h), requires 
only 1 eq of the sulfonyl acrylate, and produces quantitative and irreversible conversion. 
Selectivity is driven by a hydrogen bond between the side chain amino group and the 
sulfonyl group. The second step is modification through an aza-Michael addition that can 
be carried out with an amine-based compound, resulting in conjugation of fluorophores, 
drugs, or PEG chains. New reactions like this pave the way for the site-selective targeting 
of this ubiquitous and highly accessible amino acid, as do efforts to improve our under-
standing of how local environment effects can influence the ability of lysine residues to 
participate in reactions.

1.3.2 Cysteine Modification

 Cysteine residues are attractive targets for site-selective modification owing to 
their low surface abundance, especially in comparison to lysine. If surface exposed cys-
teine residues do not exist in the native protein, they can be readily introduced through 
site-directed mutagenesis. In addition to site-specificity, cysteine residues are active nuc-
leophiles at neutral pH due to their characteristic pKa of ~8. Furthermore, the S-H bond is 
relatively weak, allowing access to single-electron mechanisms. Taken together,  cysteine 
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is one of the most sought-after targets when site-specificity is required.

 One of the most common methods for cysteine modification is disulfide forma-
tion. A prominent example of this is reaction with 5,5-dithio-bis-(2-nitrobenzoic acid) (also 
known as DTNB or Ellman’s reagent, Figure 3A). Because the 2-nitro-5-thiobenzoate an-
ion acts as a highly efficient leaving group, reaction with DTNB can enhance reactivity of 
exposed cysteine residues, making them more amenable to disulfide formation with other 
thiols. DTNB can also serve to cap cysteine residues and prevent cross-reaction while 
other conjugation is carried out.17 The cysteine can then be liberated by reducing the di-
sulfide bond with a reducing reagent such as dithiothreitol (DTT) or tris(2-carboxyethyl)

phosphine (TCEP). The reducible nature 
of disulfides makes them common in the 
context of cleavable linkers and drug de-
livery. For example, incorporation of disul-
fides in linkers between a drug carrier and 
a cargo molecule allows targeted release 
of the drug upon entering the natural re-
ducing environment of cells.18 Alternative-
ly, in vitro reduction can be achieved with 
DTT or TCEP.

Maleimide chemistry is another 
common method for modifying cysteine 
residues (Figure 3B) and is often em-
ployed for functionalizing proteins with 
cargo molecules. Similar to NHS, many 
dyes, cross-linkers, and small molecules 
are commercially available as maleimid-
es, making this chemistry convenient and 
widely applicable. However, a key lim-
itation of maleimide chemistry is that the 
linkage is susceptible to hydrolysis and 
can also be reversed in the presence of 
competing thiols.19 In the latter case, the 
maleimide can be completely transferred 
to the competing thiol or cysteine residue. 
This is particularly problematic for in vivo 
applications where glutathione or endog-
enous proteins can reduce the stability 
of the maleimide linkage. In the context 
of surface chemistry, maleimides are a 
common choice for generating functional 
monolayers that allow for subsequent bio-
conjugation.20,21 

Figure 3. Chemical modification of cysteine. (A) Cysteine 
residues can be modified through disulfide formation, 
which is often facilitated by initial reaction with DTNB. (B) 
Maleimides, either “traditional” (B) or “next-gen” (C), are 
common reagents for targeting cysteine residues. (D) 
Dibromomaleimide is a version of next-gen maleimides that 
is used to modify disulfides. (E) Sulfur atoms form 
spontaneous bonds with gold, allowing for convenient 
immobilization of proteins on gold surfaces. (Some 
components of this figure are derived from a previously 
published figure.4)
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The stability concerns associated with maleimides have led to the development of 
“next-generation” maleimides,22 which exhibit enhanced stability on the protein, although 
some can still be reversed under appropriate conditions.23 These “next-gen” maleimides 
feature halogens (typically bromine, but can also be iodine or chlorine) or aryl sulfides 
in place of one or both of the vinyl hydrogens (Figure 3C). In addition to single cysteine 
modification, next-gen maleimides can be used to modify disulfides, which is particularly 
useful in the context of antibody modification.24 The disulfides are first reduced with low 
equivalents of TCEP, followed by “re-bridging” with a next-gen maleimide (Figure 3D). 
Dibromomaleimide is typically used for this application, although other types of re-bridg-
ing reagents are also being explored.25-29 Many of these new re-bridging reagents are 
aiming to address the reversible nature of maleimides, although deliberate hydrolysis 
after re-bridging with dibromomaleimide leads to a relatively stable linkage.30 Disulfide 
re-bridging is particularly useful for generating antibody-drug conjugates (ADCs) as they 
allow the ADCs to be generated with control over the drug-to-antibody ratio (DAR).31 The 
DAR can range from one to four, corresponding to the number of reduced disulfides. The 
exact DAR depends on the equivalents of reductant, identity of reductant, and time of 
reduction. While in theory this should allow precise control over the conjugate, in prac-
tice it can be quite difficult to achieve a very specific and uniform DAR. Nonetheless, this 
strategy has been highly successful in the context of ADCs.

 A convenient characteristic of thiols is that they form spontaneous bonds with gold. 
While this has historically been viewed as a chemisorption interaction with loss of a hy-
drogen atom from the sulfur, more recent characterization indicates that chemisorption is 
actually quite rare and the majority of interactions occur through physisorption,32 although 
the strength of interaction depends on a multitude of factors. While the gold-thiol inter-
action is often used in the context of forming functional self-assembled monolayers, this 
interaction also allows direct immobilization of proteins on gold surfaces (Figure 3E). This 
can occur through either an engineered cysteine residue33 or, in the case of antibodies, 
through reduction of disulfide bonds.34 This allows direct immobilization of proteins on 
gold nanoparticles or other gold supports, but it can still be difficult to control the surface 
density of the protein, and, depending on the application, background adsorption can be 
particularly problematic.

1.3.3 Tyrosine Modification

 Tyrosine is a relatively rare amino acid in proteins with an abundance of 3%35 
and, along with tryptophan and phenylalanine, is one of only three aromatic amino acids 
(excluding histidine). Owing to the aromatic nature of tyrosine, electrophilic aromatic sub-
stitution (EAS) is the primary mechanism by which tyrosine residues are modified.4 Tyro-
sine exhibits a relatively high pKa value of 10.5, and thus most tyrosine residues remain 
neutral at physiological pH. Tyrosine modification thus imparts little impact on the overall 
protein charge and minimally affects protein solubility and other charge-dependent char-
acteristics. This, along with other aforementioned characteristics, makes tyrosine a very 
attractive target for site-specific conjugation. However, tyrosine residues are often buried 
in the protein structure and thus, not solvent exposed.36 In the absence of accessible 
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residues, genetic engineering of tyrosine 
residues, often at the N- or C-terminus, 
can enable access to this prime bioconju-
gation target. 

 Historically, tyrosine modification 
has been achieved through aryldiazo-
nium salt coupling (Figure 4A).37 In this 
reaction, a diazonium compound reacts 
with tyrosine residues through an EAS 
mechanism. The speed of the reaction 
can be enhanced by installing electron 
withdrawing groups at the para position 
of the diazonium.38,39 While diazonium 
coupling has been highly successful, one 
drawback of this approach for tyrosine 
modification is that cross-reactivity with 
histidine is often observed. Additionally, 
the highly reactive diazonium compounds 
must be generated immediately before 
use, which requires exposing an aniline 
precursor to strongly acidic conditions.

 A three-component Mannich-type coupling reaction can also be used to modify 
tyrosine residues (Figure 4B). The three components of this reaction are the protein bear-
ing an accessible tyrosine residue, an aldehyde (often formaldehyde), and an aniline.40 A 
Schiff base is formed through condensation of the aldehyde and aniline, and this reactive 
imine then undergoes reaction with the tyrosine residue through a Mannich-type EAS 
mechanism to form a new carbon-carbon bond. While native lysine residues can also 
undergo condensation with the aldehyde, control over reaction pH can tune selectivity for 
condensation with the aniline. 

 Another common method for targeting tyrosine residues is tyrosine cross-coupling 
(Figure 4C). In this strategy, a radical is generated in the phenol ring, which then dimeriz-
es with a tyrosine residue on another protein. Formation of the radical can be facilitated 
by enzymes such as horseradish peroxidase41,42 or can be photo-mediated in the pres-
ence of water soluble metal complexes such as Ru(bpy)3

2+.43 Tyrosine cross-coupling 
is a convenient method for generating protein-protein conjugates and even multivalent 
protein polymers.41 Additionally, this conjugation strategy has recently been employed in 
the context of protein immobilization. Streptavidin was immobilized on a polyvinylphenol 
surface in the presence of horseradish peroxidase.44 Importantly the streptavidin main-
tained its ability to bind biotin, highlighting tyrosine cross-coupling as a strategy that can 
maintain native activity of immobilized proteins.

Figure 4. Chemical modification of tyrosine. (A) Tyrosine 
residues can be modified via reaction with aryldiazonium 
by way of an electrophilic aromatic substitution (EAS) 
mechanism. (B) EAS also facilitates the three-component 
Mannich-type coupling that yields a new carbon-carbon 
bond. (C) Tyrosine cross-coupling can be mediated either 
enzymatically or photochemically. (Some components of 
this figure are derived from a previously published figure.4)
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1.3.4 Aspartic Acid, Glutamic Acid, and C-terminal Carboxylate Modification

 Aspartic acid, glutamic acid, and the C-terminus present carboxylic acids that can 
participate in modification reactions. Both of the acidic amino acid residues are highly 
abundant and are frequently found on protein surfaces. The C-terminus and aspartic acid 
groups have very similar pKa values (3.5 and 3.3, respectively), while glutamic acid ex-
hibits a slightly higher pKa of 4.2.7 Similar to lysine residues, the pKa values of individual 
carboxylate groups are highly influenced by the local environment. In general, however, 
the small differences in these pKa values are insufficient to allow selective modification 
based on this parameter alone. As a result, very few site-specific conjugation chemistries 
for acidic residues and the C-terminus exist. 

 Carboxylic acids, whether at the C-terminus or displayed on aspartate and gluta-
mate residues, can exhibit enhanced electrophilicity when pre-activated with reagents 
like EDC and NHS (Figure 5A). As discussed in the lysine section, these activated esters 
subsequently react to form highly stable amide bonds with amine-based reagents. How-
ever, the activated carboxylates are susceptible to hydrolysis, making these couplings 
inefficient. Furthermore, amide bond formation is rarely selective for a single residue, 
making the construction of well-defined conjugates very difficult using this approach. In 
the context of surface chemistry, carboxylate residues can be activated with EDC/NHS 
and then coupled to amine-functionalized surfaces.

 As a reactive alternative, a method has been developed that esterifies carboxyl 
groups using diazo compounds (Figure 5B).45,46 In this case, the carboxylate acts as a 
nucleophile and proceeds through an SN1-like pathway with positive charge developing 
on the electrophilic diazo group in the transition state. The diazo reagents were evolved 

such that esterification with carboxylates 
is preferred over unproductive hydrolysis. 
This preference is based on the basicity 
of the diazo compound, with low basicity 
leading to little reaction and high basici-
ty preferring hydrolysis; balancing these 
factors allows esterification to be favored. 
The diazo compounds were also select-
ed on the basis of preferential reaction 
with carboxylates over reaction with other 
amino acids, such as cysteine and ser-
ine. With ribonuclease A, the diazo reac-
tion was shown to proceed to almost full 
conversion in 4 h with 10 eq of the diazo 
compound and under modest pH (5.5) 
and temperature (37 ºC) conditions.46 De-
pending on accessibility and pKa, this re-
action can target any carboxylate residue, 
leading to heterogeneous modification. 

Figure 5. Chemical modification of glutamic acid, aspartic 
acid, and the C-terminus. (A) Carboxylates in all three 
residues can be modified through amide bond formation 
with EDC/NHS. (B) Carboxylate residues can also be 
modified through esterification with diazo compounds. (B) 
The C-terminus can be specifically targeted with a 
single-electron transfer reaction that requires a photoredox 
catalyst.

A) Amide bond formation with EDC/NHS

Ir photocatalyst
pH 3.5

pH 5.5

B) Esterification with diazo compounds

C) Single-electron transfer with photoredox catalyst 
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Additionally, the ester bond that is formed is much less stable than an amide bond and is 
susceptible to hydrolysis. However, this can be used to advantage by mediating release 
of cargo when in specific environments. Esterification has also been used to shield neg-
ative charges on proteins, leading to enhanced cytosolic delivery.47

 The protein C-terminus is an attractive target for site-selective modification owing 
to the fact that every protein exhibits a single instance of this site. It is often solvent ex-
posed and has been modified selectively over aspartate and glutamate side chains on 
the basis of redox potential differences.48 Specifically, the redox potentials of aspartic and 
glutamic acids are ~1.25 V, while the C-terminal redox potential is ~0.95 V.49 This obser-
vation recently led to development of a single-electron transfer reaction that solely targets 
the C-terminal carboxylate (Figure 5C).49 Using a photocatalyst, this strategy produces a 
transient radical species that adds to conjugated olefins. Results have shown that yields 
are reduced when the C-terminal residue is histidine, tyrosine, or lysine, and the most 
efficient coupling is produced at pH 3.5. Importantly, the light-mediated reaction proceeds 
with up to 50% conversion on human insulin, and small peptides can achieve yields of 
almost 70% using this strategy. This highlights the potential for exclusive modification at 
the C-terminus, making the C-terminus an exciting new target for site-selective bioconju-
gation.

 Another approach to C-terminal modification is native chemical ligation (NCL). 
While this strategy can generate protein-protein conjugates and has been incredibly suc-
cessful, it requires initial conversion of the C-terminus to a thioester50 and thus does 
not target native C-termini. NCL also necessitates an N-terminal cysteine on the protein 
coupling partner, making this approach less widely applicable. If NCL is to be used, the 
C-terminal thioester can be generated by adjacent intein domains introduced during pro-
tein expression.

1.3.5 Tryptophan Modification

 Tryptophan is the rarest amino acid, constituting just over 1% of all residues in 
proteins.51 Despite its low abundance, at least one tryptophan residue is found in ~90% 
of proteins, typically within the folded protein core or at binding interfaces.52 Of all the aro-
matic residues, tryptophan is the strongest contributor to the A280 absorbance of proteins.6 
Additionally, the indole ring exhibits unique chemical properties.4 For example, tryptophan 
is the most fluorescent amino acid, and its emission wavelength can be correlated with 
its level of aqueous exposure and thus the folding state of the protein. Tryptophan is also 
known to mediate electron transfer, which can allow for unique, radical-based methods 
for targeted modification. Finally, because of the hydrogen donating ability of the nitrogen 
in the indole ring, tryptophan is commonly involved in ligand binding. Thus, the chemical 
modification of tryptophan offers an avenue by which ligand binding can be tuned.  

 The unique properties and rarity of tryptophan, combined with its low abundance on 
protein surfaces, make it a promising target for site-specific protein modification if new in-
stances can be introduced using site directed mutagenesis. However, there are significant 
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challenges with targeting tryptophan that 
have limited its widespread application. In 
general, tryptophan exhibits low reactivity 
because the nitrogen atom of the indole 
ring exhibits delocalized electron density. 
This leads to lower nucleophilicity than 
other amino acids, such as lysine and 
cysteine, which can lead to cross-reactiv-
ity when electrophilic reagents are used 
for modification. To enhance reactivity, 
harsh conditions, including high tempera-
tures and organic solvents, are often em-
ployed. Many of these conditions are not 
compatible with biomolecules and thus 
most tryptophan conjugation strategies 
are directed toward peptides rather than 
proteins with secondary structure. Be-
cause of the inherent hurdles, targeting 
tryptophan for protein immobilization on 
surfaces is not reported in the literature.

The electron-rich ring makes tryp-
tophan susceptible to oxidation. Histori-
cally, oxidation has been carried out with 
N-bromosuccinimide (NBS, Figure 6A) or 
2-hydroxy-5-nitrobenzyl bromide (HNB, 
Figure 7B). NBS oxidation can be used 
to determine the tryptophan content with-
in a protein by comparing the ratio of A280 
absorptions of the indole ring and the ox-
idized oxindole product.53 The oxindole 
has a weaker A280 signal, and this de-
crease can be correlated to the number 
of tryptophan residues. NBS oxidation is 
also used to study ligand binding and the 
involvement of tryptophan in protein ac-

tive sites.54 Like with NBS, HNB (also known as “Koshland’s reagent”) can be used to 
quantify the number of tryptophan residues by comparing the A280 signal with the A410 sig-
nal of the oxidative conjugate.55 Another application of HNB oxidation is to study protein 
conformational changes.55 It should be noted that HNB can also react with cysteine, histi-
dine, and tyrosine, but it is five-times more selective for tryptophan relative to cysteine.55 
While common historically and still used today, tryptophan oxidation tends to employ 
harsh conditions (including the use of strong acids) and, as mentioned, can have cross 
reactivity with other amino acids.56 Newer oxidation reagents have improved upon these 
limitations, but in general, oxidation is still limited due to common cross-reactivity with 

Figure 6. Chemical modification of tryptophan. (A) Trypto-
phan residues can be oxidized with NBS. Alkylation of 
tryptophan can be carried out with (B) HNB, (C) malonyl 
dialdehyde, or (D) rhodium carbenoids. (E) A newer trypto-
phan modification involves biomimetic electron transfer 
with N-carbamoyl pyridinium salts. (Some components of 
this figure are derived from a previously published figure.4)

E) Biomimetic electron transfer with N-carbamoyl pyridinium salts

A) Oxidation with NBS

B) Alkylation with HNB (Koshland’s reagent)

C) Alkylation with malonyl dialdehyde

D) Alkylation with rhodium carbenoids
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other residues such as methionine and tyrosine.56

 Beyond oxidation, the nitrogen of the indole ring can be targeted for modification 
with malondialdehyde (MDA, Figure 6C). Reversal of this reaction can be obtained by 
cleavage with hydrazine or phenylhydrazine.57 Alternatively, secondary modification can 
be carried out by forming a hydrazone with a hydrazide-containing compound.4 MDA tag-
ging has been an important tool for quantifying peptide levels in mass spectrometry and 
proteomics. However, full conversion can be difficult to achieve, and the formation of a 
Schiff base can occur, leading to undesired cross-linking. To combat these limitations, the 
reaction is often carried out under highly acidic conditions (3 M HCl or 50% TFA),56 which 
prevents its use in many bioconjugation reactions.

 The C-2 position of the indole ring is typically the most reactive and has been 
heavily targeted for tryptophan modification.58 Transition metal complexes, including 
those with Pd, Rh, Ru, Au, Mn, and Co, are particularly common catalysts for this type 
of modification.56 However, many reactions with these catalysts require high temperature 
and/or organic solvents. Recent developments have led to reactions with milder condi-
tions for peptide modification; these reactions rely on Pd59,60 or Ru61 catalysts. One of 
the most successful transition metal catalyst transformations for tryptophan modification 
utilizes Rh carbenoids (Figure 6D).62,63 The reaction can be performed with both peptides 
and proteins under mild conditions. In early studies, low pH (~3.5) was required to gener-
ate an in situ carbenoid intermediate from a diazo precursor.52 This low pH led to protein 
denaturation and limited the reaction scope. However, it was later found that the addition 
of N-(tert-butyl)hydroxylamine allows the reaction to proceed at a much more modest pH 
of 6-7.63 The reaction has since been applied to various protein and peptide substrates64-66 

and reacts almost exclusively with tryptophan with modest conversion.  

 Despite challenges in the past, many research groups are actively pursuing new 
tryptophan modification strategies that utilize its unique chemical properties. New strat-
egies include radical processes like trifluoromethylation,67-70 photocatalytic methods for 
beta position conjugation,71 and non-photocatalytic methods that proceed through pho-
toinduced electron transfer (PET).72 The PET reaction (Figure 6E) is particularly exciting 
and relies on interactions with N-carbamoyl pyridinium salts that can be functionalized 
with a variety of desired cargo groups. UV-B light is also required, and glutathione (1 
mM) can elevate the efficiency. While explored mostly with peptides, this photochemical 
strategy provides up to 94% conversion on lysozyme in 45 min under aqueous conditions. 
Although this method displays good selectivity for tryptophan, the need to functionalize 
cargo with N-carbamoyl pyridinium salts is a potential hindrance to widespread adoption 
of this technique. However, it still represents a compelling example of the future direction 
for selective tryptophan modification.

1.4 Conclusion

 A wide variety of bioconjugation strategies exist for constructing protein bioconju-
gates. While the majority of these strategies target native amino acid residues, achieving 
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site-specific modification may require genetic engineering to install residues at specific, 
accessible locations. Thus in many cases, there is a trade-off between selectivity and 
convenience. Additionally, the appropriate bioconjugation method depends widely on the 
application, and many techniques exhibit specific limitations that necessitate further de-
velopment of new strategies. Effective bioconjugation in the context of surface immobili-
zation can be particularly difficult to achieve due to inherent obstacles encountered with 
surface chemistry. While some solution-based methods can be applied to surface modifi-
cation, the majority of these approaches are not site-specific, resulting in minimal control 
over orientation and surface density. Thus, there is a need for new biomolecule immo-
bilization strategies that address these limitations, as well as expand the repertoire for 
protein immobilization. Adding to the current toolbox for bioconjugation on surfaces, this 
thesis will explore oxidative coupling as a novel method for biomolecule immobilization on 
cellulose and gold surfaces. This, alongside other new approaches, will help enable the 
full scope of surface-based protein applications.
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Chapter 2

Immobilization of Tyrosinase for 
Solution-Phase Oxidative Coupling

Abstract
 
Immobilized enzymes feature a variety of advantages, including the ability to remove the 
enzymes from solution, enhance long-term stability, and even reuse the enzymes over 
multiple catalytic cycles. In this chapter, we report a facile method for resin immobilization 
of tyrosinase, a key mediator of oxidative coupling in the context of bioconjugation. The 
immobilization strategy is a non-site-specific reaction between native lysine residues on 
tyrosinase and commercially available NHS-activated Sepharose 4 Fast Flow. The res-
in-bound tyrosinase was characterized by its ability to oxidize small molecule phenols 
for conjugation to an N-terminal proline sfGFP. The enzyme was quickly and efficiently 
removed from solution after reaction through spin filtration, thus mitigating complications 
from over-oxidation. Kinetic parameters for the oxidative coupling reaction mediated by 
resin-bound tyrosinase were also estimated. Resin-bound tyrosinase could be stored at 
4 °C for extended periods of time, and a single aliquot was reused up to six times and 
still able to mediate oxidative coupling. Finally, the resin-bound tyrosinase was applied to 
oxidation of a C-terminal tyrosine tag on an scFv.  

Portions of this chapter are based on the following publication:

Maza, J. C.; Ramsey, A. V.; Mehare, M.; Krska, S. W.; Parish, C. A.; Francis, M. B. Sec-
ondary Modification of Oxidatively-Modified Proline N-Termini for the Construction 
of Complex Bioconjugates. Org. Biomol. Chem. 2020, 18 (10), 1881–1885.
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2.1 Introduction

2.1.1 Enzymatic Oxidative Coupling

 Over the years, our lab has developed a rapid and efficient oxidative coupling 
strategy for biomolecules through the reactions of reactive ortho-quinoid intermediates 
with specific nucleophiles of interest (Figure 1).1 The ortho-quinoids can be accessed 
by potassium ferricyanide (K3Fe(CN6) or sodium periodate oxidation of ortho-phenolic 

compounds, such as catechols, amin-
ophenols, and methoxyphenols.4-6 This 
versatile chemistry has enabled the con-
struction of various bioconjugates that 
tether proteins, peptides, and nucleic 
acids to small molecules, other biomole-
cules, and even surfaces, such as glass7 
and gold electrodes.8 

Recently, we have developed an 
enzymatic version of the oxidative cou-
pling reaction that allows ortho-quinones 
to be accessed from water soluble and 
highly stable phenols.9 The enzyme em-
ployed, tyrosinase, features a binuclear 
copper active site and is responsible for 

the formation of melanin. During this process, tyrosine is oxidized to dopaquinone, which 
then cyclizes to form dopachrome (Figure 2). This process is also responsible for the 
browning of food, reducing the appeal of produce, such as fresh cut apples, when ex-
posed to oxygen for extended periods of time. For the purposes of oxidative coupling, our 
lab employs tyrosinase isolated from the common button mushroom, Agaricus bisporus. 
This enzyme (abTyr) is commercially available in its active form. Past work has demon-
strated that abTyr can oxidize phenols on a variety of substrates, including small mole-
cules, peptides, and proteins. Importantly, the enzymatic version of this reaction allows 
thiols to be used as nucleophiles without competing side reaction pathways.10 Our lab has 
also demonstrated successful oxidative couplings with a smaller (35.5 kDa versus ~120 
kDa for abTyr) tyrosinase, megaTyr, from Bacillus megaterium.11 

 While oxidative coupling with abTyr has been widely successful, it is important to 
note that we have encountered steric- and charge-based limitations of phenol activation 

Figure 1. Oxidative coupling reactions. A variety of oxidants can 
be used to oxidize phenol based moieties to ortho-quinoid 
intermediates (green). These intermediates can undergo 
subsequent reactions with both amine- and thiol-based 
nucleophiles.
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as the abTyr active site cavity is relatively small and features negatively charged resi-
dues. Thus abTyr prefers relatively small and positively charged substrates. MegaTyr, 
however, exhibits a less sterically hindered active site and can oxidize both positively and 
negatively charged substrates. Mutations to the active site of megaTyr can further tune 
the specificity of the enzyme for substrate charge, allowing precise control over oxidation 
activity. Taken together, our lab is building a repository of tyrosinases that allow access to 
a vast range of substrates for numerous applications. 

2.1.2 Immobilized Enzymes

 The native function and catalytic behavior of enzymes depend heavily on prop-
er folding and three-dimensional confirmation. This makes enzymes sensitive to stor-
age conditions and can lead to significant activity loss over time. Additionally, the folding 
properties of enzymes can be very sensitive to reaction conditions, thus necessitating 
aqueous conditions and narrow pH and temperature ranges. This can limit their usability, 
particularly in synthesis-based applications. One way to improve stability is to immobilize 
enzymes on a surface, leading to enhanced durability. More importantly, surface immobi-
lization can allow an enzyme to be removed from solution after a reaction is complete and 
can even permit an enzyme to be reused for multiple catalytic cycles.12

 As noted in the previous section, our lab has re-purposed the natural enzyme 
tyrosinase (both abTyr and megaTyr) to catalyze a wide range of oxidative bioconjuga-
tion reactions. In the majority of cases, soluble abTyr and megaTyr are highly effective. 
However, in some cases, excess tyrosinase in solution can lead to over-oxidation. Addi-
tionally, it can be necessary to remove tyrosinase after oxidative coupling if the conjugate 
is to be used in subsequent cell-based assays where excess oxidation could be particu-
larly detrimental. Immobilization of tyrosinase could address these limitations while also 
harvesting the other benefits of immobilized enzymes, namely superior stability and the 
ability to reuse the enzyme.

 In the literature, tyrosinase has been immobilized on a variety of surfaces for var-
ious purposes. For example, tyrosinase has been immobilized on silica for use in chro-
matography to screen drug candidates;13 it has been immobilized on glass for removal 
of phenols from aqueous solutions;14 and it has been immobilized on porous silicon for 
phenolic detection.15 Strategies for tyrosinase immobilization typically target native lysine 
residues. For example, surfaces are commonly activated with EDC/NHS15 or epoxy,16 or 
the protein is cross-linked to the surface with glutaraldehyde.14 

 In this chapter, we report immobilization of abTyr on sepharose resin and demon-
strate that the resin-bound abTyr exhibits performance comparable to that of soluble ty-
rosinase, with the added benefit of quick and easy removal of the enzyme through spin 
filtering. We also show that the immobilized enzyme can be reused for multiple catalytic 
cycles and can be stored for at least a month at 4 °C. Additionally, kinetic studies reveal 
a Vmax for resin-bound abTyr that is comparable to literature reported values.
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2.2 Results and Discussion

2.2.1 Design and Initial Characterization of Resin-Bound abTyr

 In initial studies, a commercially available NHS-activated sepharose resin was cho-
sen as the solid support. This allowed for a quick and convenient method of tyrosinase 
immobilization that did not require pre-activation of the resin or manipulation of native 
abTyr. However, this immobilization strategy targeted native lysine residues and thus was 
not site-specific. This could be problematic if solvent-exposed lysine residues reside near 
the abTyr active site. Immobilization through these lysine resides could lead to blocking or 
obstruction of the active site, rendering the abTyr ineffective or with reduced activity. Thus 
we initially intended to develop a site-specific immobilization strategy if initial results with 
lysine chemistry were promising.

The lysine-targeted immobilization 
strategy was based on a protocol provid-
ed by Cytiva. Briefly, the NHS-activated 
resin was combined with abTyr in phos-
phate buffer at pH 8 and allowed to react 
overnight at 4 °C (Figure 3A). This was 
followed by blocking of unreacted NHS 
with ethanolamine. As a negative control, 
we repeated the immobilization process 
with CL-4B resin. CL-4B is a cross-linked 
4% agarose resin, the same core material 
as the NHS-activated sepharose resin. 

We next sought to quantify the 
amount of protein immobilized on the 
resin. A common way to quantify pro-
tein immobilized on surfaces is through 
a depletion assay that compares protein 
concentration of the coupling solution 
before and after immobilization.17 After 
conjugation, flow through from washings 
of the functionalized resin was collected, 
lyophilized, and resuspended in a small 
amount of phosphate buffer. A Bradford 
Assay was then used to quantify the 
amount of protein in the collected flow 
through (Figure 3B). For the NHS-activat-

ed sepharose resin, no protein was detected in the flow through, indicating that all protein 
was coupled to the resin. For an initial 1.5 mg/mL solution of abTyr, this corresponds to 
0.15 mg of abTyr coupled to 100 µL of resin. As a comparison, we also quantified pro-
tein in the flow through from abTyr conjugation with the CL-4B negative control resin. As 

Figure 3. Immobilization and surface quantification of abTyr. (A) 
Commercially available NHS-Activated Sepharose 4 Fast Flow 
was reacted with native lysine residues on abTyr (at 2 mg/mL) to 
generate resin-bound abTyr. (B) The amount of abTyr immobilized 
on Sepharose 4 Fast Flow was quantified using a Bradford Assay. 
While a significant quantity of abTyr also appeared to be 
immobilized on CL-4B resin, this negative control did not catalyze 
oxidative coupling reactions (see Figure 4).  
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expected, protein was detected in the flow through, but surprisingly, the concentration 
was less than the concentration in the initial coupling solution. Comparison of the abTyr 
concentrations before and after incubation indicated that ~70% of the protein was cou-
pled (Figure 3B). However, this is likely due to background adsorption of abTyr or natural 
protein loss during resin washings. To confirm this, the CL-4B resin was tested for activity 
in the oxidative coupling reaction but was ineffective in mediating conjugation. This is 
discussed below in more detail. 

 While a concentration of 1.5 mg/mL was used for the immobilized protein quantifi-
cation assay, an abTyr concentration of 2 mg/mL was used in subsequent preparations of 
the resin. The Bradford Assay was not repeated for a 2 mg/mL concentration, but immo-
bilization always appeared successful by eye (i.e. while the initial abTyr coupling solution 
was brown, all flow through after coupling was colorless). Thus it is likely that the upper 
limit of immobilization is greater than 0.15 mg of abTyr per 100 µL of resin. However, this 
was not investigated further. 

 We next explored the activity of resin-bound abTyr. Given the steric limitations 
of abTyr encountered in solution, it was possible that immobilization could further hin-
der access to the active site. Activity was tested by carrying out a bioconjugation reac-
tion between superfolder GFP with an engineered proline N-terminus (pro-sfGFP4,18) and 
rhodamine- or biotin-phenol (Figure 4A) in phosphate buffer at pH 6.5. The resin-bound 
abTyr or CL-4B control was added to 25% (v/v) (though later results revealed that 10% 
(v/v) produces efficient coupling) and removed prior to analysis by filtering the reaction 
through a 0.22 µm cellulose acetate spin filter. After 1 h at room temperature, the con-
versions to coupled products were 85% and 95% for rhodamine- and biotin-phenol, re-
spectively (Figure 4B). This is comparable to catalysis by solution abTyr (Figure 4C). 
In contrast, no product was detected when the reaction was carried out with the CL-4B 
resin negative control (Figure 4D). The double additions observed in the presence of 
resin-bound and soluble abTyr are likely from participation of a solvent-exposed lysine or 
cysteine residue in the oxidative coupling reaction. Overall, immobilization did not hinder 
the native activity of abTyr, and thus resin-bound abTyr can be used as a convenient al-
ternative to soluble abTyr in applications where soluble abTyr is effective.

 To explore the scope of resins that are compatible with tyrosinase immobilization, 
we also immobilized tyrosinase on NHS-activated acrylamide-PEG (PEGA) resin. The 
same immobilization procedure was followed as that for NHS-activated sepharose resin. 
Once coupled, the resin was used to conjugate rhodamine- or biotin-phenol to pro-sfGFP. 
Percent conversions were comparable to those achieved with sepharose resin (~90% 
conversion for both rhodamine and biotin conjugates, Figure 4E), demonstrating that ty-
rosinase activity is not dependent on the resin. Similar to sepharose resin, we included 
a negative control of PEGA resin that was not activated with NHS but was exposed to 
the same abTyr immobilization conditions as NHS-activated PEGA resin. This negative 
control yielded no coupling with rhodamine-phenol, but ~40% conversion was observed 
with biotin-phenol (Figure 4F). A depletion assay may lend insight into the source of this 
activity and the possibility of abTyr adsorption that could explain the observed conju-
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Figure 4. Oxidative coupling of biotin- and rhodamine-phenol to pro-sfGFP with resin-bound abTyr. (A) A small molecule biotin- 
or rhodamine-phenol (100 μM or 400 μM, respectively) was coupled to pro-sfGFP (10 μM) in the presence of resin-bound abTyr 
at 10% (v/v). (B) The pro-sfGFP reaction proceeded to 85–90% conversion in the presence of resin-bound abTyr. (C) As 
comparison, the pro-sfGFP proceeded to nearly complete conversion in the presence of soluble abTyr (200 nM). (D) CL-4B resin 
(negative control resin with no NHS-activation) did not catalyze the oxidative coupling reaction, even though the resin was exposed 
to the same abTyr immobilization conditions as the Sepharose 4 Fast Flow resin. (E) abTyr immobilized on NHS-activated 
acrylamide-PEG (PEGA) resin also catalyzed the oxidative coupling reaction, leading to high conversion. (F) Similar to CL-4B 
resin, PEGA resin that was not NHS-activated did not lead to production of rhodamine-sfGFP. However, the PEGA resin negative 
control did lead to product when phenol-biotin was reacted with pro-sfGFP. This is likely due to background adsorption of abTyr 
on PEGA resin. 
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gation. While immobilization with PEGA 
resin was successful, we chose to pursue 
sepharose resin for future studies due 
to more effective negative controls and 
commercial availability of the resin in an 
NHS-activated form.

2.2.2 Kinetics of Resin-Bound abTyr

In some instances, immobilizing 
enzymes can affect activity due to chang-
es in confirmation and/or obstruction of 
active sites.19,20 We were thus interested 
in further characterizing the rate and ac-
tivity of immobilized abTyr. To this end, a 
calorimetric activity assay was developed 
that was based on the reaction between 
p-cresol and L-proline methyl ester (Fig-
ure 5A). This reaction produces a deep 
purple product that absorbs at 520 nm, 
which allows the formation of product to be 
monitored over time. We initially tested an 
analogous reaction with 4-methyl catechol 
instead of p-cresol, and while this reaction 
produced the same colored product, we 
chose to pursue the reaction with p-cresol 
because 4-methyl catechol is readily oxi-
dized by air. Since the rate limiting step of 
oxidative coupling with abTyr is oxidation 
of the phenolic compound, the rate of the 
overall reaction can be directly correlated 
to oxidation events and thus activity of the 
enzyme. Therefore, background oxidation 
of 4-methyl catechol could lead to an ob-
served activity that is misconstrued. 

When pursuing p-cresol as the 
substrate, we recognized that 4-meth-
yl-o-benzoquinone (the oxidized form 
of p-cresol) can react with unoxidized 
p-cresol and polymerize, which could re-
duce the 520 nm signal and thus diminish 
the apparent activity of resin-bound ab-
Tyr. To minimize this effect, the reaction 
was carried out with a 100-fold excess of 

Figure 5. Kinetics of small molecule oxidative coupling mediated 
by resin-bound abTyr. (A) Couplings were performed with 1.5 
mM p-cresol and 100 mM L-proline methyl ester in the presence 
of 10% (v/v) resin-bound abTyr. The product of this reaction 
absorbs at 520 nm. (B) Product concentration was determined by 
obtaining the UV-vis absorbance of the reaction at time intervals 
from 0 to 17 min. Absorbance values were converted to product 
concentrations (ε520= 3,500 M-1 cm-1) and used to calculate initial 
reaction rates. (C) To determine kinetic parameters, reaction rates 
were determined for various starting concentrations (0.5, 1, 1.5, 2, 
and 3 mM) of p-cresol. (D) Initial rates were plotted as a function 
of p-cresol concentration to generate a Michaelis-Menten plot. 
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L-proline methyl ester so that ortho-quinone species would be immediately quenched. It 
should be noted that initially, 1,000x L-proline methyl ester was tested, but this produced 
little to no product. L-proline methyl ester is provided as an HCl salt, and thus at a 1,000x 
concentration, the HCl was likely disrupting the buffer pH and quenching the reaction. 

 To correlate the small molecule reaction with resin-bound abTyr activity, aliquots 
of the reaction were removed at various time points, and the reactions were stopped by 
spin filtering to remove the resin. The absorbance measurements at each time point were 
converted to product concentration, and the initial reaction rates were determined (Figure 
5B). Initial tests with the calorimetric activity assay and 2 mM p-cresol revealed that the 
reaction was nearly complete after 15 min. This was the case for the majority of p-cresol 
concentrations tested. In order to further assess enzyme activity, Vmax and Km were esti-
mated. The formation of product was monitored over time for concentrations of p-cresol 
ranging from 0.5 to 3 mM (Figure 5C). The initial rates for each concentration were then 
plotted to generate a Michaelis-Menten curve. However, when fitting the data, a line with 
a 90-degree angle, rather than a curve, was obtained (Figure 5D). This is because the 
initial velocities for each concentration were very similar, indicating that Vmax was already 
reached at a substrate concentration of 0.5 mM. Thus we were able to estimate a Vmax of 
113 µM/min, but a Km value could not be determined. Initial velocities for lower substrate 
concentrations would be needed to generate an accurate Km value. However, because 
saturation occurred at 0.5 mM substrate, the Km value lies between zero and 0.5 mM. The 
Vmax and Km values for resin-bound abTyr are comparable to the literature, which reports a 
Vmax of 45–185 µM/min for tyrosinase immobilized on epoxy-silica,16 and a Km of 0.96–11 
mM, depending on the substrate (p-cresol14 or L-DOPA16) and surface used for immobi-
lization (glass14 or epoxy-silica16). In fact, the Km value of our resin-bound abTyr is likely 
lower than that reported in the literature.

 As noted in section 3.2.1, efforts to quantify the amount of immobilized abTyr re-
vealed possible adsorption of abTyr to the negative control resin. Thus we wanted to 
ensure that the observed activity of resin-bound abTyr originated from activity of immo-
bilized abTyr versus adsorbed abTyr that was leaching into solution during storage. To 
test this, the initial rate of resin-bound abTyr (stored for ~3 d at 4 °C) was determined and 
compared to the rate of a reaction catalyzed by the supernatant from the same batch of 
resin. For the supernatant, negligible amount of product was formed over the course of 
15 min, and thus the rate was determined to be zero. In contrast, the rate of the reaction 
catalyzed with resin was ~106 µM/min, which aligned with results from kinetic studies.

2.2.3 Stability and Reusability of Resin-Bound abTyr

 Motivation for abTyr immobilization was driven by the desire to quickly and effi-
ciently remove abTyr from solution after reaction. However, as previously noted, another 
advantage of immobilizing enzymes is the ability to store the enzymes at 4 °C for extend-
ed periods of time, as well as reuse the same enzyme for multiple catalytic cycles. To test 
long-term stability of resin-bound abTyr, a batch of tyrosinase resin was stored at 4 °C, 
and the calorimetric activity assay was carried out every three to four days. While there 
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were some fluctuations in measurements, 
the initial rate after 25 days was the same 
as the initial rate on the day of resin prepa-
ration (Figure 6A). Thus resin-bound abTyr 
can be stored at 4 °C for at least 25 days 
with negligible loss in activity, negating the 
need for storage of soluble abTyr at -20 or 
-80 °C. In the literature, tyrosinase immo-
bilized on epoxy-silica and stored at 4 °C 
exhibited an activity loss of 20% to 60% 
(depending on the immobilization meth-
od) over a 21 day storage period.16 For 
tyrosinase immobilized via entrapment in 
alginate, comparable activity losses were 
observed over a similar time frame, but 
the entrapped resin could be stored at 
21 °C.21 While we did not test long-term 
stability at room temperature, our stability 
data is in line with, and in some cases su-
perior, to those reported in the literature. 
In many cases, the resin-bound abTyr 
exhibits minimal activity loss even after 
several months of storage at 4 °C. This, 
combined with the ability to filter out the 

enzyme, makes oxidative coupling with resin-bound abTyr very user-friendly.

 For testing reusability, a single aliquot of resin-bound abTyr was used to catalyze 
multiple reactions, and the initial rate of each reaction (based on the calorimetric activity 
assay) was determined. The first three reactions exhibited nearly identical rates, after 
which a slight decline in rate was observed (Figure 6B). However, the rate of the sixth 
reaction decreased by only 20% relative to the first reaction. Thus, if desired, the resin 
can be reused up to three times without any loss of activity. If reusing more than three 
times, the reaction time may need to be extended or the amount of resin may need to be 
increased to allow for maximum conversion to product. Depending on the surface, im-
mobilized tyrosinase in the literature maintains 65% to 100% of activity over 10 catalytic 
cycles,22,23 although when immobilized on aminopropyl glass, 100% activity was observed 
after 40 cycles.14 Despite the ability to reuse resin-bound abTyr, we typically do not recy-
cle the resin due to the low cost of the enzyme and the facile method for immobilization.

2.2.4 Protein Oxidation by Resin-Bound abTyr

 Having demonstrated successful oxidation of several small molecules, we want-
ed to test the ability of resin-bound abTyr to oxidize tyrosine residues on proteins. We 
anticipated that the increased steric hindrance around these residues combined with the 
bulk of the resin might reduce the efficiency of the reaction. Our model protein was a sin-

Figure 6. Long-term storage and reusability of resin-bound 
abTyr. (A) The colorimetric activity assay described in Figure 5A 
was used to monitor the activity of a single batch of resin-bound 
abTyr stored at 4 °C for 25 days. (B) Reusability studies were 
carried out with a single aliquot of resin-bound abTyr. The resin 
was collected after each reaction, washed four times with 50 mM 
phosphate buffer at pH 8, and then used to catalyze the next 
reaction. Error bars represent standard deviation for n = 2. 
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gle-chain variable fragment with a tyrosine engineered at the C-terminus (scFv-GGY11). 
This protein was combined with aniline in the presence of resin-bound abTyr and 20 
mM phosphate buffer at pH 6.5 (Figure 7A). While the reaction was run for longer than 
comparable oxidative coupling reaction with soluble abTyr (2.5 h at room temperature for 
resin-bound abTyr versus 1 h at room temperature for soluble abTyr), we were pleased 
to find that resin-bound abTyr could mediate nearly complete conversion to the desired 
product when 8 % (v/v) resin-bound abTyr was used (Figure 7B).

 When coupling scFv-GGY to aniline, we screened six resin-bound abTyr concen-
trations from 1% (v/v) to 42% (v/v) (Figure 7B). While complete conversion was observed 
with 8% (v/v), nearly 90% conversion was achieved with a concentration of  4% (v/v). 
Because less than 10% (v/v) of resin-bound abTyr is required to activate a sterically hin-
dered phenol, it is likely that less than 10% (v/v) of resin would be adequate for activation 
of small molecule phenols (e.g. biotin-phenol, rhodamine-phenol, and p-cresol). Howev-

Figure 7. Resin-bound abTyr-mediated coupling of aniline to scFv-GGY. (A) scFv with a -GGY C-terminal tag (3.8 μM) was 
oxidized by resin-bound abTyr (at various concentrations) and coupled to aniline (150 μM). (B) Conversion depended on the 
concentration of resin-bound abTyr with nearly complete conversion achieved at concentrations of 8% (v/v) and higher.
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er, 10% (v/v) remains the suggested concentration as it is applicable to oxidation of either 
small molecule phenols or tyrosine residues on proteins. 

2.2.5 Alex’s Magic Mushroom Powder

 After successful storage of resin-bound abTyr in solution at 4 °C, we were interest-
ed in developing a dry version of the immobilized enzyme that could be stored at room 
temperature and added to reactions as a dry “powder” or that could be reconstituted in 
buffer just prior to use. During the first attempt at creating mushroom powder, resin-bound 
abTyr was flash frozen, lyophilized, and then resuspended in buffer. When exposed to the 
calorimetric activity assay, product was produced but at a very slow rate. It is generally 
not recommended by manufacturers to freeze sepharose resin, and thus flash freezing 
may have caused the sepharose matrix to break down. Alternatively, the abTyr may have 
aggregated during the drying progress.

 As an alternative drying method, the resin was spin filtered to remove excess solu-
tion and was then encased in an Eppendorf tube and left at room temperature for up to 48 
h. When the dried resin was resuspended and tested with the calorimetric activity assay, 
product was produced with little to no loss in activity. However, when the filtered resin was 
not encased and was instead exposed to air, the resin turned into a clump within 24 h and 
did not resuspend into solution. A different type of resin or solid support may be required 
if Magic Mushroom Powder is further pursued.

2.3 Conclusions and Future Outlook

 In this chapter, it is demonstrated that abTyr immobilized on sepharose resin is a 
convenient alternative to soluble abTyr and can catalyze oxidation of phenolic compounds 
on either small molecules or proteins for subsequent oxidative coupling. Advantages of 
resin-bound abTyr include (1) the ability to quickly and easily remove the enzyme from 
solution after reaction; (2) store the enzyme in solution at 4 °C for at least a month; (3) use 
the same enzyme for up to three reactions without any activity loss. Furthermore, reac-
tions with resin-bound abTyr are quick and proceed to high conversion. Thus resin-bound 
abTyr can be applied in cases where excess oxidation by abTyr is to be avoided or in 
any case where soluble abTyr is used. While the non-site-specific immobilization strategy 
does not appear to impact abTyr activity, a site-specific approach could be developed for 
comparison. Additionally, tyrosinase variants, such as megaTyr and mutated tyrosinases, 
could be immobilized using the presented approach. This may catalyze expanded utility 
of these variants. While the approach employed in this chapter was non-site-specific, the 
remainder of this work explores a site-specific approach to protein immoblization.

30



2.4 Materials and Methods

General methods and instrumentation

Unless noted otherwise, all reagents were obtained from commercial sources and used 
without further purification. NHS-Activated Sepharose 4 Fast Flow resin and CL-4B resin 
were purchased from Cytiva. Tyrosinase isolated from Agaricus bisporus (abTyr), L-pro-
line methyl ester, p-cresol, acrylamide-PEG (PEGA) resin, and tyramine were purchased 
from Sigma-Aldrich. Pro-sfGFP4 and scFv-GGY11 were expressed and purified as previ-
ously reported. EZ-link NHS biotin and NHS-rhodamine (TAMRA) were purchased from 
Thermo Fisher (Waltham, MA). Spin concentrators with 10 kDa molecular weight cutoffs 
(MWCO) and sterile spin filters with 0.22 µm pores were purchased from Millipore (Billeri-
ca, MA). Doubly distilled water (ddH2O) was obtained from a Millipore purification system.

Electrospray Ionization Time of Flight Liquid Chromatography Mass Spectrometry (ESI-
TOF LC-MS). Acetonitrile (Optima grade, 99.9%, Fisher,Waltham, MA), formic acid (1 mL 
ampules, 99+%, Pierce, Rockford, IL), and water purified to a resistivity of 18.2 MΩ·cm 
(at 25 °C) using a Milli-Q Gradient ultra-pure water purification system (Millipore, Billeri-
ca, MA) were used to prepare mobile phase solvents for LC-MS. Electrospray ionization 
mass spectrometry (ESI-MS) of protein bioconjugates was performed using an Agilent 
1260 series liquid chromatograph outfitted with an Agilent 6224 time-of-flight (TOF) LC-
MS system (Santa Clara, CA). The LC was equipped with a Proswift RP-4H (monolithic 
phenyl, 1.0 mm × 50 mm, Dionex) analytical column. Solvent A was 99.9% water/0.1% 
formic acid and solvent B was 99.9% acetonitrile/0.1% formic acid (v/v). Each sample 
was prepared for analysis by desalting and spinning through an 0.22 µm cellulose acetate 
centrifugal filter, and then 8 µL of 10 µM protein was injected onto the column. Following 
sample injection, a 5–100% B elution gradient was run at a flow rate of 0.30 mL/min over 
8 min. Data were collected and analyzed by deconvolution of the entire elution profile in 
order to provide reconstructed mass spectra that were representative of the entire sample 
using Agilent Mass Hunter Qualitative Analysis B.05.00. Spectra were analyzed with open 
source Chartograph software (www.chartograph.com).

UV-Vis spectroscopy. All UV-vis measurements were obtained with a Varian Cary 50 UV-
vis spectrophotometer and a quartz microcuvette.

Experimental procedures 

Preparation of resin-bound abTyr (adapted from a resin protein coupling protocol from 
Cytiva, formerly GE Healthcare). NHS-Activated Sepharose 4 Fast Flow resin (Cytiva) 
was washed ten times with 1 mM HCl, followed by two washes with 50 mM phosphate 
buffer at pH 8. The resin was resuspended in 2 mg/mL tyrosinase in 50 mM phosphate 
buffer at pH 8. The resin was rotated end-over-end overnight at 4 °C and then drained and 
washed two times with 50 mM phosphate buffer at pH 8. Unreacted NHS was blocked for 
2 h at room temperature with ethanolamine (0.5 M ethanolamine, 0.5 M NaCl, pH 8.3). 
The ethanolamine solution was drained, and the resin was washed three times with 0.1 M 
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Tris-HCl buffer at pH 8.5 and three times with 0.1 M acetate buffer, 0.5 M NaCl at pH 4.5. 
This was repeated three times for a total of four wash cycles. This was followed by two 
washes with 20 mM phosphate buffer at pH 6.5. The resin was resuspended in 20 mM 
phosphate buffer at pH 6.5 and stored at 4 °C until use.

For resin-bound abTyr prepared with PEGA resin, NHS-activated PEGA resin was modi-
fied as described above. However, the ethanolamine block was followed by several wash-
es with 50 mM phosphate buffer at pH 8 rather than altering between Tris-HCl and ace-
tate buffer.

Coupling of pro-sfGFP to rhodamine- and biotin-phenol. Rhodamine- and biotin-phenol 
were synthesized according to a previously published procedure.9 Pro-sfGFP (10 µM) 
was combined with rhodamine-phenol (400 µM, 40 eq) or biotin-phenol (100 µM, 10 eq) 
in 20 mM phosphate buffer at pH 6.5. Resin-bound abTyr was added to 10% (v/v) (e.g. 
10 µL of resin for 100 µL total reaction volume), and the reactions proceeded for 1 h at 
room temperature. Resin-bound abTyr was removed by filtering reactions through 0.22 
µm cellulose acetate spin filters. The reactions were purified by spinning repeatedly with 
Amicon 10 kDa MWCO spin filters into 10 mM phosphate buffer at pH 7.2. Protein conju-
gates were analyzed by ESI-TOF LC-MS.

Quantification of abTyr immobilized on resin. After overnight coupling of abTyr to sep-
harose resin (NHS-Activated Fast Flow or CL-4B), the coupling solution was drained 
and collected, and the resin was washed several times with 50 mM phosphate buffer at 
pH 8. Flow through from the washes was collected, combined with the drained coupling 
solution, lyophilized, and then suspended in a small volume of phosphate buffer. Using a 
Bradford Assay, the absorbance at 595 nm was obtained and converted to abTyr concen-
tration based on a standard curve produced from abTyr at concentrations from 0.125 to 
1.5 mg/mL (in triplicate).

Calorimetric activity assay for resin-bound abTyr. P-cresol (0.5, 1, 1.5, 2, or 3 mM) was 
reacted with 100 eq L-proline methyl ester (50, 100, 150, 200, or 300 mM) in 20 mM 
phosphate buffer at pH 6.5 in the presence of 10% (v/v) resin-bound abTyr at room tem-
perature. To determine the concentration of product formed, A520 was obtained at time 
points between 1 and 17 min. Resin-bound abTyr was removed by filtering reactions 
through 0.22 µm cellulose acetate spin filters, and the reaction was diluted 10-fold prior to 
absorption measurements. The extinction coefficient for the product (ε520 = 3,500 M-1cm-1) 
was used to convert A520 to concentration of product, and then the reaction rate was de-
termined by plotting product concentration versus time. 

Kinetic studies of resin-bound abTyr. The procedure for the calorimetric activity assay 
(described above) was used with p-cresol concentrations of 0.5, 1, 1.5, 2, and 3 mM 
and resin-bound abTyr at 10% (v/v). To ensure reaction completion, time point aliquots 
were collected until maximum product was achieved (which occurred between 30 and 90 
min). The initial rate of reaction for each p-cresol concentration was determined from the 
slope of the line between the first two time points. OriginPro (2018) was used to model 

32



the initial velocities and corresponding substrate concentrations with a Michaelis-Menten 
curve, which was used to estimate Vmax and Km values for resin-bound abTyr. Note that an 
accurate Km value could not be determined due to lack of data at p-cresol concentrations 
less than 0.5 mM.

Reusability studies for resin-bound abTyr. After carrying out a reaction rate test (described 
above), the resin-bound abTyr was collected (by filtering through a 0.22 µm cellulose ace-
tate spin filter) and washed four times with 50 mM phosphate buffer at pH 8. The washed 
resin was resuspended in phosphate buffer and then used to catalyze the next reaction 
rate test. This was repeated until the resin-bound abTyr had been used for six reaction 
rate tests. 

Stability studies for resin-bound abTyr. The reaction rate test (described above) was car-
ried out multiple times over the course of 25 days. Fresh resin was used during each test, 
but all resin originated from a single batch prepared on “day 1” and stored at 4 °C over 
the course of the study.

Coupling of scFv-GGY to aniline. scFv-GGY (3.8 µM) was added to aniline (150 µM) in 20 
µM phosphate buffer at pH 6.5. Resin-bound abTyr was added (0.625, 1.25, 2.5, 5, 12.5, 
or 25 µL for a 60 µL reaction, corresponding to 1, 2, 4, 8, 20, and 40% (v/v)) and the reac-
tions proceeded end-over-end for 2.5 hours at room temperature. Resin was removed by 
filtering reactions through 0.22 µm cellulose acetate spin filters. Reactions were purified 
by spinning repeatedly through Amicon 10 kDa MWCO spin filters into 10 mM phosphate 
buffer at pH 7.2. Protein conjugates were analyzed by ESI-TOF LC-MS.
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Chapter 3

Enzyme Activated Gold Nanoparticles for 
Versatile Site-Selective Bioconjugation

Abstract

A new enzymatic method is reported for constructing protein- and DNA-AuNP conjugates. 
The strategy relies on the initial functionalization of AuNPs with phenols, followed by ac-
tivation with the enzyme tyrosinase. Using an oxidative coupling reaction, the activated 
phenols are coupled to proteins bearing proline, thiol, or aniline functional groups. Activat-
ed phenol-AuNPs are also conjugated to a small molecule biotin and commercially avail-
able thiol-DNA. Advantages of this approach for AuNP bioconjugation include: (1) initial 
formation of highly stable AuNPs that can be selectively activated with an enzyme, (2) the 
ability to conjugate either proteins or DNA through a diverse set of functional handles, (3) 
site-specific immobilization, and (4) facile conjugation that is complete within 2 h at room 
temperature under aqueous conditions. The enzymatic oxidative coupling on AuNPs is 
applied to the construction of tobacco mosaic virus (TMV)-AuNP conjugates, and energy 
transfer between the AuNPs and fluorophores on TMV is demonstrated.

This chapter is based on the following publication:

Ramsey, A. V.; Bischoff, A. J.; Francis, M. B. Enzyme Activated Gold Nanoparticles for 
Versatile Site-Selective Bioconjugation. J. Am. Chem. Soc. 2021, accepted.
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3.1 Introduction

 Gold nanoparticles (AuNPs) exhibit unique chemical and optical properties that 
can be exploited in many biological applications.1 Proteins, peptides, and nucleic acids 
are frequently tethered to AuNPs for use in therapeutics, diagnostics, and biosensors.1 

For example, antibody-AuNP conjugates are being investigated as a novel therapy for 
colorectal cancer via targeted drug delivery2 and the photothermal destruction of tumor 
cells.3 Additionally, protein- and DNA-AuNP conjugates are widely used for signal ampli-
fication in lateral flow immunoassays that rely on either antibodies4,5,6 or nucleic acids7,8 

as the detection element. The localized surface plasmon resonance (LSPR) produced 
by AuNPs also allows proximity-based enhancement or quenching of fluorescence from 
both synthetic fluorophores9 and natural light harvesting complexes, such as Light Har-
vesting Complex 2 (LH2)10. This unique property of AuNPs has found utility in biosensing 
devices11,12 and could also lead to the development of enhanced light harvesting mate-
rials. Central to all of these applications is a bioconjugation strategy that immobilizes 
biomolecules on AuNP surfaces. Currently, each type of biomolecule requires a different 
strategy that is highly dependent on the type of functional handle present on the biomol-
ecule, thus necessitating more general conjugation strategies.
 
 The most common method for generating protein-AuNP conjugates is physical ad-
sorption, but the strength of this interaction depends heavily on the surface charge of the 
protein13 and is reversible in many cases. Furthermore, it results in uncontrolled protein 
orientations, which can lead to a loss of native function.14 A common covalent method for 
protein immobilization is amide bond formation between native lysine residues on pro-
teins and carboxylic acid monolayers on AuNPs.14,15 While widely applicable, this leads to 
non-homogenous protein modification and random orientation. Affinity-based strategies 
such as biotin/streptavidin binding16 require the extra steps of coupling streptavidin to 
the particles and biotin to the biomolecule partner, which can be cumbersome. Cyste-
ine-tagged proteins or proteins with solvent-exposed native cysteine residues can be 
directly conjugated to AuNPs through gold-thiol interactions.14 However, the lack of a pre-
formed monolayer can result in non-specific protein binding and can limit AuNP stability.14 

 The construction of DNA-AuNP conjugates has been incredibly successful owing 
to the direct attachment of thiol-DNA through the “salt-aging” method.17,18 This strategy 
is simple, relatively inexpensive, and allows the use of commercially available thiol-DNA. 
Additionally, a variety of DNA surface densities can be achieved. However, the process 
can take several days, and AuNPs are prone to aggregation if salt is added too quickly.12 
More efficient variations of direct DNA attachment rely on low pH19 or freezing tempera-
tures.11,20 To gain additional control over DNA-AuNP assembly, some research groups 
have taken advantage of poly-adenine adsorption to gold rather than utilizing gold-thiol 
chemistry.21 Additionally, the enhanced stability of polydentate ligands has led to the de-
velopment of DNA with bi- or even tri-thiol anchoring groups.22 However, these techniques 
require that commercial DNA is modified prior to conjugation to AuNPs. In addition, tech-
niques used for DNA conjugation may not be feasible for protein conjugation due to the 
greater sensitivity of proteins to temperature and pH. Another limitation of current DNA-
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AuNP conjugation methods is that relatively dense layers of DNA are often required to 
maintain colloidal stability, making low density DNA-AuNP conjugates difficult to produce. 
Thus, while many successful strategies exist for generating DNA-AuNP conjugates, there 
is a need for methods that are compatible with both proteins and DNA and allow the pro-
duction of low-density DNA-AuNPs.

 Enzymes could offer a unique addition to the AuNP conjugation toolbox by allowing 
timely and efficient activation of stable, pre-functionalized AuNPs. The use of enzymes 
in some aspects of metal surface modification has been reported. For example, aggre-
gates of β-agarase were tethered to magnetic particles via the initial oxidation of engi-
neered tyrosine residues on the surface of the protein aggregates.23 In another instance, 
AuNPs of two different sizes were functionalized with DNA, which was then activated 
with a restriction endonuclease. The activated AuNPs were subsequently ligated to form 
nanoparticle-based structures.24 However, direct enzymatic activation of AuNP surfaces 
for subsequent bioconjugation has not been reported.
 
 Over the years, our lab has developed a rapid and efficient oxidative coupling 
approach for biomolecules through the reactions of reactive ortho-quinoid intermediates 
with specific nucleophiles of interest (Figure 1).25 The ortho-quinoids can be accessed 
by potassium ferricyanide (K3Fe(CN)6) or sodium periodate oxidation of ortho-phenolic 
compounds, such as catechols, aminophenols, and methoxyphenols.26–30 This versatile 
chemistry has enabled the construction of various bioconjugates that tether proteins, 
peptides, and nucleic acids to small molecules, other biomolecules, and even surfac-

es, such as glass31 and gold electrodes.32 

More recently, we have developed an en-
zymatic version of the oxidative coupling 
reaction that allows ortho-quinones to be 
accessed from water soluble and highly 
stable phenols.33 The enzyme, tyrosinase 
(abTyr), features a binuclear copper ac-
tive site and is responsible for the forma-
tion of melanin. abTyr is isolated from the 
common button mushroom, Agaricus bis-
porus, and is commercially available in its 
active form. Past work has demonstrated 
that abTyr can oxidize phenols on a va-
riety of substrates, including small mole-
cules, peptides, and proteins. Importantly, 
the enzymatic version of this reaction al-

lows thiols to be used as a nucleophile without competing side reaction pathways.34 Our 
lab has also demonstrated successful oxidative couplings with a smaller tyrosinase (35.5 
kDa versus ~120 kDa for abTyr) from Bacillus megaterium.35

 
 There are a number of features of the oxidative coupling strategy that are particu-
larly attractive for AuNP modification. Chief among them is the ability to use a non-reac-

Figure 1. Oxidative coupling reactions. A variety of oxidants can 
be used to oxidize phenol based moieties to ortho-quinoid 
intermediates (green). These intermediates can undergo 
subsequent reactions with both amine- and thiol-based 
nucleophiles.
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tive phenol functional group as a surface coating that does not decompose or otherwise 
react until the desired reaction takes place. In addition, the oxidative coupling reaction 
can proceed at the low concentrations that are frequently encountered in the context 
of metal nanoparticle modification. To demonstrate the utility of this approach, AuNPs 
are first functionalized with a monolayer of phenols that, upon enzymatic activation with 
abTyr, can be coupled to a variety of proteins bearing thiol, proline, or aniline functional 
groups. This highlights how a single type of functional AuNP is compatible with multiple 
functional handles and can easily be applied for versatile protein conjugation. We also 
demonstrate the effective coupling of thiol-DNA by producing DNA-AuNP conjugates with 
varying DNA densities. Finally, to highlight the utility of protein-AuNP constructs, we use 
this enzymatic bioconjugation technique to conjugate dye-labeled and aniline-containing 
circular permutant tobacco mosaic virus (cpTMV) protein disks to AuNPs and demon-
strate energy transfer between the dyes and the AuNPs. The novelty of this approach is 
the direct enzymatic activation of AuNP surfaces with a view towards subsequent biocon-
jugation, which has not been reported to date. 

3.2 Results and Discussion

3.2.1 Generating Phenol Monolayers on 5 nm AuNPs

 Previous work in our lab has demonstrated oxidative coupling on AuNPs by deco-
rating the particles with anilines and conjugating the functionalized AuNPs to aminophe-
nol-containing proteins and DNA.36 However, we were also interested in immobilizing the 
phenolic coupling partner on AuNPs to allow oxidative coupling with native nucleophiles 
on proteins, such as cysteines and N-terminal prolines (Figure 1). This would negate the 

need for prior functionalization with amin-
ophenols and would also allow the cou-
pling of commercially available thiol-DNA. 
In the previous iteration of the oxidative 
coupling reaction (involving K3Fe(CN)6 
and catechols), it was necessary to im-
mobilize the aniline partners because 
catechols are not stable in solution due to 
oxidation by air, leading to self-coupling 
and subsequent polymerization. Howev-
er, we reasoned that the ability to oxidize 
phenols enzymatically would allow us to 
generate stable AuNPs that could be acti-
vated only when desired. 

To this end, we designed a thi-
ol-PEG5k-phenol ligand for AuNP func-
tionalization. The long PEG linker was 
chosen to shield the AuNP surfaces and 
prevent aggregation, and the 5k length 

Figure 2. Monolayer formation on AuNPs. Gold nanoparticles (5 
nm) were functionalized with (A) a thiol-PEG5k-phenol or (B) a 
thiol-PEG2k-methoxy monolayer. Monolayer formation was 
confirmed by DLS, where pink traces correspond to 5 nm AuNPs 
stabilized by BSPP and blue traces correspond to AuNPs with 
either phenol (top trace) or methoxy (bottom trace) monolayers. 
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aided in quick purification with 3k MWCO spin filters during the synthetic manipulations. 
Synthesis of the phenol ligand was based on an analogous aniline ligand previously re-
ported by our lab.36 Briefly, DCC/NHS was used to functionalize amine-PEG5k-valeric acid 
with lipoic acid on one end and tyramine on the other end. To generate phenol-AuNPs, 
the bifunctional ligand was incubated overnight with 5 nm AuNPs (Figure 2A) that were 
previously stabilized with bis(p-sulfonatophenyl)phenylphosphine (BSPP).37 BSPP-sta-
bilized AuNPs were also incubated with a commercially available thiol-PEG2k-methoxy 
ligand (Figure 2B). The methoxy-AuNPs served as one of several controls in subsequent 
oxidative coupling reactions. Monolayer formation was confirmed with Dynamic Light 
Scattering (DLS, Figure 2) and a salt stability test (Figure S1A). The phenol- and me-
thoxy-AuNPs also exhibited significant differences in electrophoretic mobility relative to 
BSPP-stabilized AuNPs (Figure S1B). 

3.2.2 Oxidative Coupling of Proteins and a Small Molecule to Phenol-AuNPs

 Our previous studies of phenol activation on proteins revealed that only highly ex-
posed phenol compounds can reach into the active site of abTyr. It was therefore unclear 
whether surface phenols on metal particles would be amenable to oxidation by abTyr. In 

preliminary studies without added nucle-
ophiles, phenol-AuNPs exposed to abTyr 
did indeed undergo a significant reduction 
in electrophoretic mobility when analyzed 
by native agarose gel electrophoresis. 
This indicated that a change in surface 
chemistry had occurred. It is important 
to note that because phenol- and me-
thoxy-AuNPs exhibit low net charge rela-
tive to citrate- or BSPP-stabilized AuNPs, 
running the gels for longer periods of time 
had little effect on the extent of electro-
phoretic mobility. 

We next added biomolecules as nu-
cleophilic coupling partners. A small pan-
el of proteins that included both thiol- and 
proline-containing proteins was explored 
(Figure 3A). The thiol-containing protein 
was an engineered superfolder green 
fluorescent protein (sfGFP)38 with a point 
mutation at position 200 (sfGFP-S200C, 
Figure 3B). The proline-containing pro-
teins (Figure 3C) were aldolase, which 
contains a native proline N-terminus, and 
sfGFP with an engineered proline N-ter-
minus (pro-sfGFP). The reactions were 

Figure 3. Conjugation of proteins to phenol-AuNPs. (A) 
Phenol-AuNPs were functionalized with proteins bearing either an 
accessible (B) cysteine residue or (C) proline N-terminus. In all 
cases, the protein only coupled to the AuNPs when phenol-AuNPs 
were used in the presence of tyrosinase (abTyr, 200 nM), as 
confirmed by native agarose gel electrophoresis. All conjugations 
were run with 400 nM AuNPs and 5 μM protein. 
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carried out with 5 µM protein, 400 nM phenol-AuNPs, and 200 nM abTyr and were ana-
lyzed with native agarose gel electrophoresis. AuNPs moved toward the negative elec-
trode in samples that excluded abTyr or replaced phenol-AuNPs with methoxy-AuNPs 
(the second and third lanes of each gel in Figure 3). In the presence of abTyr, however, 
phenol-AuNPs moved towards the positive electrode (the first lane of each gel in Figure 
3). Upon Coomassie staining, AuNPs only stained blue when both phenol-AuNPs and ab-
Tyr were included in the coupling reaction, indicating successful protein conjugation. We 
also observed that the mobility of protein-AuNP conjugates was affected by the identity of 
the protein. Proteins with greater electrophoretic mobility resulted in greater movement of 
phenol-AuNPs. In contrast, there were no changes in electrophoretic mobility for controls 
with added protein but lacking abTyr. The lack of staining in negative controls confirmed 
that no proteins were adsorbed non-specifically to the phenol-AuNPs. We also character-
ized the conjugated AuNPs via UV-vis spectroscopy but did not observe strong shifts in 
the absorption wavelength. This is likely due to the 5k ligand shielding the AuNP surfaces 
and preventing significant changes in the refractive index upon conjugation of proteins.

 The oxidative coupling reactions for the protein screen and following experiments 
were carried out for 2 h to ensure completion, but a more detailed study with pro-sfGFP 
revealed that the reactions were complete in as little as 30 min (Figure S2). We also found 
that the extent of phenol oxidation can be tuned by the concentration of abTyr. While the 
majority of these reactions were carried out with 200 nM abTyr, we also tried 20 nM and 5 
µM abTyr. Higher concentrations of abTyr resulted in an increase in AuNP electrophoretic 
mobility and a less pronounced band of uncoupled protein, indicating a greater extent of 
protein conjugation (Figure S2). As an additional advantage of this approach for AuNP 
bioconjugation, we have found that phenol-AuNPs can be stored for at least several 
months at 4 °C and still be enzymatically activated to form biomolecule conjugates. This 
highlights how the phenol-AuNPs are stable in solution for long periods of time, allowing 
convenient coupling when desired.
 
 To verify that protein structure 
is maintained upon immobilization, we 
carried out an activity assay of immobi-
lized aldolase versus aldolase in solution 
(Figure 4). Final aldolase concentrations 
were reduced to 500 nM (1.25 eq com-
pared to AuNPs) to ensure that all aldo-
lase was coupled to phenol-AuNPs in the 
presence of abTyr. Immobilized aldolase 
remained active, but activity was reduced 
compared to soluble aldolase. While en-
zymes immobilized on AuNPs can exhibit 
retained or even enhanced activity,39,40 it is 
not uncommon to observe reduced activi-
ty. For example, 40–50% activity loss has 
been reported for alcohol dehydrogenase 

Figure 4. Activity assay of immobilized aldolase. Immobilized 
aldolase (blue) displayed reduced activity as compared to aldolase 
in solution with phenol-AuNPs but no tyrosinase (abTyr) (green) 
and aldolase in solution with methoxy-AuNPs and abTyr (purple). 
Reduced activity is likely due to active site obstruction from 
immobilization rather than mis-folding. Oxidative coupling 
reactions were carried out with 400 nM AuNPs, 500 nM aldolase, 
and 200 nM abTyr.
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immobilized on metal nanoparticles,41 and the activity of immobilized glucose oxidase can 
be reduced by two to three orders of magnitude, possibly due to hindered active sites.39 
Because aldolase immobilized through oxidative coupling remained active, the reduction 
in activity is likely due to obstruction of one or more of the four active sites rather than 
destruction of protein secondary structure. 

 We were also interested in exploring small molecule functionalization of phe-
nol-AuNPs. To this end, we functionalized biotin with an aniline moiety and oxidative-
ly coupled it to phenol-AuNPs (Figure 5). To verify conjugation, we incubated the bio-
tin-AuNPs with streptavidin. When allowed to settle overnight, the AuNPs formed large 
assemblies (visible by eye, Figure 5C) only when both abTyr and phenol-AuNPs were 

Figure 5. Coupling of aniline-biotin to phenol-AuNPs. (A) Aniline-biotin was synthesized and oxidatively coupled to 
phenol-AuNPs, followed by incubation with Texas red-labeled streptavidin to verify success of oxidative coupling. Reactions were 
carried out with 400 nM AuNPs, 200 nM tyosinase (abTyr), 10 μM biotin, and 5 μM streptavidin. (B) Agarose gel electrophoresis 
revealed quenching of Texas red when streptavidin was incubated with phenol-AuNPs that were exposed to abTyr during the biotin 
oxidative coupling reactions. This is likely from proximity-based quenching, present only when streptavidin is binding 
immobilized biotin. Lack of AuNP mobility is likely the result of large assembly formations, as discussed in part C. (C) After 
overnight incubation, large assemblies of AuNPs were observed only when both phenol-AuNPs and abTyr were present in the 
biotin oxidative coupling reactions, followed by streptavidin addition. (D) Large assembly formation is presumably due to 
streptavidin binding immobilized biotin on adjacent AuNPs. While this cartoon shows binding of only two AuNPs, a single 
streptavidin protein could bind up to four AuNPs.
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present during the initial biotin oxidative 
coupling reaction. These assemblies 
were formed through streptavidin binding 
of biotin on adjacent AuNPs (Figure 5D) 
and verify success of small molecule oxi-
dative coupling.

While these experiments were car-
ried out with 10 µM aniline-biotin during 
the oxidative coupling reaction, we also 
explored lower concentrations of biotin 
(0.5, 1, and 5 µM). In these studies, the 
streptavidin concentration was increased 
from 5 µM to 20 µM to ensure depen-
dence of assembly formation on biotin 
concentration. Assembly formation was 
only observed at 5 and 10 µM, with a 
higher degree of assembly formation oc-
curring at 10 µM aniline-biotin (based on 
visual observation). It is likely that strepta-
vidin binding still occurred at the lower bi-
otin concentrations, but larger assemblies 
were prevented from forming due to low 
density of biotin on the AuNP surfaces. 

3.2.3 Oxidative Coupling of DNA to Phe-
nol-AuNPs

DNA-AuNP conjugates have a wide 
variety of applications ranging from use in 
nanomechanical devices and computing 
systems to biosensing and calorimetric 
detection.42 Because of this, DNA attach-
ment to AuNPs has been the focus of 
many research groups over the years.43–48 
Thus, we were interested in applying the 
enzymatic oxidative coupling method to 
construction of DNA-AuNP conjugates 
(Figure 6A). For proof-of-concept studies, 
we purchased a 20-nt thiol-DNA strand 
with a sequence that our lab previously 
used to immobilize cells on gold elec-
trodes.32 Reactions were run with 400 nM 
AuNPs and 20 to 80 µM DNA and were 
monitored with native gel electrophoresis, 

Figure 6. DNA conjugation to phenol-AuNPs and characterization 
by gel electrophoresis and DLS. (A) Commercially available 
thiol-DNA was conjugated to phenol-AuNPs. (B) Native agarose 
gel electrophoresis demonstrated that conjugation was successful 
over a range of thiol-DNA concentrations. The AuNP 
concentration was 400 nM. (C) DLS of DNA-AuNP conjugates 
revealed that oxidative coupling caused an increase in AuNP 
diameter only when phenol AuNPs were used in the presence of 
thiol-DNA and tyrosinase (abTyr, 200 nM). Lower concentrations 
of DNA exhibited a less dramatic shift in size. (D) Success of 
oxidative coupling was further confirmed by subsequent 
hybridization to 40-nt complementary DNA. Significant increases 
in size were only observed when the initial oxidative coupling 
reaction included both coupling partners and abTyr. 
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which demonstrated that DNA conjugation was successful over the entire range of tested 
DNA concentrations. We also observed a concentration dependent effect on the electro-
phoretic mobility of DNA-AuNP conjugates (Figure 6B), which could be useful for tuning 
the surface density of DNA on the AuNPs. As previously noted, phenol-AuNPs undergo a 
change in electrophoretic mobility when exposed to abTyr (Figure 6B, lane 1), which does 
not occur when phenol-AuNPs are exposed to DNA in the absence of abTyr (Figure 6B, 
lane 6). This change upon exposure to abTyr is presumably due to a change in surface 
chemistry from phenols to ortho-quinones upon oxidation by abTyr.

 When analyzing the conjugates by DLS, a significant size increase was observed 
for the two highest DNA concentrations of 
60 and 80 µM (Figure 6C). DLS did not 
reveal a significant size increase for the 
20 and 40 µM concentrations of DNA. 
However, subsequent hybridization of a 
40-nt palindromic complementary DNA 
strand revealed a ~10 nm increase in size 
for all phenol-AuNPs that were previous-
ly exposed to both abTyr and thiol-DNA; 
all negative controls exhibited no size in-
creases (Figure 6D). This both confirmed 
DNA conjugation under oxidative coupling 
conditions and verified that the conjugat-
ed DNA remained functional.

 In many direct DNA attachment 
methods, DNA is added at 300 eq rela-
tive to ~13 nm AuNPs (at 10 nM), yield-
ing AuNPs with roughly 120 DNA strands 
per AuNP.11,49 This dense functionaliza-
tion is critical for stabilizing AuNPs in the 
presence of high salt concentrations. In 
our studies, 50 eq of DNA (20 µM) was 
enough to produce clearly functionalized 
AuNPs (Figure 6). Equivalents as low as 
15 also demonstrated functionalization, 
as determined by gel electrophoresis 
(Figure S3). Because phenol-AuNPs are 
already stable in salt concentrations up 
to 1 M (Figure S1), our functionalization 
method allows stable DNA-AuNPs to be 
formed with fewer strands of DNA. 

  To quantify the number of DNA 
strands per AuNP, we dissolved purified 

Figure 7. Quantification of DNA conjugated to phenol-AuNPs 
(400 nM). (A) DNA quantification revealed that up to 14 strands of 
DNA can be oxidatively coupled to phenol-AuNPs in the presence 
of tyrosinase (abTyr) (blue) and that the number of conjugated 
DNA strands can be tuned by changing DNA concentration during 
oxidative coupling. Minimal background adsorption was observed 
in the absence of abTyr (green) and the absence of phenols 
(purple). All oxidative coupling reactions were carried out with 
400 nM AuNPs and 200 nM abTyr. Error bars are from triplicate 
measurements of a single experiment. (B) The samples used for 
quantifying DNA per AuNP were also analyzed by DLS. The 
diameter of DNA-AuNPs increased as the number of DNA strands 
per AuNP increased. (C) Analysis by gel electrophoresis with an 
agarose gel containing SYBR Safe stain revealed fluorescent 
bands for DNA-AuNP samples with relatively high numbers of 
conjugated DNA strand.
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DNA-AuNPs in potassium cyanide and then quantified the resulting DNA with an Oli-
Green ssDNA stain. In oxidative coupling reactions carried out with 10, 50, or 200 eq of 
thiol-DNA, we found that phenol-AuNPs can be functionalized with 2 to 14 strands of DNA 
per AuNP (Figure 7A). This is comparable to the literature, which reports ~13 strands of 
DNA per AuNP (5 nm) when generating DNA-AuNPs through direct attachment of 8-nt 
thiol-DNA.50 We also found that a brief incubation in 300 mM sodium chloride (NaCl), 
followed by several washes with 150 mM NaCl, helped reduce nonspecific adsorption 
of DNA, although some background adsorption was still observed during quantification 
(Figure 7A). Incubation and washing with NaCl also helped facilitate extended radial ori-
entation of the conjugated strands, which allowed lower DNA eq to be detected by DLS 
without the need for secondary hybridization (Figure 7B). Higher DNA concentrations 
during oxidative coupling yielded AuNPs with a larger diameter. We also found that add-
ing SYBR Safe stain to agarose gels used for electrophoretic characterization allowed for 
visualization of DNA-AuNPs under UV light (Figure 7C).

 Many literature methods use 13 nm AuNPs at a concentration of 10 nM, and thus 
we wanted to test if the enzymatic method was still effective at low AuNP concentrations. 
We found that the approach still produced DNA-AuNP conjugates at AuNP concentrations 
of 40 nM and DNA eq of 10, 50, and 200 (Figure S4). However, DNA loading capacity was 
reduced compared to reactions with 400 nM AuNPs, and lower concentrations were more 
difficult to analyze by electrophoresis and DLS. To maximize efficiency, we recommend 
running AuNP oxidative coupling reactions with 400 nM phenol-AuNPs (5 nm) and 50 to 
200 eq thiol-DNA. For larger AuNPs, efficient coupling can likely be achieved with lower 
AuNP concentrations, although DNA eq may need to be increased due to higher surface 
area.

 The salt-aging method pioneered by Mirkin and co-workers relies on high con-
centrations of NaCl to shield negatively charged DNA strands and overcome charge re-
pulsion that can minimize the number of strands immobilized. Thus we were curious if 
including NaCl during the oxidative coupling reaction would increase the number of DNA 
strands per AuNP. We tested NaCl concentrations of 100 and 300 mM but did not observe 
an effect on final DNA density. This is consistent with the ability of oxidative coupling to 
produce DNA-AuNP conjugates with relatively low DNA densities. These lower densities 
likely reduce the effect of charge repulsion between neighboring DNA strands.

 While already established methods for generating DNA-AuNPs are highly effec-
tive, our enzymatic approach is an important addition to this toolbox due to the quick re-
action times, enzymatic control, and ability to produce low density yet stable DNA-AuNP 
conjugates.

3.2.4 Oxidative Coupling of an Aniline-Containing Multivalent Protein Assembly

 One key feature of the solution-based oxidative coupling reaction is its efficacy 
with both natural and artificial amino acids. Thus, we next explored AuNP conjugation to 
a modified tobacco mosaic viral capsid protein (TMV) with an engineered aniline residue 

45



(Figure 8A). The choice of this coupling partner was two-fold. First, it allowed us to inves-
tigate noncanonical amino acid oxidative coupling in the context of AuNP bioconjugation. 
Second, it confirmed the compatibility of the AuNP oxidative coupling reaction with multi-
valent protein assemblies.

Figure 8. TMV conjugation to phenol-AuNPs. (A) TMV with an engineered aniline residue (cpTMV-S65pAF) was conjugated to 
phenol-AuNPs. (B) Native agarose gel electrophoresis demonstrated that conjugation was successful over a range of 
cpTMV-S65pAF concentrations. TMV with no engineered aniline residue (cpTMV) did not couple (far right lane of gel). Reactions 
were carried out with 400 nM AuNPs. (C) DLS confirmed that no conjugation occurred in the absence of tyrosinase (abTyr), 
absence of phenol-AuNPs, or absence of aniline-containing cpTMV. cpTMV-AuNP conjugates were only formed when 
phenol-AuNPs, cpTMV-S65pAF, and abTyr were present, and the conjugates could produce large arrays through multiple 
couplings to a single cpTMV-S65pAF assembly. (D) Oregon Green 488 (OG488) maleimide was conjugated to cpTMV-S65pAF 
with an engineered cysteine residue at a position on the external surface of the cpTMV disks (cpTMV-S23C-S65pAF; see Figures 
S5, S6A, and S6B). The resulting cpTMV-S23C-S65pAF-OG488 proteins were coupled to phenol-AuNPs and analyzed by native 
gel electrophoresis and fluorometry. Both characterization techniques revealed quenching of OG488 when cpTMV- 
S23C-S65pAF-OG488 was conjugated to AuNPs. Note that each cpTMV-S23C-S65pAF-OG488 assembly exhibited 34 aniline 
moieties and 34 OG488 dye molecules. Oxidative couplings were carried out with 0.2 μM (in capsid) TMV for both (C) and (D). 
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 The coat protein of TMV is composed of 34 monomers and, once assembled, 
forms a disk-like structure (Figure S5) that mimics the morphology of some natural light 
harvesting complexes (LHCs).51,52 Our lab has worked extensively with a circular permu-
tant of TMV (cpTMV), which is stable under a wide variety of conditions and tolerant to 
mutations, unlike most naturally occurring LHCs.52–54 In the past, we have installed chro-
mophores at specific locations on genetically modified cpTMV coat proteins and used the 
resulting assemblies to explore how energy transfer efficiency is achieved in LHCs on a 
molecular level.51 The overall goal of this work is to develop elements that can increase 
the efficiency of artificial light-harvesting systems. The tunability of the cpTMV-chromo-
phore scaffold allows us to study the effects of small changes in the protein or chromo-
phore on light harvesting and also allows site-specific, covalent attachment of energy 
donors or acceptors, such as AuNPs.

 To enable participation in oxidative coupling, we used a variant of cpTMV (cpT-
MV-S65pAF) that exhibits an engineered p-amino-L-phenylalanine (pAF) residue on each 
of the 34 monomer proteins. The pAF residue was introduced using amber codon sup-
pression.53,55 We began with a protein concentration screen to determine the average 
number of cpTMV-S65pAF capsids that could be immobilized on each AuNP (Figure 8B). 
Reactions included 400 nM phenol-AuNPs and 0.1 to 0.5 µM cpTMV-S65pAF (based 
on protein disk concentration; 3.4 to 17 µM in monomer). Complete conjugation was ob-
served at concentrations of 0.1 and 0.2 µM cpTMV-S65pAF. At higher concentrations, a 
small amount of cpTMV-S65pAF remained unconjugated. Complete conjugation of 0.2 
µM cpTMV-S65pAF corresponded to an average loading of 0.5 cpTMV-S65pAF assem-
blies per AuNP. No cpTMV-S65pAF was conjugated in the absence of abTyr, absence of 
phenols, or when cpTMV lacked the engineered aniline residue (last lane in Figure 8B). 

 Because 0.2 µM cpTMV-S65pAF gave complete conjugation by agarose gel elec-
trophoresis analysis, we used this sample for additional spectroscopic characterization. 
DLS again confirmed that coupling occurred only when abTyr and both coupling partners 
were included (Figure 8C). DLS also revealed an inconsistent increase in size when cpT-
MV-S65pAF was conjugated to phenol-AuNPs (bottom trace, Figure 8C). This variation in 
size was confirmed with TEM, which showed instances of both single phenol-AuNPs con-
jugated to cpTMV-S65pAF capsids and AuNP assemblies in which multiple AuNPs were 
linked together with cpTMV-S65pAF capsids (Figure 9). Because there are 34 aniline res-
idues on each cpTMV-S65pAF capsid, multiple couplings on a single capsid are possible. 
The ability to make larger assemblies of cpTMV disks opens avenues for studying energy 
transfer between individual assemblies, which could lead to a better understanding of 
energy transfer between LHCs in nature.

 Previously, our lab encapsulated AuNPs in spherical viral capsids and observed 
fluorescent enhancement of dyes immobilized on the surfaces of the capsids.56 Building 
on this work, we next explored energy transfer interactions between AuNPs and dyes 
conjugated to the surface of cpTMV. Evidence of energy transfer (either via enhancement 
or quenching) in our cpTMV-AuNP system could lay the groundwork for developing hybrid 
systems with natural or synthetic chromophores that exhibit enhanced light harvesting.
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 Dye conjugation was enabled by employing a variant of cpTMV-S65pAF that ex-
hibits a point mutation from serine to cysteine at position 23 (cpTMV-S23C-S65pAF), 
which is on the external surface of the disk (Figure S5). This cysteine was used to attach 
Oregon Green 488 maleimide to the TMV capsids (Figure S6A and S6B). The cpTMV-
S23C-S65pAF-OG488 conjugate was then exposed to abTyr and phenol-AuNPs. Na-
tive agarose gel electrophoresis demonstrated successful conjugation and a possible 
quenching of the fluorophore relative to a negative control in which cpTMV-S23C-S65pAF 
was not conjugated to the AuNPs (Figure 8D). Quenching was confirmed by fluorescence 

Figure 9. TEM analysis of cpTMV-AuNP conjugates. TEM suggested that no conjugation occurred in (A) the absence of tyrosinase 
(abTyr), (B) the absence of phenol groups, or (C) the absence of aniline-containing cpTMV. (D) cpTMV-AuNP conjugates were 
only formed when phenol-AuNPs, cpTMV-S65pAF, and tyrosinase were all present. Large arrays could be produced through 
multiple oxidative coupling reactions on a single cpTMV-S65pAF assembly.
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spectroscopy, which revealed a 33% decrease in fluorescence intensity. A similar result 
was obtained with a cpTMV-S65pAF variant exhibiting a point mutation from glutamine 
to cysteine at position 101 (cpTMV-S65pAF-Q101C, Figures S6C, S6D, and S7), which 
is within the internal cavity between the disks. These results confirm energy transfer be-
tween AuNPs and the fluorophores on cpTMV-S65pAF. We suspect that the extent of 
quenching or even enhancement of fluorescence can be tuned by adjusting the distance 
between AuNPs and cpTMV-S23C-S65pAF-OG488 (or cpTMV-S65pAF-Q101C-OG488). 
For LH2, maximum fluorescence enhancement from 5 nm AuNPs is observed at a dis-
tance of roughly 12.5 nm between LH2 and AuNPs.10 By DLS, the PEG5k ligand increas-
es the AuNP radius by ~6 nm. Thus, a longer linker for the phenol ligand may be required 
to observe a fluorescence enhancement or a reduction in quenching. In future studies, 
we will investigate the impact of linker length on energy transfer in our cpTMV-AuNP sys-
tems.

 To begin exploring linker length, we synthesized a thiol-PEG10k-phenol ligand in 
a manner analogous to the thiol-PEG5K-phenol ligand. We then used the PEG10k ligand 
to generate phenol monolayer on AuNPs. DLS and gel electrophoresis confirmed mono-
layer formation, although, interestingly, the size and electrophoretic mobility were nearly 
identical to what was observed with the PEG5k ligand. The phenol-10k-AuNPs were then 
exposed to the oxidative coupling reaction with cpTMV-S65pAF and abTyr and were an-
alyzed by gel electrophoresis (Figure S8). Conjugation was observed, but the extent of 
coupling was lower than observed for the phenol-5k-AuNPs. While we are unsure of the 
cause, it is possible that the longer linker caused the phenols to “sink” into the PEG layer, 
rendering the phenols less exposed and less amenable to oxidation by abTyr. Additionally 
characterization of the PEG10k ligand by NMR (Figure S13) suggested that coupling of 
tyramine to the PEG ligand did not proceed to completion, which may have also limited 
coupling efficiency during the oxidative coupling reaction. 

3.3 Conclusion and Future Outlook

 Herein we present, to our knowledge, the first method for constructing biomole-
cule-AuNP conjugates via direct enzymatic activation of AuNP surfaces. AuNPs are first 
functionalized with phenol monolayers, which stabilize the particles by preventing ag-
gregation and blocking non-specific adsorption of biomolecules. Once desired, the func-
tionalized AuNPs can be enzymatically activated, and a biomolecule or small molecule 
of choice can be tethered to the AuNPs within 2 h. The site-specific oxidative coupling 
strategy described here is compatible with both DNA and proteins containing a wide va-
riety of functional handles, including accessible N-terminal proline, aniline, and thiol res-
idues. This makes the approach a versatile, one-stop method for the quick and efficient 
construction of biomolecule-AuNP conjugates. Given the increasingly important role of 
biomolecule-AuNP conjugates in lateral flow assays, photothermal therapy, and drug de-
livery, this enzymatic oxidative coupling approach has the capacity to improve biomole-
cule-AuNP synthesis across a wide range of applications.
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3.4 Materials and Methods

General methods and instrumentation

Unless noted otherwise, all reagents were obtained from commercial sources and used 
without further purification. Amine-PEG5k-valeric acid was purchased from Laysan Bio 
(Arab, AL). Amine-PEG10k-valeric acid was purchased from Creative Pegworks (Durham 
County, NC). Tyrosinase isolated from Agaricus bisporus (abTyr), aldolase isolated from 
rabbit muscle, glyceraldehyde-3-phosphate dehydrogenase from rabbit muscle (GAPDH), 
fructose 1,6-bisphosphate (FBP), all DNA sequences, bis(p-sulfonatophenyl)phenylphos-
phine dihydrate dipotassium salt (BSPP), poly(ethylene glycol) methyl ether thiol (aver-
age Mn = 2,000, thiol-PEG2k-methoxy), potassium cyanide (KCN), lipoic acid, aniline, 
tropolone, tyramine, and 4-(2-aminoethyl)aniline were purchased from Sigma-Aldrich (St. 
Louis, MO). Texas Red streptavidin conjugate, EZ-Link NHS-PEG4-biotin, Oregon Green 
488 maleimide, and Quant-iT OliGreen ssDNA Assay Kit were purchased from Thermo 
Fisher (Waltham, MA). Unconjugated gold colloids (AuNPs, 5 nm) were purchased from 
Ted Pella, Inc. (Redding, CA). Pro-sfGFP28 and sfGFP-Y200C34 were expressed and puri-
fied as previously reported. NAD+ and spin concentrators with 10 and 100 kDa molecular 
weight cutoffs (MWCO) were purchased from EMD Millipore (Billerica, MA). Doubly dis-
tilled water (ddH2O) was obtained from a Millipore purification system. 

UV-vis Spectroscopy. Concentrations of AuNP solutions were determined with a Thermo 
Scientific Nanodrop 1000.

Gel Analyses. Native agarose gel electrophoresis was carried out with 1% agarose gels 
and 1x TBE buffer. Prior to loading, samples were mixed with 50% glycerol in a ratio of 
2:1 sample:50% glycerol. Gels were run at 60 V for either 60 or 90 min. Protein gels were 
stained with Coomassie Brilliant Blue. For imaging (both with and without stain), gels 
were placed on a white gel tray and imaged in a light box with an iPhone 8. Gels contain-
ing SYBR Safe stain (6 µL added to 60 mL gels)  were imaged under UV light in a Bio-Rad 
Gel Doc EZ System.

Dynamic Light Scattering. DLS measurements were carried out with a Malvern Panalyti-
cal Zetasizer Nano ZS. Measurements were taken in triplicate at AuNP concentrations of 
5–10 nM in ddH2O or protein concentrations of 0.2–1.0 mg/mL in 10 mM sodium phos-
phate buffer, pH 7.2, at 25 °C.

Transmission Electron Microscopy. TEM analysis of cpTMV-AuNP conjugates and cpT-
MV mutants was carried out at the Berkeley Electron Microscopy Lab with an FEI Tecnai 
12 transmission electron microscope with 100 kV accelerating voltage. Samples were 
prepared for analysis by applying analyte solution (5 µL of 150 nM cpTMV-AuNPs in 20 
mM sodium phosphate buffer at pH 6.5 or 5 µL of 0.2–1 mg/mL cpTMV in 10 mM sodium 
phosphate buffer at pH 7.2) to carbon-coated copper grids for 2 min. For cpTMV-AuNPs, 
sample application was followed by rinsing in 3x10 µL of ddH2O and then staining with 5 
µL 1% aqueous uranyl acetate; samples were left in the stain for 1 min. For characteriza-
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tion of cpTMV mutants, sample application was followed by rinsing in 4x10 µL droplets of 
1% aqueous uranyl acetate; samples were left in the final droplet for 1 min. 

Fluorometry. Fluorescence measurements were obtained with a Fluoromax-4 Spectroflu-
orometer (HORIBA Scientific). Samples were excited at 485 nm with a 5 nm window and 
emission was monitored from 500 to 700 nm.

NMR. 1H spectra were recorded on either a Bruker AV-300 (300 MHz) or a Bruker AV-600 
(600 MHz) spectrometer.

Electrospray Ionization Time of Flight Liquid Chromatography Mass Spectrometry (ESI-
TOF LC-MS). Acetonitrile (Optima grade, 99.9%, Fisher, Waltham, MA), formic acid (1 mL 
ampules, 99+%, Pierce, Rockford, IL), and water purified to a resistivity of 18.2 MΩ·cm 
(at 25 °C) using a Milli-Q Gradient ultrapure water purification system (Millipore, Billeri-
ca, MA) were used to prepare mobile phase solvents for LC-MS. Electrospray ionization 
mass spectrometry (ESI-MS) of protein bioconjugates was performed using an Agilent 
1260 series liquid chromatograph outfitted with an Agilent 6224 time-of-flight (TOF) LC-
MS system (Santa Clara, CA). The LC was equipped with a Proswift RP-4H (monolithic 
phenyl, 1.0 mm × 50 mm, Dionex) analytical column. Solvent A was 99.9% water/0.1% 
formic acid and solvent B was 99.9% acetonitrile/0.1% formic acid (v/v). Each sample 
was prepared for analysis by desalting and spinning through an 0.22 µm cellulose ace-
tate centrifugal spin filter, and then 8 µL of 10 µM protein was injected onto the column. 
Following sample injection, a 5–100% B elution gradient was run at a flow rate of 0.30 
mL/min over 8 min. Data were collected and analyzed by deconvolution of the entire elu-
tion profile (using Agilent Mass Hunter Qualitative Analysis B.05.00) in order to provide 
reconstructed mass spectra that were representative of the entire sample. Spectra were 
analyzed with open source Chartograph software (www.chartograph.com). 

High Performance Liquid Chromatography (HPLC). HPLC was performed on an Agilent 
1100 Series HPLC System (Agilent, USA). Sample analysis for all HPLC experiments 
was achieved with an in-line diode array detector (DAD) and in-line fluorescence detector 
(FLD). Size exclusion chromatography (SEC) was performed using a Polysep-GFC-P-5000 
column (4.6 x 250 mm) (Phenomenex, USA) at 1 mL/min using a mobile phase of 10 mM 
sodium phosphate buffer at pH 7.2. 
 
Experimental procedures

Preparation of 5 nm BSPP-stabilized AuNPs.37 Bis(p-sulfonatophenyl)phenylphosphine 
(BSPP) was dissolved to 4 mg/mL in ddH2O. To every 1 mL of citrate-stabilized 5 nm 
AuNPs was added 100 µL of the BSPP solution. The solution was rotated end-over-end 
overnight at room temperature. The AuNPs were washed repeatedly with 1 mM aqueous 
BSPP in 30 kDa MWCO spin filters and concentrated 10-fold.

Preparation of phenol- and methoxy-AuNPs. A solution of concentrated 5 nm BSPP-stabi-
lized AuNPs was diluted 10-fold with an aqueous solution of the phenol- or methoxy-PEG5k 
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ligand (see synthetic procedures and general methods) and ddH2O, such that the final 
concentration of ligand was 1 mg/mL. The solution was rotated end-over-end overnight at 
room temperature. The AuNPs were washed with ddH2O in 100 kDa MWCO spin filters, 
concentrated 10-fold, and stored at 4 °C until use.

DTNB capping of aldolase. 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB, 2 mM final con-
centration) was combined with aldolase (100 µM) in 50 mM phosphate buffer at pH 8. 
The reaction was incubated at room temperature for 15 min (a bright yellow color was 
observed). The solution was spin concentrated with 10 kDa MWCO spin filters and 10 
mM phosphate buffer at pH 7.2 (4 spins total at 14,500 xg).

Oxidative coupling to prepare protein-AuNP conjugates. Phenol- or methoxy-AuNPs 
(400 nM final concentration, ϵ = 9.3x106 M-1cm-1) were combined with sfGFP-S200C, 
DTNB-capped aldolase, or pro-sfGFP (5 µM final concentration) and abTyr (200 nM final 
concentration) in 20 mM phosphate buffer at pH 6.5. The reaction was inverted end-over-
end at room temperature for 2 h and then quenched with aniline and tropolone (5 mM and 
1 mM final concentrations, respectively). Samples with sfGFP were spin concentrated 
with 100 kDa MWCO spin filters and ddH2O (two spins total at 7,000 xg). For native aga-
rose gel electrophoresis, gels were run for 60 min. 

Immobilized aldolase activity assay. Phenol- or methoxy-AuNPs (400 nM final concen-
tration, ϵ = 9.3x106 M-1cm-1) were combined with DTNB-capped aldolase (500 nM final 
concentration) and abTyr (200 nM final concentration) in 20 mM phosphate buffer at pH 
6.5. The reactions were inverted end-over-end at room temperature for 2 h and then 
quenched with aniline and tropolone (5 mM and 1 mM final concentrations, respectively). 
The activity of immobilized aldolase versus soluble aldolase was based on a protocol 
previously published.31 Briefly, aldolase-AuNPs (positive condition with phenol-AuNPs, 
DTNB-capped aldolase, and abTyr), phenol-AuNPs + DTNB-capped aldolase (negative 
control with no abTyr), methoxy-AuNPs + DTNB-capped aldolase + abTyr (negative con-
trol with no phenols), phenol-AuNPs + abTyr (negative control with no DTNB-capped al-
dolase), and methoxy-AuNPs (negative control with no phenols, DTNB-capped aldolase, 
or abTyr) were diluted (20 nM final concentration of aldolase for a 200 µL final volume) in 
assay buffer (20 mM phosphate buffer at pH 8.5). To this solution was added NAD+ (1 mM 
final concentration for a 200 µL final volume) and GAPDH (1.35 µM final concentration for 
a 200 µL final volume). Just before absorbance measurements, FBP was added to a final 
concentration of 100 µM, bringing the total volume of each sample to 200 µL in a 96-well 
plate. Immediately after adding FBP, the absorbance at 340 nm was measured every 2 
min for 5 h at 37 °C in a Tecan microplate reader. All samples were run in triplicate.

Preparation of streptavidin-biotin-AuNPs. Phenol- or methoxy-AuNPs (400 nM final con-
centration, ϵ = 9.3x106 M-1cm-1) were combined with biotin-PEG4-aniline (0.5, 1, 5, or 
10 µM final concentration), and abTyr (200 nM final concentration) in 20 mM phosphate 
buffer at pH 6.5. The reaction was inverted end-over-end at room temperature for 2 h 
and then quenched with aniline and tropolone (5 mM and 1 mM final concentrations, re-
spectively). Samples were spin concentrated with 100 kDa MWCO spin filters and ddH2O 
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(two spins total at 14,500 xg). Streptavidin (5 µM final concentration) was added, and the 
mixture was shaken at 37 °C for 1 h and then incubated at 4 °C overnight.

Reduction of thiol-DNA for conjugation to AuNPs. Thiol-DNA of the following sequence 
was used for all primary conjugation of DNA to AuNPs: [ThiC6]CCCTAGAGTGAGTCG-
TATGA. Before use, the DNA was reduced in ddH2O with TCEP (2 eq) for 2.5 h at room 
temperature. The reduced DNA was purified with a NAP-5 column and then lyophilized 
overnight.

Oxidative coupling to prepare DNA-AuNP conjugates. Phenol- or methoxy-AuNPs (400 
nM final concentration, ϵ = 9.3x106 M-1cm-1) were combined with reduced thiol-DNA (4, 20, 
40, 60, or 80 µM final concentration), and abTyr (200 nM final concentration) in 20 mM 
phosphate buffer at pH 6.5. The reaction was inverted end-over-end at room temperature 
for 2 h and then quenched with aniline and tropolone (5 mM and 1 mM final concentra-
tions, respectively). For native agarose gel electrophoresis, gels were run for 90 min. For 
DLS analysis, samples were first spin concentrated with 100 kDa MWCO spin filters and 
ddH2O (two spins total at 14,500 xg). For experiments with 40 nM AuNPs, final thiol-DNA 
concentrations were 0.4, 2, or 8 µM. These lower concentration experiments were con-
centrated with spin filters prior to analysis. For samples (both 40 nM and 400 nM) pre-
pared for DNA quantification: After quenching, NaCl was added to a final concentration of 
300 mM and samples were incubated end-over-end at room temperature for 30 min (to 
minimize background adsorption of DNA). Samples were then spin concentrated with 100 
kDa MWCO spin filters and ddH2O x1, 5 mM HEPES at pH 7.7 with 150 mM NaCl x2, and 
ddH2O x1 (all at 14,500 xg).

DNA hybridization. DNA of the following palindromic complementary sequence was 
used for hybridization to DNA-AuNPs: GGGATCTCACTCAGCATACTTCATACGACT-
CACTCTAGGG 
The above complementary DNA sequence was added to DNA-AuNPs at 10x the con-
centration of thiol-DNA used for preparation of the DNA-AuNPs (e.g. 200 µM of the com-
plementary stand was used for DNA-AuNPs that were prepared with 20 µM DNA). The 
samples were heated to 70 °C for 10 min and then allowed to sit at room temperature 
overnight before analysis by DLS.

DNA quantification. After preparing samples as described above, KCN (35 mM final con-
centration) was added to an aliquot of each sample and incubated overnight to dissolve 
the AuNPs. DNA released into solution was quantified with an OliGreen ssDNA Assay Kit 
(carried out in a 96-well plate format with triplicate measurements). The following DNA 
sequence was used to prepare the standard curve: CCCTAGAGTGAGTCGTATGA
To obtain the DNA/AuNP ratio, the concentration of DNA determined by the quantifica-
tion kit was divided by the concentration (as determined by UV-vis) of the purified DNA-
AuNPs.

Oxidative coupling to prepare cpTMV-AuNP conjugates. Phenol- or methoxy-AuNPs (400 
nM final concentration, ϵ = 9.3x106 M-1cm-1) were combined with cpTMV-S23C-S65pAF, 
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cpTMV, or cpTMV-S23C-S65pAF-OG488 (0.1, 0.2, 0.3, 0.4, or 0.5 µM final capsid con-
centration), and abTyr (200 nM final concentration) in 20 mM phosphate buffer at pH 
6.5. The reaction proceeded end-over-end at room temperature for 2 h and then was 
quenched with aniline and tropolone (5 mM and 1 mM final concentrations, respectively). 
For native agarose gel electrophoresis, gels were run for 60 min. cpTMV-AuNP conju-
gates were not purified prior to analysis by gel electrophoresis, DLS, or TEM.

Preparation of cpTMV-S23C-S65pAF-OG488 and cpTMV-S65pAF-Q101C-OG488. cpT-
MV-S23C-S65pAF (25 µM monomer) was combined with Oregon Green 488 maleimide 
(250 µM, 10 eq) in 40 mM phosphate buffer at pH 7. The reaction proceeded at 4 °C 
overnight. Excess dye was removed through spin concentration with 10 kDa MWCO spin 
filters. Successful conjugation was confirmed with ESI-TOF LC-MS. This procedure was 
repeated with cpTMV-S65pAF-Q101C. 

Preparation of cpTMV-AuNP conjugates for TEM. cpTMV-AuNP conjugates for TEM anal-
ysis were generated with 1.5 µM phenol- or methoxy-AuNPs and 0.75 µM cpTMV-S65pAF 
or cpTMV. All other conditions were the same as previously described.

Expression and purification of cpTMV mutants

Construction of cpTMV expression plasmids

pDule-para-aminoPhe (Addgene #85502)53 and pBad-sfGFP 150TAG (Addgene #85483)54 

plasmids were gifts from Ryan Mehl. 

The gene of the circular permutant of TMV (cpTMV) was produced using standard mo-
lecular biology techniques based on a gene for the coat protein of the TMV U1 strain op-
timized for the codon usage of E. coli (Genscript, Piscataway, NJ) as reported by Dedeo 
et al.52 The S23C and Q101C mutations were made as previously reported.53 The cpTMV 
gene was inserted into a pBad/myc-His A vector (pBad-sfGFP 150TAG) using a Gibson 
Assembly kit (New England Biotechnology, Ipswich, MA). Site-directed mutagenesis was 
performed using a PfuUltra II Fusion HS DNA Polymerase kit (Agilent, Santa Clara, CA). 
The following sets of primers were used for these mutations, where * represents the am-
ber codon TAG:

Excision of pBad/myc-His A entry vector from pBad-sfGFP 150TAG:
Sense: 5’ TAAAGCTCGAGATCTGCAGCT 3’
Antisense: 5’ CATGGTTAATTCCTCCTGTTAGC 3’

Insertion of cpTMV into pBad/myc-His A entry vector:
Sense: 5’ GCTAACAGGAGGAATTAACCATGGGCGCCAATCCGACCA 3’
Antisense: 5’ AGCTGCAGATCTCGAGCTTTACTGGTTTTCCACTTCAATGATAC 3’

S65*:
Sense: 5’ GGGCGAAGGCAGCTATTAGATTACCACCCCGAGCC 3’
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Antisense: 5’ GGGGTGGTAATCTAATAGCTGCCTTCGCCCGCC 3’

Protein expression and purification

The following conditions and general procedure for the production of p-amino-L-phenylal-
anine (pAF)-containing proteins are adapted from a previously published protocol,55 with 
minimal modifications. The pBAD-cpTMV-S65*, pBAD-cpTMV-S23C-S65* or pBAD-cpT-
MV-S65*-Q101C vectors with pDule-pAF were co-transformed into DH10B E. coli cells 
and plated on LB agar plates containing 50 µg/mL ampicillin and 12.5 µg/mL tetracycline. 
The resulting colonies were grown overnight in 10 mL of LB containing 50 µg/mL ampicil-
lin and 12.5 µg/mL tetracycline at 37 °C and then added to 1 L of arabinose media (recipe 
below). The 1 L culture was allowed to shake at 37 °C, 220 rpm, until it reached an OD600 
of 0.6–0.8. Then, 10 mL of a 100 mM solution of pAF in ddH2O was added to the growth 
medium to a final concentration of 1 mM (instructions for preparation of this solution are 
below). The culture was incubated at 37 °C, 220 rpm, for an additional 18 h. Cell pellets 
were collected at 8,000 rpm for 30 min, after which the supernatant was discarded, and 
the cell pellets were frozen at -20 °C until purification.

The purification of cpTMV proteins is based on a previously reported procedure55 with 
minimal modifications. After freezing, cell pellets were partially thawed and resuspended 
in 10 mL lysis buffer with 20 mM triethanolamine (TEA) at pH 7.2. Cells were lysed by 
sonication with a 2 s on, 4 s off cycle for a total of 10 min using a standard disruptor horn 
at 60% amplitude (Branson Ultrasonics, Danbury, CT). The resulting lysate was cleared 
at 14,000 rpm for 30 min. The supernatant was treated with 30 to 40% volume (3 to 4 
mL) of saturated ammonium sulfate and allowed to rotate for 10 min at 4 °C to allow for 
complete protein precipitation. The precipitated protein was collected at 11,000 rpm for 
30 min and resuspended in 10 mL of lysis buffer. Complete dissolution of the protein and 
removal of the residual ammonium sulfate was accomplished by performing dialysis in 1 
L of lysis buffer overnight with at least one buffer exchange. The resulting protein solution 
was treated with 5 µL benzonase nuclease (Millipore, Madison, WI) and 4 mg MgCl2 at 
room temperature for 30 min before the solution was centrifuged at 10,000 rpm for 10 
min. The resulting supernatant was filtered through a 0.22 µm filter and purified using a 
diethylaminoethanol (DEAE) Sepharose column with a 0 to 300 mM NaCl gradient elu-
tion in 20 mM TEA buffer at pH 7.2. The fractions containing cpTMV were further purified 
using a Sephacryl S-500 column in 10 mM sodium phosphate at pH 7.2 elution buffer. 
Pure fractions were collected and concentrated using Amicon Ultra 100 kDa MWCO cen-
trifugal concentrators. Purity was confirmed by SDS-PAGE and ESI-TOF LC-MS (Figure 
S9). The assembly state was confirmed by HPLC-SEC, DLS, and TEM (Figure S10). The 
assembly state was compared to a protein of known structure, cpTMV-S23C.52 Protein 
was flash frozen and stored indefinitely at -80 °C or stored for no longer than 2 weeks at 
4 °C without observed decomposition or change in assembly state.

Arabinose media (1 L, H2O)
40 mL 25x M salts (1.25 M Na2HPO4, 1.25 M KH2PO4, 2.5 M NH4Cl, 0.25 M Na2SO4; au-
toclaved)
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2 mL 1 M MgSO4 (autoclaved)
40 mL 5% (w/v) L-aspartate pH 7.5 (autoclaved)
20 ml 4 mg/mL L-leucine pH 7.5 (autoclaved)
2.4 mL 20% glucose (autoclaved)
853 mL ddH2O (autoclaved)
40 mL 18 amino acid solution at pH 7 (5 mg/mL of every natural L-amino acid, excluding 
tyrosine and cysteine; sterile filtered)
1 mL 1,000x heavy metal stock solution (sterile filtered)
1.25 mL 20% arabinose (sterile filtered)
12.5 mg tetracycline
50 mg ampicillin

1,000x heavy metal stock solution (1 L, 1 M HCl)
500 mg MoNa2O2·2H2O
250 mg CoCl2
175 mg CuSO4·5H2O
1 g MnSO4·H2O 
8.75 g MgSO4·7H2O 
1.25 g ZnSO4·7H2O 
1.25 g FeCl2·4H2O 
2.5 g CaCl2·2H2O 
1 g H3BO3

Solutions containing noncanonical amino acids were prepared no more than 1 h prior to 
addition to cell culture. pAF was dissolved in 8 mL ddH2O and adjusted to pH 7 using 2 M 
NaOH before the final solution volume was brought to 10 mL using ddH2O. The solution 
was then stored at 4 °C until use. 

DLS-determined particle diameters of cpTMV mutants (see Figure S9 and Figure S10 for 
additional characterization)

Sample Name Intensity Mean (nm) PDI Mean
cpTMV-S23C 20.7 ± 0.3 0.17 ± 0.02
cpTMV-S65pAF 19.0 ± 0.4 0.12 ± 0.01
cpTMV-S23C-S65pAF 20.4 ± 0.3 0.15 ± 0.01
cpTMV-S65pAF-Q101C 20.3 ± 0.3 0.22 ± 0.01

 
Synthetic procedures

Synthesis of lipoic acid-NHS (based on a previously reported procedure35). Lipoic acid 
(406 mg, 1 eq) and N-hydroxysuccinimide (NHS) (230 mg, 1 eq) were dissolved in 4 mL 
of dry DCM. Separately, N,N’-dicyclohexylcarbodiimide (DCC) (413 mg, 0.94 eq) was 
dissolved in 3 mL of dry DCM. The lipoic acid solution was added dropwise to the DCC 
solution, and the mixture was stirred on ice for 1 h. The reaction was then stirred at 4 °C 
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for 1 h, after which the stirring was stopped, and the mixture was left overnight at 4 °C. 
The next morning, the mixture was placed in a -20 °C freezer for 30 min. The solution 
was then filtered with a Buchner funnel, and the collected solid was washed with two 3 mL 
portions of DCM that were pre-cooled to -20 °C. The filtrate was collected and subjected 
to rotary evaporation. The resulting pale-yellow solid was confirmed by 1H NMR in CDCl3 
(see Figure S11).

Synthesis of lipoamide-PEG5k-valeric acid (based on a previously reported procedure35). 
Amine-PEG5k-valeric acid (100 mg, 1 eq) and lipoic acid-NHS (30 mg, 5 eq) were dis-
solved in 0.5 mL of dry DCM in a 4 mL vial. Triethylamine (27 µL, 10 eq) was added, and 
the reaction was stirred overnight at room temperature. The next morning, the reaction 
was concentrated under a gentle stream of nitrogen, and then 1 mL of ddH2O was added. 
The mixture was filtered through a 0.22 µm cellulose-acetate spin filter. To remove small 
molecules, the filtrate was repeatedly spin concentrated with ddH2O in a 3 kDa MWCO 
spin filter. The resulting product was lyophilized to afford a white solid product.

Synthesis of thiol-PEG5k-phenol. Lipoamide-PEG5k-valeric acid (30 mg, 1 eq), DCC 
(12.3 mg, 10 eq), and NHS (6.9 mg, 10 eq) were dissolved in 1 mL of dry DCM in a 4 mL 
vial and stirred for 1 h at room temperature. Tyramine (8.25 mg, 10 eq) was added, and 
the reaction was stirred overnight at room temperature. The next morning, the reaction 
was concentrated under a gentle stream of nitrogen, and then 1 mL of ddH2O was added. 
The mixture was filtered through a 0.22 µm cellulose-acetate spin filter. To remove small 
molecules, the filtrate was repeatedly spin concentrated with ddH2O in a 3 kDa MWCO 
spin filter. The resulting product was lyophilized to afford a white solid product that was 
confirmed by 1H NMR in CDCl3 (see Figure S12).

Synthesis of lipoamide-PEG10k-valeric acid and thiol-PEG10k-phenol. Synthesis was 
carried out analogous as to what is described above for the 5k ligand. However, amine-
PEG10k-valeric acid was used instead of amine-PEG5k-valeric acid during synthesis of 
lipoamide-PEG10k-valeric acid. Additionally, DIPEA (10 eq) was included when reacting 
NHS-activated valeric acid-PEG10k-lipoamide and tyramine. The final product was con-
firmed by 1H NMR in CDCl3 (see Figure S13).

Synthesis of biotin-PEG4-aniline. EZ-Link NHS-PEG4-biotin (44 mM, 1.1 eq) was com-
bined with 4-(2-aminoethyl)aniline (1 eq) in DMF. The mixture was rotated end-over-end 
overnight at room temperature. Formation of the product was confirmed with LC-MS. The 
solution was diluted to a concentration of 4.5 mM prior to use. QTOF-MS: m/z for C28H-
47N5O7S [M+H]+ 610.3, observed 610.3.
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3.6 Supplementary Figures

Figure S1. Characterization of phenol- and methoxy-AuNPs via a 
salt stability screen and electrophoresis. (A) Overnight incubation 
of AuNPs with various salt concentrations demonstrated that both 
methoxy and phenol monolayers prevented AuNPs from 
aggregating in the presence of high salt concentrations. In contrast, 
AuNPs that were stabilized only with BSPP aggregated as salt 
concentrations approached 0.5 M. (B) Native agarose gel 
elecetrophoresis demonstrated significant changes in 
electrophoretic mobility upon monolayer formation.
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Figure S3. Concentration screen with lower concentrations of 
DNA. Thiol-DNA of various concentrations was reacted with 
phenol-AuNPs (1.5 μM) and tyrosinase (abTyr, 200 nM). Despite 
shifts in mobility, DLS revealed no changes in size, likely due to 
conjugated DNA folding around the surface of AuNPs rather than 
being oriented radially.
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Figure S2. Screen of oxidative coupling reaction times and 
tyrosinase concentrations. Oxidative coupling reactions were used 
to conjugate pro-sfGFP to phenol-AuNPs with different reaction 
times and concentrations of tyrosinase (abTyr). Reactions were run 
with 5 μM pro-sfGFP and 400 nM phenol- or methoxy-AuNPs and 
were quenched with 5 mM aniline and 1 mM troplone. The sample 
in lane 10 was a negative control in which aniline was added at the 
same time as pro-sfGFP. As expected, the aniline reacted faster 
than pro-sfGFP, and no protein coupling was observed. The shift in 
AuNP mobility for this sample was due to oxidation of the surface 
phenols.
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Figure S4. Quantification of DNA conjugated to phenol-AuNPs 
(40 nM). (A) DNA quantification revealed that up to 8 strands of 
DNA can be oxidatively coupled to phenol-AuNPs in the presence 
of tyrosinase (abTyr) (blue) and that the number of conjugated 
DNA strands can be tuned by changing DNA concentration during 
oxidative coupling. Some background adsorption was observed in 
the absence of abTyr (green) and the absence of phenols (purple). 
All oxidative coupling reactions were carried out with 40 nM 
AuNPs and 200 nM abTyr. Error bars are from triplicate 
measurements of a single experiment. (B) The samples used for 
quantifying DNA strands per AuNP were also analyzed by DLS. 
While size increased upon conjugation to DNA (blue), variable 
measurements were produced, which is likely due to the low 
concentrations of AuNPs. (C) Mobility changes from analysis by 
gel electrophoresis confirmed conjugation, but analysis of the 
SYBR Safe stained gel  under UV was inconclusive, presumably 
due to low AuNP concentrations.
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Figure S5. The double disk structure of cpTMV. cpTMV assembles 
into two disks, each comprising 17 monomers, and displays C2 
symmetry. (A) The top-down view of cpTMV reveals the disk-like 
structure. A single monomer is shown in yellow. The surface S23C 
mutation site is highlighted in blue. (B) The side view of cpTMV 
shows the height of the double disk structure. (C) A cross-section of 
cpTMV highlights the mutation sites. The surface S23C mutation site 
is shown in blue, the inner cavity Q101C mutation site is shown in red, 
and the S65pAF mutation site is shown in green.
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Figure S6. cpTMV-S23C-S65pAF-OG488 and cpTMV-S65pAF-Q101C-OG488 characterization by ESI-TOF LC-MS. (A) 
Maleimide-thiol chemistry was used to label cpTMV-S23C-S65pAF with Oregon Green 488 (OG488). (B) Full conversion of 
cpTMV-S23C-S65pAF to cpTMV-S23C-S65pAF-OG488 was observed. (C) Maleimide-thiol chemistry was also used to label 
cpTMV-S65pAF-Q101C with OG488. (D) Almost full conversion of cpTMV-S65pAF-Q101C to cpTMV-S65pAF-Q101C-OG488 
was observed.  
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Figure S7. Fluorescent measurements of cpTMV-S65pAF 
-Q101C-OG488 conjugated to phenol-AuNPs. (A) Oregon Green 
488 (OG488) maleimide was conjugated to cpTMV-S65pAF 
-Q101C (cpTMV-S65pAF with an engineered cysteine residue on 
the internal surface of the disks; see Figures S8, S10C, and S10D). 
The resulting cpTMV-S65pAF-Q101C-OG488 proteins were 
oxidatively coupled to phenol-AuNPs in the presence of tyrosinase 
(abTyr) and analyzed by (B) native gel electrophoresis and (C) 
fluorometry. Both characterization techniques revealed quenching 
of OG488 when cpTMV-S65pAF-Q101C-OG488 was conjugated 
to the AuNPs. Slight quenching in the presence of 
methoxy-AuNPs and phenol-AuNPs with no abTyr was attributed 
to light scattering from AuNPs in solution. Each 
cpTMV-S65pAF-Q101C-OG488 assembly exhibited 34 aniline 
moieties and 34 OG488 dye molecules. Oxidative coupling was 
carried out with 400 nM AuNPs and 0.2 μM (in capsid) TMV. 
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Figure S8. Electrophoretic analysis of oxidative coupling  between 
phenol-10k-AuNPs and cpTMV-S65pAF. Phenol-AuNPs (400 nM) 
functionalized with a PEG10k monolayer were exposed to the 
oxidative coupling reaction with cpTMV-S65pAF (0.2 μM in capsid) 
and tyrosinase (abTyr, 200 nM). While conjugation was observed 
(lane 6), coupling efficiency was lower than when phenol-AuNPs 
were functionalized with a PEG5k monolayer (lane 3).
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Figure S9. Characterization of purified cpTMV-S65pAF, cpTMV- 
S23C-S65pAF, and cpTMV-S65pAF-Q101C. (A) Mass spectra for the 
purified proteins confirmed the expected masses. The Q101C mutant 
was predominantly present as a dimer due to disulfide formation 
between cysteines on neighboring monomers. (B) Gel electrophoresis 
of the purified proteins revealed successful purification.
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C

BA

Figure S10. Characterization of TMV protein assembly states. A) 
HPLC data of cpTMV-S65pAF, cpTMV-S23C-S65pAF, and 
cpTMV-S65pAF-Q101C revealed disk structures similar to those of 
cpTMV-S23C, a protein of known structure. A retention time of 8.5 
min indicated a double disk assembly state; the small peaks at 9.5 min 
indicated a small population of monomers. (B) Dynamic light 
scattering number percent data demonstrated consistent sizes between 
each cpTMV mutant and cpTMV-S23C, a protein of known double 
disk structure. The average diameter was calculated from intensity 
percent data from three replicates. (c) TEM images of cpTMV-S65pAF 
confirmed the double disk structure via top-down and side views of the 
disks.

A
28

0 (
no

rm
al

iz
ed

)

10
Retention time (min)

12 144 6 8

N
um

be
r P

er
ce

nt

0 10
Diameter (nm)

100 1000

50 nm 50 nm 50 nm

cpTMV-S23C

cpTMV-S65pAF

cpTMV-S23C

cpTMV-S23C-
S65pAF

cpTMV-S23C

cpTMV-S65pAF-
Q101C

d = 20.7 ± 0.3

d = 20.7 ± 0.3

d = 20.7 ± 0.3

d = 19.0 ± 0.4

d = 20.4 ± 0.3

d = 20.3 ± 0.3

cpTMV-S23C

cpTMV-S65pAF

cpTMV-S23C

cpTMV-S23C-
S65pAF

cpTMV-S23C

cpTMV-S65pAF-
Q101C

70



Figure S11. Characterization of lipoic acid-NHS via 1H NMR. 
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Figure S12. Characterization of thiol-PEG5k-phenol via 1H NMR. 
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Chapter 4

Oxidative Coupling as a New Method for Conjugating 
Small Molecules and Biomolecules to Cellulose

Abstract

Inexpensive and biodegradable biosensors are of high importance. Cellulose is a durable 
and readily available material that can enable development of such devices, but this ne-
cessitates effective strategies to immobilize biomolecules on cellulose-based platforms. 
In this chapter, several new methods are reported for functionalizing cellulose-based filter 
paper with aniline, catechol, and phenol functional groups. The functionalized cellulose 
was exposed to a variety of oxidative coupling reactions, including those mediated by 
an enzyme, to immobilize small molecules, fluorophores, proteins, and DNA. Depending 
on the type of functional cellulose employed, this reaction was compatible with catechol, 
aminophenol, phenol, proline, or aniline functional groups on the non-cellulose coupling 
partner. Oxidative coupling with small molecules was successfully demonstrated based 
on the formation of colored product. While further optimization is required, the oxidative 
coupling strategy has potential to also facilitate site-specific immobilization of proteins, 
which is an unmet need across a broad range of applications.

73



4.1 Introduction

 The Global Disposable Medical Sensors Market (GDMSM) has recently experi-
enced tremendous growth and is expected to continue growing over the next decade. In 
2016, the GDMSM was valued at roughly $5 billion and is predicted to reach over $12 
billion by 2025.1 This push towards the development of disposable sensors is driven, in 
large part, by the high demand for point-of-care diagnostics in the developing world and 
other resource-limited environments2 where there is a need for low-cost and easy-to-use 
alternatives to expensive diagnostic tests that require technical expertise. Disposable bio-
sensors often utilize solid platforms for immobilization of antibodies or other biomolecules 
that act as specific analyte recognition units. Common examples include pregnancy strip 
tests, which rely on lateral flow technology, and electrochemical blood glucose monitors.2 
A routine laboratory diagnostic that is based on biomolecule surface immobilization is the 
enzyme-linked immunosorbent assay (ELISA). 

One promising platform for biosen-
sors is cellulose, a material that is high-
ly abundant in a variety of purities and is 
inexpensive, biodegradable, and readily 
functionalized. Immobilization of biomol-
ecules on cellulose-based materials has 
already found applications in microfluidic 
diagnostic devices,3,4 lateral flow assays,5 
and paper-based ELISA for detection of 
E. coli.6 Cellulose, which compromises 
the structure of plant cell walls, is com-
posed of D-glucose molecules linked 
through β-1,4-glycosidic bonds. (Figure 
1A) The resulting chains of glucose are 
long and linear and interact through hy-
drogen bonds. This gives pure cellulose 
a crystalline structure, yielding a very du-
rable substance that is not readily broken 
down. In the human body, cellulose is 

considered an insoluble fiber because humans do not produce cellulase, an enzyme that 
hydrolyzes the β-1,4-glycosidic bonds, which is necessary to digest cellulose. In cows, 
horses, and other similar mammals, symbiotic bacteria produce cellulases, allowing many 
herbivores to break down the cellulose chains and digest green vegetation. 

 A variety of functionalization strategies are currently employed to immobilize bio-
molecules on cellulose. The glucose structure leads to a vast number of surface hydroxyl 
groups that are capable of being modified. Hydroxyl groups at position 5 on the glucose 
rings are most susceptible to chemical modification, although the 2,3-diol bond can also 
be oxidized to generate two aldehydes for subsequent modification. One of the most com-
mon methods for functionalizing cellulose with proteins is physical adsorption, which re-
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lies on electrostatic interactions between biomolecules (typically negatively charged) and 
the cellulose surface. While convenient and easy to carry out, this method suffers from 
reversibility. Up to 40% of antibodies can be desorbed from the cellulose surface,7 which 
limits efficiency and leads to non-reproducible results.8 Furthermore, adsorption can lead 
to surface aggregation of proteins and corresponding activity loss. A common covalent 
functionalization method is sodium periodate-mediated cleavage of 2,3-diol bonds, fol-
lowed by reductive alkylation with native lysine residues on proteins (Figure 1B).9 Another 
covalent strategy is TEMPO-mediated oxidation of surface hydroxyl groups to carboxylic 
acids, followed by EDC/NHS activation and coupling to native lysine residues (Figure 
1C).10 While reductive alkylation and EDC/NHS chemistries allow for covalent modifica-
tion of cellulose, they are not site-selective, which can lead to random orientation and 
reduction in native function. Thus there is a need for site-selective methods for function-
alizing cellulose with biomolecules. Such strategies are critical for the development of 
sensitive and accurate paper-based biosensors and diagnostics.

In this chapter, we highlight an ox-
idative coupling strategy (Figure 2) as a 
new method for modification of cellulose 
with a view towards covalent immobiliza-
tion of proteins and DNA. In the oxida-
tive coupling reaction, a phenol- or cate-
chol-based electrophilic coupling partner 
is oxidized to an ortho-quinoid intermedi-
ate that can undergo subsequent reaction 
with an amine-11-16 or thiol-based17 nucle-
ophile. The reactive o-quinoid intermedi-
ate can be accessed by one of a variety 
of oxidants, depending on the identity of 
the electrophilic coupling partner. This 
versatile chemistry has enabled the con-

struction of various bioconjugates that tether proteins, peptides, or nucleic acids to small 
molecules, other biomolecules, and even surfaces, such as glass18 and gold electrodes.19  
More recently, our lab has developed an enzymatic version of the oxidative coupling 
reaction that allows o-quinones to be accessed from water soluble and highly stable 
phenols.20 The enzyme, tyrosinase (abTyr), features a binuclear copper active site and is 
responsible for the formation of melanin. abTyr is isolated from the common button mush-
room, Agaricus bisporus, and is commercially available in its active form. Past work has 
demonstrated that abTyr can oxidize phenols on a variety of substrates, including small 
molecules, peptides, and proteins. Importantly, the enzymatic version of this reaction 
allows thiols to be used without competing side reaction pathways.17 Our lab has also 
demonstrated successful oxidative couplings with a smaller tyrosinase (35.5 kDa versus 
~120 kDa for abTyr) from Bacillus megaterium.21

 To enable oxidative coupling on cellulose surfaces, cellulose is first functionalized 
with aniline, which can undergo reaction with a variety of substrates bearing catechol, 

Figure 2. Oxidative coupling reactions. A variety of oxidants can 
be used to oxidize phenol based moieties to ortho-quinoid 
intermediates (green). These intermediates can undergo 
subsequent reactions with both amine- and thiol-based 
nucleophiles.
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aminophenol, or phenol functional groups. We demonstrate the successful attachment 
of small molecules and show preliminary results for conjugation of proteins and DNA. 
Several different methods for aniline functionalization are described, and in many cases, 
further optimization is needed to prevent background adsorption of biomolecules. In other 
cases, background adsorption is minimized, but effective coupling of biomolecules is not 
observed. Cellulose is also functionalized with catechols and phenols to enable oxidative 
coupling of substrates with aniline and proline functional groups. Small molecule oxidative 
coupling is demonstrated, but conjugation of biomolecules to catechol- or phenol-coated 
cellulose requires further optimization. 

4.2 Results and Discussion

4.2.1 Cellulose Activation with Tosyl Chloride

 There are a variety of cellulose substrates available for functionalization, includ-
ing both bulk materials and nanocrystals. However, we focused on paper as the cellu-
lose substrate due to the relevance in paper-based diagnostics and microfluidic devices.4 
Whatman No. 1 filter paper is a very durable paper that, being composed of almost pure 
cellulose (98%), contains little lignin and other impurities that could interfere with the 
oxidative coupling reaction. Additionally, this filter paper exhibits uniform thickness and 
wicking characteristics that make it highly amenable to functionalization.4 

 As noted in the introduction, previous work in the lab has demonstrated effec-
tive oxidative coupling on glass surfaces and gold electrodes. In the case of glass, 
azides were immobilized and then reduced to anilines, followed by potassium ferricya-
nide (K3Fe(CN)6)-mediated oxidative coupling to DNA functionalized with aminophenol 
groups.18 In the case of gold electrodes, catechols were immobilized and then electro-
chemically oxidized and coupled to aniline-functionalized DNA.19 The precise control over 
oxidation events allowed surface catechols to be oxidized concurrently. However, in solu-
tion, catechols exhibit limited stability due to air-induced oxidation, which can lead to 
self-reaction and subsequent polymerization if catechols are oxidized sequentially rather 
than simultaneously. This can cause significant complications in solution and also limits 
the feasibility of immobilizing catechols on surfaces. To avoid the inherent stability issues 
associated with catechols, we initially chose to functionalize cellulose with the nucleophil-
ic coupling partner. 

 We drew inspiration from a method for cellulose-based solid-phase peptide syn-
thesis that relies on activation of surface hydroxyls with tosyl chloride, followed by dis-
placement of the tosylates with aliphatic amine compounds.22 We chose to carry out a 
variation of this functionalization method by displacing surface tosylates with the aliphat-
ic amine of 4-(2-aminoethyl)aniline to generate aniline(TsCl)-cellulose (Figure 3A). The 
functionalized cellulose was characterized by FTIR spectroscopy, X-ray photo-electron 
spectroscopy (XPS), and elemental analysis (EA). In FTIR, N-H stretches are observed in 
the 3500 to 3300 cm-1 range while aromatic C=C stretches, N-H bends, and C-N stretches 
are found in the 1700 to 1280 cm-1 range. However, the FTIR spectra for aniline(TsCl)-cel-
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Figure 3. Generation and characterization of aniline(TsCl)-cellulose and amine(TsCl)-cellulose. (A) Cellulose was activated with 
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lulose revealed no new peaks in these regions when compared to unmodified cellulose 
(Figure 3B). This did not necessarily negate functionalization as IR radiation penetrates 
through the material rather than reflecting off the surface (unless carrying out analysis 
with attenuated total reflection FTIR). Thus the vast number of O-H bonds in the cellulose 
structure likely dampen the signal that would be observed from N-H and C=C bonds on 
the surface. Confirmation of functionalization was achieved through XPS and EA charac-
terization, which revealed nitrogen content of 0.3 to 0.4% for aniline(TsCl)-cellulose and 
<0.1% nitrogen (or undetected) for unmodified cellulose (Figure 3A and 3C). Similar to 
IR, the seemingly low percentage of nitrogen in aniline(TsCl)-cellulose is likely due to the 
high quantity of carbon, oxygen, and hydrogen in the cellulose structure.

 Having established the presence of nitrogen, we next sought to verify the orien-
tation of the aniline for samples treated with 4-(2-aminoethyl)aniline. In theory, 4-(2-am-
inoethyl)aniline could be immobilized through either the aromatic or the aliphatic amine 
(Figure 3D), although it was expected that the aliphatic amine would be more nucleo-
philic since the aromatic amine is in conjugation with the ring. To verify this hypothe-
sis, tosylate-activated cellulose was reacted with p-toluidine, and the resulting cellulose 
was characterized by EA. No nitrogen was detected, confirming that aromatic nitrogens 
are not nucleophilic enough to displace tosylates on cellulose. Furthermore, no product 
was observed when carrying out small molecule oxidative coupling (described in section 
4.2.2) on this cellulose sample.

 While aniline, proline, and thiol groups are most reactive in the oxidative coupling 
reaction, we have also observed participation from native lysine residues. Thus for com-
parison to aniline(TsCl)-cellulose, we also generated amine(TsCl)-cellulose by reacting 
tosylate-activated cellulose with ethylenediamine (Figure 3E). By EA, the nitrogen content 
of amine(TsCl)-cellulose was significantly higher than aniline(TsCl)-cellulose (1.09% vs. 
0.37%, respectively). The increase in nitrogen content in amine(TsCl)-cellulose relative 
to aniline(TsCl)-cellulose can be explained by the increased ratio of nitrogen in ethylene-
diamine versus 4-(2-aminoethyl)aniline. Ethylenediamine contains ~47% nitrogen while 
4-(2-aminoethyl)aniline contains ~21% nitrogen. Thus for equivalent functionalization, the 
nitrogen content of amine(TsCl)-cellulose would be expected to be 2.3x that of aniline(Ts-
Cl)-cellulose. Instead, amine(TsCl)-cellulose exhibited a nitrogen content of 2.8x that of 
aniline(TsCl)-cellulose. The slight increase in functionalization for amine(TsCl)-cellulose 
can be attributed to the reduced steric bulk of ethylenediamine compared to 4-(2-amino-
ethyl)aniline.

4.2.2 Small Molecule Oxidative Coupling on Aniline(TsCl)-Cellulose

 To test reactivity of the surface anilines, an oxidative coupling reaction was car-
ried out between the surface aniline (or aliphatic amine) and 4-methyl catechol in the 
presence of K3Fe(CN)6 as oxidant (Figure 4A and 4B). It has previously been observed 
that the oxidative coupling product with amine nucleophiles absorbs between 505 and 
525 nm, with the exact wavelength depending on the identity of the amine.15 Thus the 
oxidative coupling reaction between the surface anilines and 4-methyl catechol was char-
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acterized visually by monitoring the formation of colored product. In initial tests, aqueous 
4-methyl catechol and K3Fe(CN)6 were spotted with a pipet onto aniline(TsCl)-cellulose, 
and a light, pale pink product was observed. However, when the functionalized cellulose 
was incubated with 1 mM 4-methyl catechol and 6 mM K3Fe(CN)6 for 30 min, the product 
was deep red/brown (Figure 4C, top picture, fourth row). The darker color was associat-
ed with a higher density of product. Additionally, the color appeared within the first 1 to 2 
min, indicating that the reaction proceeded very rapidly. No product was observed when 
4-methyl catechol was applied in the absence of K3Fe(CN)6, confirming the importance of 
oxidation in facilitating the reaction. Application of 4-methyl catechol and K3Fe(CN)6 to pri-
mary amine(TsCl)-cellulose (Figure 4B) also produced product, but the color was orange 
rather than dark red/brown (Figure 4C, top picture, third row). Aniline nucleophiles pro-
duce a highly conjugated product, and this increase in conjugation relative to the product 
from aliphatic amine nucleophiles explains the color difference between the two products.  

 It should be noted that aniline(TsCl)-cellulose exposed only to K3Fe(CN)6 resulted 
in a light yellow color, even after extensive washing with water and buffers. The second-
ary amine linkage produced through tosylate displacement can become protonated at 
low pH, leading to a cationic surface that can electrostatically adsorb compounds. Ad-
ditionally, the aromatic ring of the aniline can result in pi-charge interactions. Both phe-
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nomena could lead to K3Fe(CN)6 adsorption, but pi-charge interactions likely contribute 
more strongly since background adsorption of K3Fe(CN)6 on amine(TsCl)-cellulose was 
minimal. In the case of aniline(TsCl)-cellulose, adsorption of K3Fe(CN)6 could be reversed 
by washing with 1 M NaOH, confirming electrostatic interactions. 

 Small molecule oxidative coupling on aniline(TsCl)-cellulose was also successful 
when mediated by abTyr (4 mol% or 200 nM, with comparable results for both) and 1 
mM p-cresol (Figure 4D). By visual characterization, abTyr-mediated oxidative coupling 
produced a similar quantity of product as when mediated by K3Fe(CN)6. The product was 
also slightly more brown than red, possibly due to lack of K3Fe(CN)6 adsorption. Interest-
ingly, the cellulose turned gray upon exposure to only abTyr (middle column). In addition 
to phenols, abTy can accept aniline moieties as substrates. Thus this result suggests that 
abTyr can oxidize surface anilines, which is non-trivial owing to the sterically hindered 
abTyr active site and short linker length between the aniline moieties and the cellulose 
surface. This exciting result paved the way for immobilization of phenols, as discussed in 
section 4.2.7.

 In addition to filter paper, both cotton balls and cotton twine are composed of high 
quantities of cellulose, and thus we also applied small molecule oxidative coupling to 
these materials. Like with filter paper, the cotton and twine substrates were activated with 
TsCl, and subsequent tosylate displacement was carried out with either 4-(2-aminoeth-
yl)aniline or ethylenediamine. Oxidative coupling on both aniline(TsCl)- and amine(Ts-
Cl)-cotton yielded a beige product only when in the presence of both 4-methyl catechol 
and K3Fe(CN)6 (Figure 4C, middle picture). The lighter color of product was attributed to 
the diffuse nature of the cotton ball structure. Oxidative coupling on aniline(TsCl)- and 
amine(TsCl)-twine generated a much denser product, likely because the cellulose strands 
are more tightly intertwined than in cotton balls. Interestingly, amine(TsCl)-cotton pro-
duced a red color that was distinct from the orange color observed with amine(TsCl)-cel-
lulose. This could be the result of impurities present in the twine. For example, lignin, a 
common impurity, is composed of methoxy phenols and other phenol-based residues that 
could participate in the oxidative coupling reaction.    

 With success of small molecule oxidative coupling, we envisioned the ability to 
print patterns on functionalized cellulose by localizing the oxidative coupling to specific lo-
cations on the surface. This could be particularly useful in the context of using aniline-cel-
lulose to develop a biosensor or immunoassay. To this end, we developed a method for 
blocking the oxidative coupling reaction in discrete places on the cellulose. Aniline(Ts-
Cl)-functionalized cellulose was spotted with acetic anhydride in 10% pyridine (Figure 
S1A), allowed to sit at RT for 1 min, and then washed. Upon exposing the same cellulose 
sample to the small molecule oxidative coupling reaction, product was produced only in 
locations that were not exposed to acetic anhydride (Figure S1B). This allows the po-
tential to generate discrete zones on cellulose and immobilize different biomolecules in 
specific locations on a single strip of cellulose. 

 We also wanted to explore the coupling of a fluorophore to aniline(TsCl)-cellulose. 
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To facilitate this, we synthesized phenol-rhodamine by reacting tyramine with a commer-
cially available NHS version of the fluorophore. This phenol dye was then oxidatively cou-
pled to aniline(TsCl)-cellulose in the presence of abTyr to generate rhodamine-cellulose 
(Figure 5A), which was characterized by visual observation and UV light. While there 
were distinct color differences for immobilized phenol-rhodamine when in the presence 
versus absence of abTyr, significant adsorption was observed in all samples that included 
rhodamine, even when unmodified cellulose was used (Figure 5B). This is not surprising 
as dye adsorption to cellulose is commonly reported in the literature as a method for re-
moving dye contaminants from solution. In fact, cellulose is often first functionalized with 
aliphatic amines to increase electrostatic interactions and enhance dye adsorption.23,24 
Thus it was difficult to attribute dye immobilization to oxidative coupling. 

4.2.3 Oxidative Coupling of Biomolecules to Aniline(TsCl)-Cellulose

 Having confirmed small molecule reactions, we next tested protein immobilization 
using a superfolder GFP (sfGFP)25 variant that exhibited an engineered tyrosine residue 
at position 64 and an engineered cysteine residue at position 208 (sfGFP-S64Y-S208C). 
Because thiols can participate as nucleophiles in the oxidative coupling reaction, the cys-
teine residue was capped with 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB) prior to oxida-
tive coupling. DTNB-capped sfGFP-S64Y-S208C (10 to 50 µM) was combined with abTyr 
in phosphate buffer at pH 6.5 and incubated with aniline(TsCl)-cellulose (Figure 6A), in 
addition to unmodified cellulose. After reaction and washing, the cellulose was visualized 
under UV light. Unfortunately, sfGFP was immobilized on aniline(TsCl)-cellulose even in 
the absence of abTyr (as evidenced by a strong fluorescent signal in both cases, Figure 
6B), and thus immobilization via oxidative coupling could not be confirmed. If tosylates 
were not completely displaced during initial cellulose functionalization, remaining tosylates 
could be displaced by native lysine residues on sfGFP, leading to covalent immobilization. 
Indeed, we later found that incubation of pro-sfGFP (sfGFP with an engineered proline 
N-terminus) with tosylate-activated cellulose resulted in strong surface fluorescence (see 
section 4.2.5).

 To characterize the extent of tosylate displacement, we evaluated the sulfur con-
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tent of aniline(TsCl)-cellulose and tosylate-activated cellulose through EA. As expected, 
aniline(TsCl)-cellulose exhibited significantly less sulfur than tosylate-activated cellulose 
(0.84% sulfur versus 1.7%, respectively). However, the significant sulfur content of ani-
line(TsCl)-cellulose confirmed incomplete tosylate displacement. We also found that the 
nitrogen content of tosylate-activated cellulose (0.43%) was similar to the nitrogen con-
tent for aniline(TsCl)-cellulose (0.37%). While the source of nitrogen in tosylate-activated 
cellulose is likely pyridine, we were initially concerned that the nitrogen content for ani-
line(TsCl)-cellulose could result from pyridine rather than aniline. However, tosylate-ac-
tivated cellulose reacted with p-toluidine produced a sample with no detectable nitrogen 
(see section 4.2.1 and Figure 3D), and thus excess pyridine is removed when tosylate-ac-
tivated cellulose is exposed to subsequent functionalization. As an additional verification, 
no product was observed with negative controls in which tosylate-activated cellulose was 
exposed to the oxidative coupling reaction (Figure 4C). This confirms that nitrogen on 
tosylate-activated cellulose is distinct from nitrogen on aniline(TsCl)-cellulose.

 Because native lysine residues can displace tosylates, we reasoned that we could 
backfill aniline(TsCl)-cellulose with a small aliphatic amine to displace any tosylates that 
remain after aniline functionalization. Thus we incubated aniline(TsCl)-cellulose with bu-
tylamine. Tosylates feature an aromatic moiety that allowed us to use UV-vis analysis of 
the incubation solution to characterize the success of tosylate displacement with butyl-
amine. When exposing aniline(TsCl)-cellulose with no butylamine backfill to 1 M NaOH for 
1 h, we observed an absorbance of ~0.3 at 260 nm. We attributed this peak to tosylates 
that were displaced by NaOH. In contrast, no absorbance at 260 nm was observed when 
aniline(TsCl)-cellulose with butylamine was exposed to NaOH. Encouraged by this re-
sult, we repeated oxidative coupling to tyrosine-tagged sfGFP in the presence of abTyr. 
However, we still observed significant adsorption of sfGFP in the absence of abTyr. Sub-
sequent washings with up to 500 mM NaCl had little effect. As previously mentioned, 
protonation of the secondary amine in the aniline linkage could lead to surface electro-
static interactions. This is likely the source of background adsorption, and thus for further 
protein immobilization, we investigated different methods for generating aniline-cellulose. 

 Our interest in protein immobilization was driven by the fact that many paper-based 
diagnostic devices employ antibodies as the detection element. However, aptamers are 
becoming increasingly common for analyte detection due to high target sensitivity, ease 
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of construction (especially compared to antibodies), and the enhanced stability of DNA 
relative to proteins.26 Thus we wanted to test oxidative coupling in the context of DNA im-
mobilization on cellulose. DNA with a 5’ amine modification was purchased and reacted 
with an NHS-activated nitrophenol compound to generate aminophenol-DNA (AP-DNA).14 
Sodium dithionite was then used to reduce the nitrophenol to the desired aminophenol 
(Figure S2A). Successful functionalization and reduction was confirmed with MALDI. 

 In initial tests, we noted significant absorbance of AP-DNA to aniline(TsCl)-cel-
lulose in the absence K3Fe(CN)6. We reasoned that this could be due to electrostatic 
interactions, pi-stacking interactions, or both. To further explore the cause of adsorption, 
we carried out oxidative coupling on aniline(TsCl)-cellulose or amine(TsCl)-cellulose with 
50 µM AP-DNA and 1 mM K3Fe(CN)6 at various pH (100 mM phosphate buffer at pH 6.4, 
pure water, or 100 mM phosphate buffer at pH 8.1) (Figure S2B). After oxidative coupling 
and washing, the paper was incubated with 50 µM ssDNA that was non-complementary 
to the AP-DNA sequence. Subsequent exposure to 1 M NaOH disrupted any surface 
interaction, allowing quantification of adsorbed ssDNA through UV-vis analysis of the re-
sulting solution. In the case of aniline(TsCl)-cellulose, a significant amount of ssDNA was 
adsorbed regardless of the pH employed during the oxidative coupling reaction (Figure 
S2B). This suggested that ssDNA adsorption to aniline(TsCl)-cellulose was primarily facil-
itated by pi-stacking interactions. In contrast, ssDNA adsorption to amine(TsCl)-cellulose 
was significantly lower that adsorption to aniline(TsCl)-cellulose, and a pH dependent 
effect was observed. While water and pH 8.1 buffer did not lead to ssDNA adsorption, 
pH 6.4 resulted in a relatively high amount of adsorption. This suggests that adsorption 
to amine(TsCl)-cellulose is driven primarily by electrostatic interactions between cationic 
cellulose and negatively charged DNA. Because of the strong background adsorption of 
ssDNA in the case of aniline(TsCl)-cellulose, oxidative coupling of AP-DNA to aniline(Ts-
Cl)-cellulose was not investigated further.

4.2.4 Aniline-Functionalization of Cellulose with Isatoic Anhydride

 Previous work in the lab has demonstrated that native lysine residues on pro-
teins can react with isatoic anhydride under slightly basic conditions to generate ani-
line functional moieties for subsequent oxidative coupling.27 Thus we hypothesized that 
when reacted with a strong enough base, surface hydroxyl groups on cellulose could 
become effective nucleophiles and produce aniline-functionalized paper when reacted 
with isatoic anhydride (Figure 7A). We tested both 10% pyridine and 200 mM DMAP 
as the base, and in both cases, product was observed upon the addition of 4-methyl 
catechol and K3Fe(CN)6. However, a darker color was produced for the aniline(IA)-cellu-
lose prepared with DMAP, and thus this sample was characterized by FTIR spectroscopy 
and EA (Figure 7A and 7B). Carbonyl ester stretches typically appear at 1750 to 1735 
cm-1 in FTIR spectra while N-H bends are characteristic between 1650 and 1580 cm-1. 
The aniline(IA)-cellulose sample revealed new peaks at 1725 and 1660 cm-1, confirming 
modification. EA verified functionalization with a nitrogen content of 0.48%, higher than 
that observed for aniline(TsCl)-cellulose. The nitrogen content of the added functional 
group in aniline(IA)-cellulose is ~12% (versus 21% for 4-(2-aminoethyl)aniline), and thus 
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to achieve equivalent functionalization, we would expect a nitrogen content of 0.5x that 
of aniline(TsCl)-cellulose. Because we instead observed a higher nitrogen content, reac-
tion with isatoic anhydride leads to elevated aniline modification. Additionally, we found 
that the aniline(IA)-cellulose was fluorescent under UV light. This is in line with previous 
results in the lab that showed proteins reacted with isatoic anhydride are fluorescent un-
der UV.27 The color of product produced from oxidative coupling on aniline(IA)-cellulose 
was lighter than product produced by oxidative coupling on aniline(TsCl)-cellulose (Figure 
7C), which is likely due to differing conjugation between the two products. We also ob-
served that K3Fe(CN)6 did not adsorb to aniline(IA)-cellulose, supporting the hypothesis 
that adsorption of K3Fe(CN)6 to aniline(TsCl)-cellulose was mediated by protonation of the 
secondary amine linkage.

 While reaction with isatoic anhydride was an effective method for generating an-
iline-cellulose, we were concerned about hydrolysis of the ester linkage when exposed 
to aqueous conditions for extended periods of time. Because aniline compounds absorb 
at 230 and 280 nm, we used UV-vis spectroscopy to monitor hydrolysis. Aniline(IA)-cel-
lulose was incubated overnight at 60 °C in buffers at various pH (5, 6, 7, 8, or 9). As ex-
pected, significant absorbance was observed in a pH-dependent manner. pH levels of 7, 
8, or 9 led to significantly higher aniline in solution as compared to pH 5 and 6, which is 
consistent with a hydrolytic mechanism facilitated by basic conditions.

 While hydrolysis was observed at higher pH levels, we wanted to test our hypoth-
esis that an ester linkage would lead to less surface adsorption than a secondary amine 
linkage. To do this, we took advantage of the natural hydrolytic ability of the ester linkage 
to quantify the extent of biomolecule conjugation or adsorption to aniline(IA)-cellulose. 
Oxidative coupling was carried out with 50 µM AP-DNA in 100 mM phosphate buffer at pH 
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9 since higher pH tended to reduce DNA adsorption to cellulose. After oxidative coupling 
with AP-DNA and K3Fe(CN)6, the ester linker was hydrolyzed with 50 mM NaOH. Unre-
acted anilines were removed from solution by spin concentrating the hydrolyzed reaction 
solution with 3k MWCO spin filters. The resulting DNA concentration was determined by 
A260 absorbance. However, hydrolyzed solutions yielded similar DNA concentrations both 
in the presence and absence of K3Fe(CN)6 (Figure 8). Subsequent MALDI characteriza-
tion of the AP-DNA revealed that the aminophenol moiety of AP-DNA had undergone ox-
idation in air, and thus it is possible that oxidative coupling occurred even in the absence 
of K3Fe(CN)6. Adsorption of ssDNA with no aminophenol group was less than AP-DNA 
but still significant compared to the negative control with no DNA added. Additionally, the 
hydrolytic instability of the ester linkage was still a concern, and thus aniline(IA)-cellulose 
was not explored further.

 To both enhance the extent of functionalization and replace the ester linkage with 
a more hydrolytically stable amide linkage, we generated primary amine cellulose by 
functionalizing unmodified cellulose with (3-aminopropyl)triethoxysilane. Silanation is a 
common method for functionalizing cellulose and was chosen over tosylate activation 
because of previous concerns with incomplete tosylate displacement. Once silanated and 
reacted with isatoic anhydride, characterization was carried out by EA and FTIR spectros-
copy (Figure 9A and 9B). EA revealed a nitrogen content of 1.94% prior to reaction with 
isatoic anhydride, which corresponded to even greater amine functionalization compared 
to aniline(TsCl)-cellulose and aniline(IA)-cellulose. After reaction with isatoic anhydride, 
the nitrogen content was 1.75%. When compared to silanated-cellulose, few conclusions 
could be drawn on the basis of EA alone, but unlike unmodified and silanated cellulose, 
aniline(SiIA)-cellulose exhibited peaks at ~1640 and 1520 cm-1 in the FTIR spectrum. 
Thus the carbonyl peaks in the FTIR spectrum verified formation of an amide bond and 
functionalization with aniline. Small molecule oxidative coupling produced product to a 
similar extent as aniline(TsCl)-cellulose (Figure 9C). While encouraging, surface aliphatic 
amines unreacted with isatoic anhydride could still lead to unwanted electrostatic inter-
actions (although K3Fe(CN)6 did not adsorb). As previously mentioned, aliphatic amine 
paper is often generated to enhance adsorption to cellulose.23,24 Additionally, similar to 
the ester linkage, the hydrolytic instability of the Si-O bond was a concern. Thus we next 
chose to pursue cellulose functionalization via carbamate linkages.
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4.2.5 Cellulose Activation with 4-Nitrophenyl Chloroformate and Carbonyldiimidazole

 Because of the electrostatic issues and hydrolytic instability associated with previ-
ously discussed functionalization methods, we next pursued other approaches for hydrox-
yl activation. Two activation agents were explored: 4-nitrophenyl chloroformate (4-NPC) 
and carbonyldiimidazole (CDI). Both activation reagents, once reacted with 4-(2-amino-
ethyl)aniline, yield stable carbamate linkages that do not feature a protonizable second-
ary amine. However, similar to tosylate activation (see section 4.2.1), we anticipated that 
it would be necessary to backfill the samples with a small amine compound to ensure that 
all 4-NPC or CDI was displaced.

 An attractive characteristic of 4-NPC is that once cleaved from the surface, it can 
be quantified with UV-vis spectroscopy due to a characteristic wavelength at 410 nm.28 
This allowed convenient screening of reaction conditions to maximize initial cellulose 
activation with 4-NPC. Triethylamine (TEA), N,N-diisopropylethylamine (DIPEA), and pyr-
idine were screened as bases, while DMF, DCM, and THF were screened as solvents. 
Pyridine in the presence of DCM led to the greatest extent of surface activation, with 
TEA also leading to relatively high activation. Once activation conditions were optimized, 
we carried out subsequent displacement with 4-(2-aminoethyl)aniline (Figure 10A) and 
exposed aniline(NPC)-cellulose to the small molecule oxidative coupling reaction with 
4-methyl catechol and K3Fe(CN)6 (Figure 10B). Initially, the reaction appeared to produce 

OO O

O

n

SiO O

NH
O NH2

Si
O

O
NH2O
 

HO
OH

Si
HO

OH
NH2HO

H2O
EtOH

O

N
H

O

O

Phosphate buffer, pH 8
DMF

OO O

O

nO O

SiO O

NH
O N O

OH

%C: 
%H:
%N:  

41.71
6.49
1.94

Aniline(SiIA)-cellulose

%C: 
%H:
%N:  

39.60
6.23
1.75

Unmodified 
cellulose

OO
HO

OH
O

OH

n

OO O

O

n

SiO O

NH2

HO
OH

Silanated-cellulose

4000 3400 2800 2200 1600 1000 400

Wavenumber (cm-1)

0.80

0.84

0.88

0.92

0.96

1.00

Tr
an

sm
itt

an
ce

 (%
)

Aniline(SiIA)-cellulose

4-methyl catechol
K3Fe(CN)6

+
+

+
–

–
+

Aniline(TsCl)-cellulose

%C: 
%H:
%N:  

42.25 ± 0.08  
6.37 ± 0.12

Not detected  

A

B C

Figure 9. Functionalization and characterization of aniline-cellulose generated from reaction of isatoic anhydride and silanated-cel-
lulose. (A) Unmodified cellulose was silanated with (3-aminopropyl)triethoxysilane to generate a primary amine surface, which 
was then reacted with isatoic anhydride at pH 8 to generate aniline(SiIA)-cellulose. Elemental analysis confirmed silanation based 
on increased nitrogen content after reaction with the silane. Elemental analysis after subsequent reaction with isatoic anhydride was 
inconclusive due to comparable levels of nitrogen. (B) Compared to unmodified cellulose (pink) and silanated cellulose (silver), 
FTIR spectroscopy revealed new peaks at 1640 and 1520 cm-1 for aniline(SiIA)-cellulose (blue), suggesting successful modifica-
tion. (C) Small molecule oxidative coupling with 4-methyl catechol produced product only in the presence of K3Fe(CN)6 (first 
column). 

86



product, but the majority of color remained in solution when the cellulose samples were 
removed. We suspect that a significant amount of 4-NPC remained on aniline(NPC)-cel-
lulose at the time of coupling. The 4-NPC then reacted with o-quinones produced from 
oxidation of 4-methyl catechol, which quenched the o-quinones in solution, leading to 
minimal product on the cellulose surface. Despite screening various activation conditions, 
this issue continued, and so we chose to instead explore CDI activation. 

 CDI activation of cellulose is reported in the literature as a strategy for immobilizing 
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glucose oxidase through native lysine residues in order to develop an immunosensor.29 
We followed the reported activation method and carried out subsequent displacement of 
imidazole with 4-(2-aminoethyl)aniline (Figure 10C). Ethanolamine was then added to dis-
place any remaining imidazole and passivate the surface. Reaction of aniline(CDI)-cellu-
lose with 4-methyl catechol and K3Fe(CN)6 produced a significant quantity of deep brown 
product (Figure 10D), similar to what was observed for aniline(TsCl)-cellulose. Further-
more, the product remained on the cellulose surface, rather than staying in solution as 
was observed with 4-NPC activation. Encouraged by these results, we pursued oxidative 
coupling of sfGFP-SG4Y in the presence of abTyr. However, while background adsorption 
of sfGFP was lower compared to previous tests, there was still adsorption in the absence 
of abTyr (Figure 11A). This adsorption could not be reversed, even with wash solutions 
containing up to 1 M NaCl, 2% Tween20, or 10 mM glycine at pH 2.2 (which is reported 
to be highly effective at removing electrostatically adsorbed antibodies30). Lower sfGFP 
concentrations were also tested but yielded similar results. 

 The continued adsorption of sfGFP was likely the result of pi-pi or pi-cation inter-
actions. To examine these interactions, CDI-activated cellulose was reacted with eth-
ylenediamine to produce amine(CDI)-cellulose that exhibited no aromatic groups. While 
positive test conditions with GYGGS-sfGFP and abTyr yielded slightly higher fluores-
cence readings, background adsorption was again observed. Pro-sfGFP with abTyr was 
also tested as a negative control (since no phenols or exposed tyrosine residues were 
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Figure 11. sfGFP-SG4Y immobilization on cellulose functionalized via CDI activation. (A) sfGFP-SG4Y was oxidatively coupled 
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present), and while adsorption was observed, it was lower than observed for GYGGS-sf-
GFP. The exposed tyrosine residue at the N-terminus of GYGGS-sfGFP may have led to 
pi-cation interactions with positively charged primary amines on the cellulose surface. In 
contrast, pro-sfGFP would not exhibit these interactions.

 Similar to tosylate activation, it was possible that native lysine residues on sfGFP 
were displacing surface imidazole groups not displaced during reaction with 4-(2-amino-
ethyl)aniline. To test this hypothesis, we carried out a screen of surface passivation mol-
ecules. CDI-activated cellulose was reacted with tyramine, 4-(2-aminoethyl)aniline, eth-
anolamine, or 2-(2-methoxyethoxy)ethanamine (Figure 11B). These samples, along with 
CDI-activated cellulose and unmodified cellulose, were exposed to 20 µM sfGFP-SG4Y 
in 50 mM phosphate buffer at pH 6.5 in the absence of abTyr. Surface fluorescence was 
quantified after subsequent washes with water and phosphate buffer. Phenol(CDI)-cellu-
lose yielded the highest sfGFP adsorption, comparable to sfGFP incubation with CDI-ac-
tivated cellulose. Significant adsorbance was also observed on aniline(CDI)-cellulose. 
Ethanolamine and 2-(2-methoxyethoxy)ethanamine passivation led to very little sfGFP 
adsorption with 2-(2-methoxyethoxy)ethanamine being particularly effective. This sup-
ports the involvement of pi-interactions in mediating sfGFP adsorption and verifies that 
the surface can be effectively passivated with the right molecule. It is possible that a 
slightly longer PEG molecule would achieve complete passivation.  

4.2.6 Cellulose Functionalization through Oxime Ligation
 
 Periodate oxidation is a common method for modifying cellulose. Oxidation of the 
2,3-diol bond in glucose monomers produces two aldehydes which, in the context of pro-
tein immobilization, are typically conjugated to native lysine residues through reductive 
alkylation.9 However, as previously noted, this approach is not site-specific. Instead of 
direct protein immobilization, we chose to generate aldehydes as an activation strategy 
for producing aniline-cellulose. Cellulose oxidation was facilitated by sodium periodate at 
concentrations ranging from 1 to 30 mM. Subsequently, the oxidized cellulose was ligated 
to an aminoxy-aniline compound that was synthesized according to a previously reported 
procedure31 (Figure 12A). When aniline(NaIO4)-cellulose was exposed to the oxidative 
coupling reaction with 4-methyl catechol and K3Fe(CN)6, we observed colored product 
with a dependence on periodate concentration (Figure 12B). Additionally, no product was 
observed when the cellulose was oxidated but not ligated to the aminoxy-aniline (Figure 
12C), confirming that aniline is critical for the formation of product. 

 While oxidative coupling of phenol-rhodamine on aniline(TsCl)-cellulose led to 
significant dye adsorption (see section 4.2.2), we reasoned that aniline(NaIO4)-cellulose 
might be less susceptible to adsorption due to an aminoxy rather than secondary amine 
linkage. Instead of rhodamine, we used Oregon Green 488 (OG488) that we function-
alized with a phenol moiety (Figure 13A). Encouragingly, the phenol-OG488 did not ad-
sorb to unmodified paper (Figure 13B). Additionally, a deep orange color was observed 
when aniline(NaIO4)-cellulose was exposed to phenol-OG488 in the presence of abTyr 
while a light yellow color was observed when aniline(NaIO4)-cellulose was exposed to 
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OG488 (with no phenol) and abTyr. However, under UV light, both samples with an-
iline(NaIO4)-cellulose were fluorescently saturated, and thus it was difficult to discern 
how much more, if any, dye was immobilized with phenol-functionalized OG488. We also 
cannot rule out the possibility that phenol groups on the OG488 were oxidized by abTyr, 
polymerized in solution, and then deposited on the cellulose surface.

 Encouraged by potentially reduced dye adsorption to aniline(NaIO4)-cellulose, we 
tested adsorption of proteins. mCherry with an engineered cysteine residue was incubated 
with aniline(NaIO4)-cellulose, along with unmodified cellulose and aniline(CDI)-cellulose. 
In contrast to aniline(CDI)-cellulose, which exhibited a strong fluorescence signal even af-
ter washing the cellulose samples, no mCherry was adsorbed to aniline(NaIO4)-cellulose. 
Motivated by this result, we next tested conjugation of DTNB-capped sfGFP-S64Y-S208C. 
Like with mCherry, no sfGFP was adsorbed in the absence of abTyr. However, there was 
also no coupling in the presence of abTyr, as observed by fluorescence under UV light. 
We reasoned that the short linkage of the aminoxy-aniline compound could make it dif-
ficult for the oxidized tyrosine residue on sfGFP-S64Y-S208C to access the nucleophilic 
coupling partner. To extend the distance between the cellulose surface and the aniline, 
we synthesized an aminoxy-aniline compound with a PEG4 linker and ligated this com-
pound to oxidized cellulose (Figure 12D). While this yielded encouraging small molecule 
results (Figure 12E), the extended linker length did not increase the extent of sfGFP im-
mobilization. It was possible that the apparent lack of sfGFP conjugation could be due to 
fluorescent quenching induced by immobilization of sfGFP in close proximity. However, 
quenching was not observed in other instances of sfGFP immobilization on cellulose. An 
sfGFP concentration study might yield insight into the potential of fluorescent quenching 
upon immobilization. 

 Because quenching of fluorescence was feasible, we wanted to develop a pos-
itive control for sfGFP immobilization that did not involve oxidative coupling directly on 
the cellulose surface. This control was facilitated by first generating aminoxy-cellulose. 
Cellulose was activated with CDI, followed by reaction with 1,8-diamino-2,6-dioxaoctane 
and subsequent addition of a small NHS-activated aminoxy (Figure S3A). We then re-
acted the aminoxy-cellulose with o-quinone-pro-sfGFP, which was produced by reaction 
of pro-sfGFP with p-cresol. O-quinone-pro-sfGFP features a reactive ketone at the site 
of oxidative coupling, and we previously demonstrated that this ketone can be ligated 
to a variety of aminoxy- or hydrazine-based nucleophiles.31 As a control, aminePEG(C-
DI)-cellulose (the intermediate product in the synthesis of aminoxy-cellulose) was also 
exposed to o-quinone-pro-sfGFP. In comparison to unmodified cellulose, both amine-
PEG(CDI)-cellulose and aminoxy-cellulose became fluorescently saturating upon expo-
sure to o-quinone-pro-sfGFP (Figure S3C), even after washing with 500 mM NaCl (which 
successfully removed o-quinone-pro-sfGFP from unmodified cellulose). The fluorescent 
saturation on aminePEG(CDI)-cellulose may have resulted from covalent conjugation 
of o-quinone-pro-sfGFP through alkylation with native lysine residues. While we were 
unable to verify covalent conjugation of o-quinone-pro-sfGFP to aminoxy-cellulose, this 
study further suggested that fluorescent quenching of immobilized sfGFP is unlikely.
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4.2.7 Catechol and Phenol Functionalization of Cellulose

 We initially chose to immobilize the nucleophilic coupling partner due to the po-
tential of oxidation and self-coupling of catechols. However, we were also interested in 
immobilizing the electrophilic coupling partner. This would allow access to the wide range 
of nucleophiles compatible with the oxidative coupling reaction (Figure 2). As previously 
discussed, our lab has immobilized catechols on gold electrodes and accessed the o-qui-
none intermediate through electrochemical oxidation.19 In this case, the immobilized cate-
chols remained unreacted, and o-quinones were only accessed upon application of elec-
trochemical potential. This uniform oxidation limited the potential for unoxidized catechols 
to serve as nucleophiles and react with o-quinone electrophiles. Encouraged by these re-
sults, we sought to immobilize catechols on cellulose. Initially, we generated catechol-cel-
lulose through activation with tosyl chloride and subsequent tosylate displacement with 
the aliphatic amine of dopamine (Figure 14A). Addition of K3Fe(CN)6 and p-toluidine to the 
catechol(TsCl)-cellulose produced a brown color, which was not observed when p-tolui-
dine was added in the absence of K3Fe(CN)6 (Figure 14B). Because the brown color did 
not occur when catechol(TsCl)-cellulose was exposed to only K3Fe(CN)6, the color can  
be attributed to the formation of the oxidative coupling product rather than oxidation and 
polymerization of surface catechols. Similar to oxidative coupling with aniline(TsCl)-cel-
lulose, a yellow color was observed when catechol(TsCl)-cellulose was exposed to only 
K3Fe(CN)6. However, this adsorption could again be reversed by employing an NaOH 
wash after oxidative coupling. 
 
 We next tested catechol(TsCl)-cellulose in the context of protein oxidative coupling 
by reacting catechol(TsCl)-cellulose with pro-sfGFP (Figure S4A). However, like with pro-
tein coupling to aniline(TsCl)-cellulose, significant fluorescence was observed even in the 
absence of K3Fe(CN)6 (Figure S4B). This is again attributed to incomplete displacement 
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of tosylates while generating catechol(TsCl)-cellulose and/or protonation of the second-
ary amine in the catechol linkage.

 Initially, it was necessary to immobilize catechols as the electrophilic coupling part-
ner because oxidative coupling via tyrosinase oxidation had not yet been established. 
However, the development of tyrosinase chemistry allowed us to immobilize phenols, 
which, unlike catechols, cannot be oxidized by oxygen alone and thus are less suscep-
tible to self-coupling and polymerization. In solution, we have encountered steric- and 
charge-based limitations of phenol activation by abTyr as the abTyr active site is relatively 
small and features negatively charged residues. Thus we anticipated complications with 
enzymatic oxidation of surface phenols. However, we were encouraged by the finding 
that aniline(TsCl)-cellulose exposed to abTyr resulted in a distinct color change (see sec-
tion 4.2.1). We initially generated phenol-cellulose through surface activation with tosyl 
chloride and then subsequent reaction with tyramine (Figure 15A). Upon exposure to 
abTyr, phenol(TsCl)-cellulose underwent a color change from white to gray (Figure 15B, 
third column), indicating that surface phenols are accessible to abTyr. Upon exposure 
to both abTyr and p-toluidine, we observed formation of an orange product (Figure 15B, 
first column). However, the orange color was observed both on the cellulose surface and 
in the coupling solution at the end of the reaction. As discussed in section 4.2.1, abTyr 
can also accept aniline moieties as substrates, and thus the orange color in solution was 
attributed to p-toluidine oxidation and subsequent polymerization. 

 The competition of aniline moieties with phenols for the abTyr active site high-
lights a limitation of this version of surface oxidative coupling. This limitation is further 
highlighted by small molecule oxidative coupling on phenol(CDI)-cellulose (Figure 15C 
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and 15D). In this case, an even lower density of orange product was observed on the 
cellulose surface. It is possible that the observed color on the surface was deposition of 
the polymerized aniline rather than oxidative coupling product. However, deposition was 
not observed when p-toluidine and abTyr were reacted with unmodified cellulose, de-
spite the coupling solution turning orange. Thus if deposition was occurring, it was likely 
through an electrostatic interaction. If deposition was occurring, it may be necessary to 
reduce the concentration of aniline in the reaction solution and/or pre-activate the surface 
phenols with abTyr. However, care should be taken if employing the second approach 
since non-simultaneous oxidation of surface phenols could lead to polymerization. Thus it 
may be necessary to form a mixed monolayer on the cellulose surface that contains both 
phenols and aliphatic groups that cannot participate in the oxidative coupling reaction. 
Increasing the distance between neighboring phenol groups would help prevent surface 
polymerization in the case of non-uniform phenol oxidation.

 For aniline-cellulose, the choice of cellulose activation strategy affected subse-
quent oxidative coupling reactions. We hypothesized that the same may be true for phe-
nol-cellulose, and thus we also explored the oxime ligation method (see section 4.2.6) 
for generation of phenol-cellulose. We started by synthesizing an aminoxy-PEG4-phenol 
compound, which was subsequently ligated to oxidized cellulose (Figure S5A). To test 
oxidative coupling, we used L-proline methyl ester as the nucleophile rather than p-tolu-
idine. The product of L-proline methyl ester coupled to small phenols is purple and ab-
sorbs at 520 nm. Thus the proline nucleophile again allowed us to monitor the oxidative 
coupling reaction through visual observation, but because L-proline methyl ester cannot 
be oxidized by abTyr, it avoided the limitations observed with p-toluidine. However, little to 
no product was formed when L-proline methyl ester was exposed to phenol(PEG4)-cellu-
lose in the presence of abTyr. It was possible that the PEG4 linker was too short, leading 
to steric interactions that limited the ability of the abTyr active site to access surface phe-
nols. Unfortunately, functionalization of oxidized cellulose with an aminoxy-PEG5k-phe-
nol ligand (Figure S5B) also did not produce product when exposed to abTyr and L-pro-
line methyl ester. Reaction of phenol(PEG5k)-cellulose with abTyr and p-toluidine again 
produced an orange color in solution, but very little, if any, color was observed on the 
cellulose surface (Figure S5C).

 Overall, the most successful strategy for generating phenol-cellulose was initial 
activation with tosyl chloride. However, it is important to note that in the case of aniline(Ts-
Cl)-cellulose, charge interactions led to significant adsorption of K3Fe(CN)6 and biomole-
cules. Thus it possible that the higher quantity of product observed on phenol(TsCl)-cellu-
lose, as compared to phenol-cellulose produced through other activation methods, could 
be the result of increased adsorbance of polymerized p-toluidine.

4.3 Conclusion and Future Outlook

 In this chapter, we demonstrated several new methods for functionalizing cellulose 
with aniline to allow for oxidative coupling on the cellulose surface. Both K3Fe(CN)6 and 
abTyr are compatible oxidants, allowing conjugation to phenol, catechol, and aminophe-
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nol functional groups. While small molecule oxidative coupling was successful across a 
range of cellulose functionalization strategies, oxidative coupling with biomolecules re-
quires further optimization as significant background adsorption was observed. We also 
immobilized catechol and phenol moieties on cellulose and subsequently carried out ox-
idative coupling to aniline-containing small molecules. Again, further optimization is re-
quired before successful application of this method to conjugation of aniline-, proline-, or 
thiol-containing biomolecules. Optimization of oxidative coupling with small-molecule nu-
cleophiles may also be required in the case of phenol-cellulose. Despite limited success 
of biomolecule conjugation, oxidative coupling on cellulose substrates could eventually 
have applications across a broad range of fields, particularly those for biosensors and 
point-of-care diagnostics.
 
4.4 Materials and Methods

General methods and instrumentation

Unless noted otherwise, all reagents were obtained from commercial sources and used 
without further purification. Valeric acid-PEG5k-amine was purchased from Laysan Bio 
(Arab, AL). Tyrosinase isolated from Agaricus bisporus (abTyr), Whatman No. 1 filter pa-
per, all DNA sequences, tosyl chloride, isatoic anhydride, ethylenediamine, 4-(2-aminoeth-
yl)aniline, sodium periodate, 4-nitrophenyl chloroformate, carbonyldiimidazole, 2-(2-me-
thoxyethoxy)ethanamine, dopamine, and tyramine were purchased from Sigma-Aldrich 
(St. Louis, MO). Rhodamine-NHS, Oregon Green 488-NHS, and EZ-Link NHS-PEG4-bi-
otin were purchased from Thermo Fisher (Waltham, MA). Spin concentrators were pur-
chased from Millipore (Billerica, MA). Doubly distilled water (ddH2O) was obtained from a 
Millipore purification system. 

UV-vis Spectroscopy. UV-vis measurements were carried out with a Thermo Scientific 
Nanodrop 1000. 

UV Analysis. UV images of cellulose samples were obtained with a Bio-Rad Gel Doc EZ 
System.

Elemental Analysis. Elemental analysis was carried out by the UC Berkeley Microanalyti-
cal Facility on a ThermoFisher FlashSmart Elemental Analyzer. One 6 mm diameter circle 
of cellulose was submitted for each sample.

FTIR Spectroscopy. FTIR analysis was carried out at the LBNL Catalysis Laboratory on 
a Bruker Vertex80 Time-resolved FTIR.

X-Ray Photo-Electron Spectroscopy. XPS was carried out at the Biomolecular Nanotech-
nology Center (UC Berkeley QB3) on a Physical Electronics 5600/5800 system.

NMR. 1H spectra were recorded on either a Bruker AV-300 (300 MHz) or a Bruker AVB-
400 (400 MHz) spectrometer.
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Procedures for activating and functionalizing cellulose

Generating functionalized cellulose through tosylate activation.22 Whatman No. 1 filter 
paper was cut into strips, submerged in 20% TFA in DCM, and incubated at room tem-
perature for 10 min. The paper was transferred to DCM and incubated at room tempera-
ture for an additional 5 min. The DCM incubation step was repeated one time with fresh 
DCM. The paper was removed from DCM, dried under N2, and submerged in 1 M tosyl 
chloride in pyridine for 1 h. The paper was washed by submerging two times in EtOH for 5 
min and one time in DCM for 5 min and drying under N2. The tosylate-activated cellulose 
was submerged in 1 M of primary amine compound (4-(2-aminoethyl)aniline, ethylene-
diamine, dopamine, or tyramine) in DMF and heated at 80 °C for 30 min. The functional-
ized cellulose was washed by consecutively submerging in the following solvents (5 min 
incubation for each): DMF, EtOH, 1 M NaOH, ddH2O, EtOH (2x), and DCM. The cellulose 
was then dried under N2 for 10 min. For samples reacted with butylamine, three 6 mm 
diameter circles of aniline(TsCl)-cellulose were submerged in 100 mM butylamine in DMF 
and incubated at room temperature for 4 h. The cellulose was then washed with DMF, 
EtOH, and DCM and dried under N2. To determine the success of backfill, the samples 
were submerged in 1 M NaOH to release unreacted tosylates, followed by analysis of the 
solution by UV-vis absorbance at 260 nm.

Generating aniline(IA)-cellulose. Whatman No. 1 filter paper was cut into strips, sub-
merged in 20% TFA in DCM, and incubated at room temperature for 10 min. The cellulose 
was then washed with EtOH and DCM and dried under N2. The cellulose was washed two 
times with DMSO and then submerged in a solution of 0.16 M isatoic anhydride, 0.02 M 
DMAP, and 5% pyridine in DMSO. The reaction was gently stirred at 60 °C for 6 h under 
N2. The N2 was then removed, and the reaction was gently stirred overnight at 60 °C. The 
cellulose was washed with DMSO, acetone, and DCM (for each wash, the cellulose was 
submerged in the wash solvent and agitated for 5 min at room temperature) and dried 
under N2.

Quantification of ester linkage hydrolysis. Each 6 mm diameter circle of aniline(IA)-cellu-
lose was incubated with 200 µL of 100 mM phosphate buffer at pH 5, 6, 7, 8, or 9 for 2 h 
at room temperature. The UV-vis absorbance of the resulting solution was measured at 
280 nm.

Generating aniline(SiIA)-cellulose.32 (3-aminopropyl)triethoxysilane was dissolved in 
80/20 (v/v) EtOH/ddH2O at 10 mg/mL. Whatman No. 1 filter paper was cut into strips and 
submerged in the silane solution for 2 h. The silane/cellulose was then heated at 40 °C 
under N2 for  2 h, after which the temperature was increased to 55 °C for 45 min and then 
increased to 65 °C for 15 min. The vial containing the cellulose was then transferred to 
an oven to dry completely. Once dry, the silanated paper was submerged in a 2:1 mixture 
of 100 mM phosphate buffer at pH 8 and 150 mM isatoic anhydride in DMF (50 mM final 
concentration of isatoic anhydride) and was stirred at room temperature for 1 h followed 
by washing with DMF, EtOH, and DCM and drying under N2.

96



General procedure for generating aniline(NPC)-cellulose and 4-nitrophenol chloroformate 
quantification.28 Whatman No. 1 filter paper was cut into strips, submerged in THF, and 
subject to rotory evaporation under high vacuum at 70 °C to remove any excess water. 
Once all THF was removed, the cellulose was subject to further rotory evaporation for 30 
min. Four 6 mm diameter circles of the dried cellulose were submerged in 1 mL of solvent 
(dry DCM, dry THF, or dry DMF) containing 150 µM 4-nitrophenol chloroformate (1 eq) 
and either 200 µL of triethylamine (TEA) or 120 µL of pyridine (10 eq). The mixtures were 
rotated at 4 °C for 30 min and then vortexed at 600 rpm overnight. The activated cellulose 
was washed three times with the reaction solvent and once with DCM and then dried 
under N2. To quantify nitrophenyl, each 6 mm circle of activated cellulose was placed in a 
96-well plate and covered with 50 µL of 0.2 M NaOH. After 25 min, the absorbance of the 
solution at 420 nm was determined.

Generating aniline(NPC)-cellulose with Na2CO3.
33 Three 6 mm circles of cellulose acti-

vated with 4-NPC (see above) were submerged in 1 mL of ddH2O containing 150 mM  
4-(2-aminoethyl)aniline (1 eq) and 600 mM Na2CO3 (4 eq). The mixture was heated at 50 
°C for ~18 h, and then washed three times with ddH2O, one time with EtOH, and two times 
with DCM and dried under N2.

Generating aniline(NPC)-cellulose with DIPEA. Three 6 mm diameter circles of cellulose 
activated with 4-NPC (see above) were submerged in 1 mL of ddH2O containing 150 mM 
4-(2-aminoethyl)aniline (1 eq) and 80 µL N,N-diisopropylethylamine (3 eq). The mixture 
was vortexed at 600 rpm overnight and then washed two times with DMSO, one time with 
EtOH, and one time with DCM and dried under N2.

Generating aniline(CDI)-cellulose and phenol(CDI)-cellulose.29 Whatman No. 1 filter pa-
per was washed sequentially with ddH2O, 30/70 (v/v) acetone/ddH2O, 50/50 (v/v) acetone/
ddH2O, 70/30 (v/v) acetone/ddH2O, and acetone. The washed paper was submerged in 
50 µmol/cm2 CDI (based on total surface area of cellulose) in dry acetone. The reaction 
was stirred for 4 h at room temperature. The activated cellulose was washed four times 
with dry acetone and either stored in dry acetone at 4 °C or immediately carried forward. 
Final functionalization of the paper was carried out by submerging the CDI-activated cel-
lulose in ~150 mM tyramine or 4-(2-aminoethyl)aniline in DMF and stirring at 60 °C for 
2.5 h. The functionalized cellulose was washed two times with DMF, one time with DCM, 
one time with EtOH, and one time with DCM and then dried under N2. To displace any 
remaining imidazole, the cellulose was incubated in 1 M ethanolamine in ddH2O (adjusted 
to pH 7.5) for 1.5 h and then washed two times with ddH2O, one time with 1 M NaCl, two 
times with ddH2O, and one time with EtOH and then dried under N2.

Generating aniline- or phenol-cellulose through oxidation and oxime ligation. Circles (6 
mm diameter) of Whatman No. 1 filter paper were submerged in a solution containing 
sodium periodate (1, 5, 10, 20, or 30 mM final concentration) in 100 mM phosphate buffer 
with 125 mM NaCl at pH 7. The reaction was vortexed on low speed for 15 min. To quench 
oxidation, serine (20 mM final concentration) in ddH2O was added, and the reaction was 
vortexed on low speed for another 10 min. The oxidized cellulose was carefully washed 
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three times with 100 mM phosphate buffer at pH 6. The cellulose was then submerged in 
a 4:1 solution of 100 mM phosphate buffer at pH 6 and 50 mM aminoxy compound (10 
mM final concentration of aminoxy). The oxime ligation proceeded for 3 h to overnight at 
room temperature. Functionalized cellulose was washed two times with ddH2O, two times 
with EtOH, and one time with DCM and then dried under N2.

Generation of aminoxy-cellulose. Whatman No. 1 filter paper was activated with CDI as 
described above. The activated cellulose was stirred overnight at room temperature with 
1 M 1,8-diamino-2,6-dioxaoctane in 1 M carbonate buffer at pH 9.5. The cellulose was 
washed two times with PBS containing 0.05% (v/v) tween 20, two times with PBS, one 
time with EtOH, and one time with DCM and then dried under N2. The amine-modified 
cellulose was set aside. Meanwhile, a vial was flame-dried, and (boc-aminoxy)acetic acid 
(118 mg, 1 eq) was added to 8 mL of dry DCM. DCC (144 mg, 1.13 eq) and NHS (71 
mg, 1 eq) were added, and the solution was stirred at room temperature for 15 min. The 
solution was then filtered through a 0.22 µm nylon syringe filter into a flame-dried vial. The 
amine-modified cellulose (ten 6 mm diameter circles) was added to the filtered solution, 
along with TEA (229 µL, 2.67 eq), and the reaction was stirred overnight at room tem-
perature. The cellulose samples were washed three times with DCM and dried under N2. 
Boc de-protection was facilitated by submerging the cellulose samples in 50/50 DCM/TFA 
for 1 h at room temperature with occasional swirling. The aminoxy-cellulose was washed 
three times with DCM and dried under N2.

Generation of 2-(2-methoxyethoxy)ethanamine-cellulose. Whatman No. 1 filter paper 
was activated with CDI as previously described. The activated cellulose was submerged 
in 2-(2-methoxyethoxy)ethanamine (~330 mM in DMF) and heated at 60 °C for 2.5 h. The 
cellulose was washed two times with DMSO, one time with EtOH, and one time with DCM 
and dried under N2.
  
Generation of ethanolamine-cellulose. Whatman No. 1 filter paper was activated with CDI 
as described above. The activated cellulose was submerged in an ethanolamine solution 
(aqueous 0.5 M ethanolamine with 0.5 M NaCl at pH 8) and rotated at room temperature 
for 2.5 h. The cellulose was washed two times with ddH2O, one time with EtOH, and one 
time with DCM and dried under N2.
  
Small molecule oxidative coupling

General procedure for small molecule oxidative coupling on aniline-cellulose. A 6 mm 
hole punch was used to cut circles out of functionalized cellulose strips. The circles were 
placed at the bottom of wells in a 96-well plate and covered with 50 µL of 1 mM 4-meth-
yl catechol and 6 mM K3Fe(CN)6 in 100 mM phosphate buffer at pH 6.5. The reactions 
proceeded for 30-45 min at room temperature, followed by two washes with ddH2O. For 
oxidative coupling with p-cresol, each circle of aniline-cellulose was exposed to 0.5 mM or 
1 mM p-cresol and abTyr (200 nM to 1.3 µM) in phosphate buffer (20 to 50 mM) at pH 6.5. 
The reactions proceeded for 30 min to 1 h at room temperature, followed by two washes 
with ddH2O.
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General procedure for small molecule oxidative coupling on catechol-cellulose or phe-
nol-cellulose. A 6 mm hole punch was used to cut circles out of functionalized cellulose 
strips. The circles were placed at the bottom of wells in a 96-well plate and covered with 
50 µL of 1 mM p-toluidine and abTyr (200 nM to 1.3 µM) in phosphate buffer (20, 50, or 
100 mM) at pH 6.5. The reactions proceeded for 30 min to 1 h at room temperature, fol-
lowed by two washes with ddH2O.

Blocking anilines on aniline(TsCl)-cellulose. A blocking solution was made by combining 
acetic anhydride and pyridine at a ratio of 9:1 acetic anhydride:pyridine. This solution was 
spotted onto aniline(TsCl)-cellulose with a pipet. The cellulose was washed with ddH2O 
prior to subsequent oxidative coupling on unblocked regions of cellulose.

Oxidative coupling of phenol-fluorophores to aniline(TsCl)-cellulose. Phenol-rhodamine 
and phenol-OG488 were synthesized as previously described.20 A 6 mm hole punch was 
used to cut circles out of aniline(TsCl)-cellulose strips. Each circle was exposed to 50 µL 
of 100 or 500 µM phenol-rhodamine (or 500 µM phenol-OG488) and 200 nM abTyr in 20 
mM phosphate buffer at pH 6.5. The reactions were carried out on a shaking table for 1.25 
h at room temperature. The functionalized cellulose was washed with ddH2O and 500 mM 
aqueous NaCl. 

Protein and DNA oxidative coupling on cellulose (and other biomolecule proce-
dures)

DTNB capping of cysteine-exposed sfGFP. 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB, 
2 mM final concentration) was combined with sfGFP-S64Y-S208C (100 µM) in 50 mM 
phosphate buffer at pH 8. The reaction incubated at room temperature for 15 min (a bright 
yellow color was observed). The solution was spin concentrated with 10 kDa MWCO spin 
filters and 10 mM phosphate buffer at pH 7.2 (4 spins total at 14,500 xg).

General procedure for oxidative coupling of tyrosine-containing sfGFP to aniline-cellu-
lose. sfGFP (sfGFP-SG4Y or DTNB-capped sfGFP-S64Y-S208C) was added at concen-
trations of 10, 25, or 50 µM to 6 mm diameter circles of aniline-cellulose in the presence 
of abTyr (either 200 nM or 4 mol% relative to sfGFP) in 10 mM phosphate buffer at pH 
6.5 or 50 mM phosphate buffer at pH 8. Suggested conditions are 10 µM sfGFP with 200 
mM abTyr in 20 mM phosphate buffer at pH 6.5. After reaction, cellulose samples were 
washed with phosphate buffer and sometimes additional buffers, including:
PBS with 2% tween 20
PBS with 2% tween 20 and 1 M NaCl
100 mM phosphate buffer at pH 7 or 9
100 mM phosphate buffer at pH 7 with 100 mM NaCl
100 mM phosphate buffer at pH 7 with 500 mM NaCl and 50 mM MgSO4
10 mM glycine with 160 mM KCl at pH 2.230 (Note that sfGFP often unfolds below pH 6. 
Thus when the glycine wash was used, it was followed by incubation in 50 mM phosphate 
buffer at pH 8. Based on visual observation, this subsequent incubation did restore fluo-
rescence.)
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Oxidative coupling of pro-sfGFP to catechol(TsCl)-cellulose. Each 6 mm diameter cir-
cle of catechol(TsCl)-cellulose was incubated with 25 µL pro-sfGFP (50 µM) and 6 mM 
K3Fe(CN)6 in 20 mM phosphate buffer at pH 7. The reaction proceeded at room tempera-
ture for 1.5 h. The cellulose samples were washed with phosphate buffer.

Adsorption of mCherry to aniline(NaIO4)-cellulose. Cellulose (aniline(NaIO4)-cellulose, 
unmodified, or CDI-activated) was exposed to 50 µL of mCherry (containing an engi-
neered cysteine residue, 10 µM) in 20 mM phosphate buffer at pH 6.5. The mCherry 
incubated with the cellulose samples for 1 h, followed my washing one time with 50 mM 
HEPES at pH 7 containing 300 mM MgSO4 and one time with 100 mM phosphate buffer 
at pH 6.5 containing 1% Triton X-100. 

Oxidative coupling to generate o-quinone sfGFP.31 Pro-sfGFP (10 µM) was combined with 
p-cresol (100 µM) and resin-bound abTyr (10% v/v) in 20 mM phosphate buffer at pH 6.5. 
The reaction proceeded for 30 min at room temperature and was then filtered through 
a 0.22 µm cellulose acetate spin filter. TCEP was added to 1.9 mM final concentration, 
and the solution incubated at room temperature for 1 min, followed by centrifugation with 
20 kDa MWCO spin filters and 20 mM phosphate buffer at pH 7.2. Successful oxidative 
coupling was confirmed with ESI-TOF MS.

Ligation of o-quinone sfGFP to aminoxy-cellulose. Each 6 mm circle of aminoxy-cellulose 
(or negative controls) was exposed to 33 µL of 10 µM o-quinone GFP in 50 mM phos-
phate buffer at pH 5. The samples were agitated overnight at room temperature and then 
washed one time with ddH2O, one time with 0.5 M NaCl, and one time with ddH2O.

Synthesis of aminophenol-DNA (AP-DNA).14 5’ amine-DNA of the following sequence 
was used for all conjugation of DNA to cellulose: [AmC6]CCCTAGAGTGAGTCGTATGA. 
Amine-DNA (300 µM) in 50 mM phosphate buffer at pH 8 was combined at a ratio of 1:1 
with 50 mM nitrophenol-NHS in DMF. The reaction was mixed and incubated at room 
temperature for 1.5 h. The reaction was filtered through a 0.22 µm cellulose acetate spin 
filter and then purified on a NAP-5 column with 10 mM phosphate buffer at pH 6.5. A 100 
mM solution of Na2S2O4 (in 100 mM phosphate buffer at pH 6.5) was added to 10% (v/v) 
(e.g. 50 µL was added to 500 µL of eluent from NAP column). The nitrophenol reduction 
was carried out at room temperature for 20 min and then purified with two NAP-5 columns 
(equilibrated with ddH2O) and lyophilized.

Adsorption of ssDNA to DNA-cellulose. Each 6 mm diameter circle of aniline(TsCl)-cellu-
lose or amine(TsCl)-cellulose was exposed to 50 µL of AP-DNA (50 µM) and K3Fe(CN)6 
(1 mM) in either ddH2O or 100 mM phosphate buffer at pH 6.5 or 8.1. The reaction pro-
ceeded for 45 min at room temperature, followed by one wash with ddH2O, one wash with 
1 M NaOH, and one wash with ddH2O. Each sample was then exposed to 50 µL of 50 
µM ssDNA (non-complementary to AP-DNA sequence) in 1x SSC buffer and incubated at 
room temperature for 10 min. The cellulose was washed two times with ddH2O and then 
exposed to 100 µL of 1 M NaOH. After incubating at room temperature for ~10 min, the 
absorbance at 260 nm was measured to determine the amount of non-complementary 

100



DNA adsorbed to DNA-aniline(TsCl)-cellulose and DNA-amine(TsCl)-cellulose.

Oxidative coupling of AP-DNA to aniline(IA)-cellulose. Each 6 mm diameter circle of an-
iline(IA)-cellulose was exposed to 50 µL of AP-DNA (50 µM) and K3Fe(CN)6 (300 µM) in 
100 mM phosphate buffer at pH 6.5. The reaction proceeded for 30–45 min at room tem-
perature, followed by washes with ddH2O. Some samples were also washed with buffers 
at various pH levels and containing various concentrations of NaCl. 

Synthetic procedures

Nitrophenol-NHS,14 aminoxy-PEG4-aniline,31 aminoxy-aniline,34 phenol-rhodamine,20 and 
phenol-OG48820 were synthesized as previously described.

Synthesis of aminoxy-PEG4-phenol. (Boc-aminooxy)acetic acid (144 mg, 1 eq) was dis-
solved in 10 mL of dry DCM in a flame-dried vial. N,N’-Dicyclohexylcarbodiimide (DCC, 
176 mg, 1.13 eq) and N-Hydroxysuccinimide (NHS, 87 mg, 1 eq) were added, and the re-
action was stirred for 15 min at room temperature. The reaction was then filtered through 
a 0.22 µm PVDF syringe into a flame-dried vial. t-Boc-N-amido-PEG4-acid (200 mg, 1 eq) 
and triethylamine (TEA, 280 µL, 2.67 eq) were added to the filtered reaction and stirred 
at room temperature for 2 h. Solvent was removed by rotary evaporation, and the product 
was put under high vacuum for 30 min. Quantitative conversion was assumed. The vial 
containing the NHS-activated PEG4 compound was flushed with N2, and then the com-
pound was dissolved in 10 mL of dry DCM. DCC (176 mg, 1.13 eq) and NHS (87 mg, 1 
eq) were added and the reaction was stirred for 15 min at room temperature. The reaction 
was filtered through a 0.22 µm PVDF syringe. Tyramine (124 mg, 1.2 eq) and TEA (280 
µL, 2.67 eq) were added to the filtered solution, and the reaction was stirred overnight 
at room temperature. The reaction was filtered through celite and then a 0.22 µm PVDF 
syringe. Analysis by QTRAP LC-MS showed 458 as the main peak (the desired product 
minus the boc group). Solvent was removed by rotary evaporation, and the product was 
purified by flash silica column chromatography with a solvent system of 8% MeOH in 
DCM. After collecting the product, solvent was removed by rotary evaporation. Deprotec-
tion was carried out by dissolving the product in 1:1 DCM/TFA and allowing the reaction 
to proceed for 30 min at room temperature. Solvent was removed under N2. The product 
was dissolved in 1 M NaOH in brine and then neutralized with 1 M HCl and lyophilized. 
The dried product was suspended in 0.7 mL ddH2O and then filtered to remove excess 
salt. A clear, colorless solution was obtained at a concentration of 21 mM (based on an 
extinction coefficient of 1,420 M-1cm-1 for tyramine at 280 nm). The final product was con-
firmed by QTRAP LC-MS and 1H NMR (AV300) in CD3OD (Figure S6).

Synthesis of aminoxy-PEG5k-phenol. (Boc-aminooxy)acetic acid (28.4 mg, 1.5 eq) was 
dissolved in 5 mL of dry DCM in a flame dried vial. N,N’-Dicyclohexylcarbodiimide (DCC, 
39 mg, 1.9 eq) and N-Hydroxysuccinimide (NHS, 27.6 mg, 2.4 eq) were added, and the 
reaction was stirred for 15 min at room temperature. The reaction was filtered through a 
0.22 µm PVDF syringe into a flame-dried vial. Valeric acid-PEG5k-amine (200 mg, 1 eq) 
and triethylamine (TEA, 37 µL, 2.67 eq) were added to the filtered solution, and the reac-
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tion was stirred at room temperature for 2 h. Solvent was removed by rotary evaporation, 
and then the product was put under high vacuum for 30 min. Quantitative conversion was 
assumed. The vial containing the NHS-activated PEG5k compound was flushed with N2, 
and then the compound was dissolved in 6 mL of dry DCM. DCC (38.9 mg, 1.9 eq) and 
NHS (27.6 mg, 2.4 eq) were added, and the reaction was stirred for 15 min at room tem-
perature. Tyramine (39 mg, 2.84 eq) and TEA (45 µL, 3.23 eq) were added to the filtered 
reaction and stirred overnight at room temperature. The reaction was filtered through 
celite and then a 0.22 µm PVDF syringe. Solvent was removed by rotary evaporation, and 
the product was placed under high vacuum until a white crystalline solid was obtained. 
The product was suspended in 8 mL of ddH2O and filtered again through a 0.22 µm PVDF 
syringe before spin concentrating in 4 mL 3k MWCO spin filters (4,500 rpm for 10 min x2 
and then 15 min x2). The concentrate was lyophilized to yield a fluffy white solid that was 
confirmed with 1H NMR (AVQ 400) in CDCl3 (Figure S7). Deprotection was carried out by 
dissolving the product in 1:1 DCM/TFA and allowing the reaction to proceed for 30 min at 
room temperature. Solvent was removed under N2. The product was dissolved in ddH2O 
and then adjusted to pH 7 with 1 M NaOH.
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4.6 Supplementary Figures
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Figure S1. Blocking oxidative coupling on cellulose. (A) 
Aniline(TsCl)-cellulose was reacted with acetic anhydride in the 
presence of pyridine to acylate anilines and prevent oxidative 
coupling in specific sections of cellulose. (B) Subsequent oxida-
tive coupling with 4-methyl catechol and K3Fe(CN)6 on blocked 
cellulose produced colored product only in regions of the 
aniline(TsCl)-cellulose that were not exposed to the acetic 
anhydride blocking solution.
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Chapter 5

Progress Towards Regenerable SPR Chips 
and a Universal Biotinylation Strategy

Abstract

Surface Plasmon Resonance (SPR) is an important tool for studying protein-protein and 
protein-ligand interactions, but there are important limitations in current SPR technolo-
gy that dampen the full application of this technique. To expand the utility of SPR, this 
chapter presents a new way to generate SPR sensor chips. The approach employs an 
oxidative coupling strategy to immobilize switchavidin, a mutant of streptavidin that exhib-
its reversible binding to biotin upon exposure to low pH/SDS conditions. The presented 
technique aims to produce chips that are (1) compatible with DNA-binding proteins and 
(2) can be regenerated for multiple analyses, two key limitations of the widely used Bi-
acore sensing technology. Additionally, a new method is reported for protein biotinylation 
to enable subsequent SPR analysis or other applications where biotinylation is required. 
The biotinylation strategy relies on oxidative coupling between an engineered proline or 
tyrosine residue and biotin with a phenol or aniline functional group. Interleukin-1 beta 
is used as the model protein for these biotinylation studies. The fundamental theory and 
preliminary results are discussed for both regenerable sensor chip production and the 
biotinylation strategy.
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5.1 Introduction

 Surface Plasmon Resonance (SPR) is an optical technique used to study biologi-
cal binding events.1 The instrument set up for SPR involves a gold chip, a light source, a 
prism, and a detector (Figure 1A). The light source is directed through the prism toward 
the chip. When the beam of photons reaches the gold surface, two things happen: 1) the 
light is reflected toward the detector and 2) delocalized electrons in the gold atoms ab-
sorb some of the light. This absorption reduces the intensity of light encountered by the 
detector and produces a dip in the SPR Reflection Intensity Curve (Figure 1B). This inten-
sity curve and its characteristic dips are also dependent on the resonance angle, which 
changes when a binding event occurs. SPR Reflection Intensity Curves are converted to 
resonance signal versus time graphs (Figure 1C) that can be correlated to characteristics 
of the sensor surface. Changes in the shape of resonance signal versus time graphs yield 
valuable insights into surface binding events.

 SPR has found valuable application as a biosensor due to its ability to detect the 
binding of an analyte to a surface-immobilized recognition element.2,3 SPR also enables 
the study of protein-ligand interactions and can even determine binding affinity and other 
kinetic parameters that are characteristic of a particular system.1 Prior to exposure to a 
sample of interest, the gold surface must be functionalized with an appropriate biomole-
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Figure 1. Surface Plasmon Resonance (SPR) analysis. (A) The instrument set-up for SPR consists of a gold chip coated with a 
biomolecule, a prism, a light source, and a detector. The incident light produced by the light source is reflected off of the gold chip 
toward the detector. The gold atoms in the chip absorb some of the light, resulting in reduced intensity of the reflected light. This 
produces a dip in the SPR Reflection Intensity Curve (B). The location of the dip depend on the resonance angle, which changes 
when a binding even takes place. For example, when binding of the analyte occurs, the maroon dip that corresponds to Φ1 (absence 
of analyte) undergoes a shift that corresponds to the new resonance angle Φ2 (green). (C) The SPR Reflection Intensity Curve can 
be converted into a Resonance Signal versus Time graph. These graphs provide valuable insight into the timing of binding events. 
For example, T1 corresponds to the time at which analyte binding occurred. 
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cule, and it is imperative that the immobilization strategy does not affect the binding abil-
ity or affinity of the biomolecule.4 Historically, immobilization has been achieved through 
chemisorption.4 While easy to carry out, this method lacks control over biomolecule orien-
tation, which can impact substrate binding. Additionally, chemisorption allows little control 
over the specific location of immobilization. Covalent immobilization approaches rely on 
formation of self-assembled monolayers on the sensor chip surface. These monolayers 
generate surfaces with maleimide,5 aliphatic amine,6 or NHS-ester7 functional moieties 
for conjugation to protein cysteine, carboxylic acid, or lysine residues, respectively. These 
approaches are limited in that they may be reversible (in the case of maleimide surfaces) 
or lack site-specificity (in the case of aliphatic amine and NHS-ester surfaces). The over-
all deficiency of efficient chemistries for immobilizing biomolecules on gold surfaces can 
limit the performance and applicability of SPR analysis.

 While there are a variety of sensor chips and systems available, one very com-
monly employed apparatus for studying molecular interactions is the Biocore system from 
Cytiva. This technology achieves sensing with the Biotin CAPture Kit (“CAP chip”), which 
relies on streptavidin-coated gold chips. The chips are first functionalized with ssDNA, 
which is then hybridized to a complementary strand that is covalently bound to strepta-
vidin.8 Biotinylated ligands or proteins are captured by the immobilized streptavidin, and 
the binding interactions are characterized by SPR. While this technology is successful, 
there are significant limitations. First, the nature of streptavidin immobilization makes the 
chips unsuitable for analysis of DNA-binding proteins. Second, the irreversible nature of 
streptavidin-biotin interactions limits the ability to regenerate a functional surface. Expo-
sure of the chips to 8 M guanidine HCl and 1 M NaOH in a 3:1 ratio can denature the hy-
bridized DNA and regenerate a DNA-coated surface. While useful, regenerating a surface 
for SPR analysis still requires subsequent hybridization to ssDNA-labeled streptavidin. 
This cumbersome step, which requires both conjugation of ssDNA to streptavidin and the 
hybridization, renders the costly CAP chips essentially single-use detection platforms. 
Additionally, even though the ssDNA surface can be regenerated, lack of compatibility 
with DNA-binding proteins is still a key limitation.

To address the obstacles faced 
with Biacore technology, we sought to 
develop more widely applicable and cost 
effective SPR chips that can be easily 
regenerated and used for multiple anal-
yses. As an alternative to DNA hybridiza-
tion for protein immobilization, we chose 
to employ our oxidative coupling strategy 
(Figure 2), which yields highly stable con-
jugates in a site-specific manner. In the 
oxidative coupling reaction, a phenol- or 
catechol-based electrophilic coupling 
partner is oxidized to an ortho-quinoid in-
termediate that can undergo subsequent 

Figure 2. Oxidative coupling reactions. A variety of oxidants can 
be used to oxidize phenol based moieties to ortho-quinoid 
intermediates (green). These intermediates can undergo 
subsequent reactions with both amine- and thiol-based 
nucleophiles.
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reaction with an amine-9-14 or thiol-based15 nucleophile. The reactive o-quinoid interme-
diate can be accessed by one of a variety of oxidants, depending on the identity of the 
electrophilic coupling partner. This versatile chemistry has enabled the construction of 
various bioconjugates that tether proteins, peptides, or nucleic acids to small molecules, 
other biomolecules, and even surfaces, such as glass16 and gold electrodes.17  More re-
cently, we have developed an enzymatic version of the oxidative coupling reaction that 
allows o-quinones to be accessed from water soluble and highly stable phenols.18 The 
enzyme, tyrosinase (abTyr), features a binuclear copper active site and is responsible for 
the formation of melanin. abTyr is isolated from the common button mushroom, Agaricus 
bisporus, and is commercially available in its active form. Past work has demonstrated 
that abTyr can oxidize phenols on a variety of substrates, including small molecules, 
peptides, and proteins. Our lab has also demonstrated successful oxidative couplings 
with a smaller (35.5 kDa versus ~120 kDa for abTyr) tyrosinase, megaTyr, from Bacillus 
megaterium.19 

 While oxidative coupling offers significant improvement over DNA-mediated immo-
bilization, it does not directly enable functional gold chips to be regenerated. To achieve 
regeneration, we chose to employ the protein “switchavidin,” a tetrameric variant of 
streptavidin that, like streptavidin, binds to biotin.20,21 However, unlike streptavidin, which 
binds biotin essentially irreversibly, switchavidin binding can be reversed upon exposure 
to low pH/SDS conditions. Switchavidin exhibits five point mutations of the streptavidin 
gene sequence.20 Two of these mutations are critical to the reversible nature of switchavi-
din (M96H and R114L) and the remaining three are neutralization mutations that aid in 
stability (K9E, R124H, and K127E). Switchavidin has been previously tested in the con-
text of regenerable SPR sensor chips and found to be highly successful.21 To immobilize 
switchavidin, two approaches are possible: (1) immobilization via binding to biotin-coated 
gold chips and (2) immobilization via direct covalent immobilization (Figure 3). Both ap-
proaches would allow DNA-binding proteins to be analyzed, but the first approach does 
not permit direct regeneration of functional surfaces and was thus explored as proof-of-
concept for switchavidin immobilization and reversibility. This chapter reports progress to-
wards each of these approaches, and further work will investigate both techniques in the 
context of SPR performance. Biotinylation of target proteins is another critical aspect of a 
functional SPR platform. Thus progress toward a universal protein biotinylation strategy is 
also discussed. Taken together, this work forms the foundation for generation of a broadly 
applicable and cost-effective SPR system that can enable the study of protein-ligand and 
protein-protein interactions.

5.2 Results and Discussion

5.2.1 Streptavidin Immobilization via Binding to Biotin-Coated Gold Chips

 One approach to immobilize streptavidin is to first generate biotin-coated gold 
chips, which can then bind wild-type (WT) switchavidin (Figure 3A). Upon exposure to low 
pH/SDS conditions,20 the biotinylated surface could be regenerated. We initially sought to 
generate phenol surfaces that could be coupled to aniline-containing biotin. This would 
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Figure 3. The two general approaches explored for regenerable SPR gold chips. (A) Functionalization of gold chips with biotin, 
followed by immobilization of WT switchavidin, would allow for regeneration of the biotin-coated surface after analysis of a 
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require oxidation of the surface phenols by abTyr, which was feasible based on success-
ful activation of phenols on gold nanoparticle surfaces (see Chapter 3). To enable phenol 
functionalization of gold surfaces, a small thiol-phenol compound was synthesized by re-
acting tyramine with NHS-activated lipoic acid. After purification, the disulfide-C5-phenol 
compound was exposed to gold chips, along with 6-mercaptohexanol, to form self-as-
sembled monolayers with varying ratios of phenols (Figure 4A). The ability to control 
the surface density of phenols is important in the context of switchavidin immobilization 
because phenol density will be directly correlated to biotin, and thus switchavidin, densi-
ty. We envisioned that we would not need complete phenol surface coverage given that 
achieving high density of surface switchavidin does not necessitate a high degree of sur-
face biotin. In fact, when switchavidin was previously immobilized on gold chips for SPR, 
a mixed monolayer of only 20% biotin was employed.21 Additionally, high switchavidin 
surface density may not be required and could in fact be detrimental to the sensor chip 
performance since close clustering of switchavidin could hinder access to binding sites. 

 After generating the phenol-coated gold chips, the chips were exposed to abTyr 
and the aniline-containing biotin (Figure 4B). However, after reaction, the coupling solu-
tion was transparent orange in color. We have observed this in other instances of oxida-
tive coupling when small molecule anilines were oxidized and subsequently polymerized. 
While abTyr binds more tightly to phenols, the enzyme can also accept aniline moieties as 
substrates, and, when in high enough concentration, anilines can out-compete phenols 
for binding. Thus we were concerned that abTyr was not able to access the surface phe-
nols, leaving the aniline-biotin free in solution rather than coupled to the surface. To ex-
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plore this further, we attempted to pre-activate the phenol surfaces by incubating the gold 
chips with abTyr for 30 min prior to the addition of aniline-biotin. However, the coupling 
solution still turned orange upon exposure of the pre-activated surface to aniline-biotin. It 
is possible that oxidative coupling on the surface was effective, and that the orange color 
resulted from polymerization of excess aniline-biotin in solution. It is important to point 
out, however, that in the context of gold nanoparticles, phenols were immobilized through 
a 5k PEG linker. In some cases, we have encountered steric- and charge-based limita-
tions of phenol oxidation as the abTyr active site cavity is relatively small and features 
negatively charged residues. Thus the long linker employed for gold nanoparticles may 
be required for surface phenols to gain access to the sterically hindered active site of ab-
Tyr. Alternatively, the smaller megaTyr, which has a less sterically hindered active site and 
binds positive and negative substrates indiscriminately, may facilitate oxidative coupling 
directly on gold chip surfaces.  

 As an alternative method for generating biotin-coated chips, we synthesized a 
small molecule thiol-C5-aniline ligand in a manner analogous to that for the thiol-C5-phe-
nol ligand. This compound was used to generate aniline-coated gold chips (Figure 5A), 
which were then oxidatively coupled to phenol-biotin in the presence of abTyr (Figure 5B). 
Similar to oxidative coupling of aniline-biotin, the solution turned orange, albeit lighter in 
color. However, it is still possible that oxidative coupling was successful and that the color 
resulted from polymerization of excess phenol-biotin. The success of this approach, as 
well as direct oxidation of surface phenols, will be determined by the ability of the func-
tionalized chips to bind streptavidin (and eventually switchavidin) and subsequently facil-
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itate SPR analysis of biotinylated proteins.

5.2.2 Switchavidin Immobilization via Direct Covalent Conjugation

 The other approach that we explored for switchavidin immobilization was direct 
covalent immobilization on the gold chip surfaces (Figure 3B). With the ability to generate 
either aniline- or phenol-coated gold chips, we designed two mutants of switchavidin: one 
with an N-terminal proline residue (pro-OmpA-SWA) for oxidative coupling to phenol-coat-
ed chips (assuming successful oxidation by abTyr or megaTyr, Figure 6A) and one with a 
C-terminal tyrosine tag (OmpA-SWA-SG4Y) for oxidative coupling to aniline-coated chips 
(Figure 6B). Both switchavidin constructs contained OmpA, a bacterial signaling peptide 
that is reported to increase efficiency of protein production.20 Golden Gate was used 
to clone the switchavidin gene (chicken avidin with the mutations previously described) 
containing an N-terminal OmpA sequence into a pET vector. Primers were designed to 
incorporate the N-terminal proline or C-terminal tyrosine tag into the OmpA-switchavidin 
gene. Gibson assembly was initially employed, but yielded no colonies. In contrast, the 
Golden Gate cloning was highly efficient and produced the desired clones, as confirmed 
by sequencing. WT switchavidin (WT-OmpA-SWA) was also cloned for immobilization on 
biotin-coated gold chips, as described in section 5.2.1. OmpA-SWA-SG4Y and WT-Om-
pA-SWA were expressed according to the procedure previously reported for switchavidin 
expression in E. coli.20 Once pro-OmpA-SWA is expressed, all constructs will be purified 
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using 2-Iminobiotin Sepharose 4 Fast Flow.20 The constructs will then be immobilized on 
phenol- or aniline-coated gold chips via enzymatic oxidative coupling and subsequently 
tested in the context of regenerable SPR surfaces (see Figure 3B).

5.2.3 Tyrosine-Tagged IL-1β Constructs for Universal Biotinylation

 In order to bind to a streptavidin- or switchavidin-coated surface, the protein or 
ligand of interest must first be tagged with biotin.22,23 Typically, this is carried out in a 
non-site-specific manner by targeting native lysine residues with an NHS-ester version 
of biotin.24,25 Site-specificity, which is required to control orientation upon immobilization, 
can be achieved by reacting biotin-maleimide with engineered cysteine residues or by 
employing the enzymes sortase26 or E. coli biotin ligase.27,28 While labeling with these en-
zymes is effective, it requires incorporation of often lengthy recognition sequences during 
expression. This can significantly reduce the expression yield and can also affect the 
folding properties and activity of the purified protein. Thus, although critical in a variety of 
applications, protein biotinylation is actually non-trivial. As such, there is a need for new 
protein biotinylation methods.

 The incorporation of a reactive tyrosine residue on proteins could enable quick bio-
tin functionalization through subsequent oxidative coupling to biotin containing an aniline 
moiety. Alternatively, incorporation of an appropriate nucleophile would allow oxidative 
coupling to biotin containing a phenol moiety. Either approach could permit SPR analysis 
of substrate or analyte binding to the biotin-tagged target proteins. To investigate oxida-
tive coupling as a method for protein biotinylation, Interleukin-1 beta (IL-1β) was used as 
a model protein. This would allow us to use SPR to monitor the effect of biotinylation and 
subsequent immobilization on protein function by testing the ability of IL-1β to interact 
with Interleukin-1 receptor.

 The IL-1β sequence was equipped with a His6-tag and TEV cleavage site to al-
low for purification of the expressed proteins. During initial exploration, four variants of 
IL-1β were cloned containing: 1) an N-terminal proline, 2) an N-terminal tyrosine, 3) a 
C-terminal tyrosine, and 4) an N-terminal tyrosine and a C-terminal tyrosine. The N-ter-
minal proline variant (pro-His6-TEV-IL1β) was designed to maintain the His6-tag and 
TEV cleavage site as we were concerned that incorporating the proline residue after the 
cleavage site might inhibit cleavage. Furthermore, we have previously left His6-tags un-
cleaved after purification and not observed deleterious affects on protein activity. Howev-
er, all other constructs with N-terminal manipulation were mutated directly after the TEV 
cleavage site. The N-terminal proline mutant will allow oxidative coupling to phenol-biotin 
for an N-terminal biotin conjugate (Figure 7A). The N-terminal and C-terminal tyrosine 
tags (GYGGS-IL1β and IL1β-G4Y, respectively) were constructed to generate both N- and 
C-terminal biotin conjugates (Figure 7B and 7C). Once immobilized, the activity of these 
conjugates will be compared to evaluate the effects on activity of immobilization via the 
N- versus C-terminus. The specific amino acid sequences used in these tags are based 
on tyrosine tags commonly employed by our lab. 
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 The final construct, with both N- and C-terminal tyrosine tags, was designed to 
exhibit a positively charged N-terminal tag and negatively charged C-terminal tag (GYR-
RR-IL1β-EEEY). We envisioned that by carefully choosing the right tyrosinase variant, 
we could selectively oxidize a single tyrosine residue at a specific terminus. For example, 
abTyr could be used for conjugation solely to the N-terminus (Figure 7B) while megaTyr 
mutants that prefer negatively charged substrates could be employed for conjugation 
solely to the C-terminus (Figure 7C). Selective oxidation will allow us to study the effect of 
orientation on binding further. The double mutant may also allow us to make two distinct 
modifications at both the N- and C-termini by carrying out sequential conjugations. This 
could be facilitated by first activating the N-terminus with a resin-bound version of abTyr,29 
which can be subsequently removed through filtration. The resulting conjugate could then 
be exposed to a megaTyr mutant for conjugation at the C-terminus.
  
 Golden Gate cloning was used to successfully clone the genes for all four con-
structs into pET vectors (confirmed by sequencing), and expression was achieved by fol-
lowing an established procedure for IL-1β production in E. coli. Once purified with a nickel 
column, the IL-1β constructs will be oxidatively coupled to phenol- or aniline-containing 

abTyr (200 nm) + O2

20 mM phosphate buffer
pH 6.5, RT, 30 min

O
H
N

O
S

NHHN

O

N
H

O
H2N

4

HO

N

N
H

O
H
N

O

O

O

4
S

NHHN

O

abTyr (200 nm) + O2

20 mM phosphate buffer
pH 6.5, RT, 30 min

abTyr or megaTyr variant (200 nm) + O2

20 mM phosphate buffer
pH 6.5, RT, 30 min

O
H
N

O
S

NHHN

O

N
H

O
H2N

4

N-terminal biotinylated IL-1β

C-terminal biotinylated IL-1β

N-terminal biotinylated IL-1β

A

B

C

HO

Figure 7. IL-1β mutants for site-selective biotinylation. Genetic manipulation of the IL-1β N-terminus to proline (A) or tyrosine 
(B) can enable selective biotinylation at the N-terminus through oxidative coupling with phenol- or aniline-biotin. In the case of 
GYRRR-IL1β-EEEY, the N-terminal tyrosine can be selectively oxidized by employing abTyr, which prefers positively-charged 
substrates. (C) Genetic manipulation of the IL-1β C-terminus to tyrosine can enable selective biotinylation at the C-terminus 
through oxidative coupling with aniline-biotin. In the case of GYRRR-IL1β-EEEY, the C-terminal tyrosine can be selectively 
oxidized by employing a variant of megaTyr that prefers negatively-charged substrates.

HO

O H
N

HO

N

H
NO

N
H

O

O

S
HN

NHO

O4

N-terminal proline IL-1β
(Pro-His6-TEV-IL1β)

N-terminal tyrosine IL-1β
(GYGGS-IL1β or GYRRR-IL1β-EEEY)

C-terminal tyrosine IL-1β
(IL1β-G4Y or GYRRR-IL1β-EEEY)

H
N

O
S

NHHN

O

HO N
H

O

N

O
O

O
S

NH

HN

O

120



biotin. The resulting conjugates will be immobilized on switchavidin-coated gold chips, 
and their activity will be analyzed with SPR analysis.

5.3 Conclusion and Future Outlook

 Application of the oxidative coupling strategy for immobilization of reversible 
streptavidin (termed “switchavidin”) has the potential to generate SPR sensor chips that 
are regenerable and compatible with a wider range of proteins than currently employed 
SPR technology. This chapter reports progress towards this goal and demonstrates syn-
thesis of small molecule ligands for generation of functional gold chip monolayers, as well 
as successful cloning of WT switchavidin and switchavidin mutants that will allow cova-
lent immobilization of switchavidin through enzymatic oxidative coupling. Additionally, a 
variety of IL-1β mutants have been successfully cloned. These mutants serve as a model 
system for the development of a universal biotinylation approach. Future work aims to 
use the synthesized small molecules for immobilization of biotin and subsequent binding 
of WT switchavidin, as well as formation of functional chips that will allow covalent immo-
bilization of the switchavidin mutants. The resulting regenerable sensor chips will be used 
in combination with biotinylated IL-1β mutants to evaluate the efficacy of the SPR system. 
The optimized system will expand the scope and utility of SPR studies across a range of 
proteins and applications.

5.4 Materials and Methods

General methods and instrumentation

Unless noted otherwise, all reagents were obtained from commercial sources and used 
without further purification. Tyrosinase isolated from Agaricus bisporus (abTyr), aniline, 
tropolone, 6-mercaptohexanol, lipoic acid, 4-(2-aminoethyl)aniline, and tyramine were 
purchased from Sigma-Aldrich (St. Louis, MO). EZ-Link NHS-PEG4-biotin and EZ-Link 
NHS-biotin were purchased from Thermo Fisher (Waltham, MA). Doubly distilled water 
(ddH2O) was obtained from a Millipore purification system. Gold chips were provided from 
the Biocore SIA Kit Au (product code: BR-1004-05). All primers and the OmpA-Switchavi-
din gene were obtained from Integrated DNA Technologies (Coralville, IA). The IL-1β 
plasmid was provided by Merck and Co. Phusion enzyme, T4 Ligase, and BsaI-HFv2 
were purchased from New England Biolabs (Ipswich, MA).

NMR. 1H spectra were recorded on a Bruker AV-300 (300 MHz) spectrometer.

Experimental procedures

Monolayer formation on gold chips. Gold chips were washed by submerging three times 
in EtOH. The washed chips were then submerged in 500 µL of a 250 µM ethanolic solution 
of disulfide-C5-phenol (or disulfide-C5-aniline) and 6-mercaptohexanol at various ratios 
(1:0, 9:1, 1:1, 1:9, and 0:1 of disulfide-C5-phenol:6-mercaptohexanol or disulfide-C5-an-
iline:6-mercaptohexanol). The chips incubated in the thiol solution for 24 h on a shaker 
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plate at room temperature. The chips were washed one time with EtOH, one time with 
ddH2O, and one more time with EtOH, and then dried under a stream of N2.

Oxidative coupling on phenol-coated gold chips. Gold chips prepared with phenol mono-
layers were subject to oxidative coupling with abTyr (200 nM) and aniline-PEG4-biotin 
(200 µM) in a 500 µL total reaction volume of 20 mM phosphate buffer at pH 6.5 (re-
actions were carried out in 20 mL scintillation vials). The reactions proceeded at room 
temperature, while shaking, for 1.5 h. The chips were then flipped over and reacted for 
another 1.5 h at room temperature. Quenching was carried out by adding tropolone (1 
mM) and aniline (5 mM) and exposing the solution to each side of the chip for 10 min. The 
chips were washed one time with EtOH, one time with ddH2O, and one more time with 
EtOH, and then dried under a stream of N2. Note that only one side of the chips are coat-
ed with gold, and thus for future modification, only side of the chip needs to be exposed 
to the oxidative coupling solution.

Oxidative coupling on phenol-coated gold chips with pre-activation of surface phenols. 
Gold chips prepared with phenol monolayers were incubated with abTyr (200 nM) in 20 
mM phosphate buffer at pH 6.5 (500 µL total reaction volume) for 30 min prior to adding 
aniline-PEG4-biotin (100 µM final concentration) and allowing to react an additional 1 h at 
room temperature. The reaction was quenched by the addition of tropolone (1 mM) and 
aniline (5 mM) and subsequent incubation for 10 min. The chips were washed one time 
with EtOH, one time with ddH2O, and one more time with EtOH, and then dried under a 
stream of N2.

Oxidative coupling on aniline-coated gold chips. Gold chips prepared with aniline mono-
layers were subject to oxidative coupling with abTyr (200 nM) and phenol-biotin (200 µM) 
in a 500 µL total reaction volume of 20 mM phosphate buffer at pH 6.5 (reactions were 
carried out in 20 mL scintillation vials). The reactions proceeded at room temperature, 
while shaking, for 30 min. The chips were then flipped over, exposed to fresh oxidative 
coupling solution (containing abTyr, phenol-biotin, and 20 mM phosphate buffer at pH 
6.5), and reacted for another 30 min at room temperature. Quenching was not necessary. 
The chips were washed one time with EtOH, one time with ddH2O, and one more time 
with EtOH, and then dried under a stream of N2. Note that only one side of the chips are 
coated with gold, and thus for future modification, only side of the chip needs to be ex-
posed to the oxidative coupling solution.

Assembly of sensor chips. Modified chips we assembled into sensor chip supports by 
following the protocol provided by the manufacturer. Chips were assembled in Series S 
format.

Switchavidin cloning

OmpA-switchavidin gene (used as template for all constructs; bold italic portion corre-
sponds to the switchavidin gene; italic portion corresponds to the OmpA signaling peptide): 
ATGAACAAGCCGTCTAAATTCGCTCTTGCATTAGCATTCGCTGCCGTAACTGCATC-
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GGGGGTCGCCTCAGCGCAGACTGTAGCGCGTAAGTGTTCTTTGACCGGAGAGT-
GGACGAACGATTTGGGTTCCAATATGACCATCGGTGCCGTGAATAGTCGTGGT-
GAGTTCACAGGAACATATATCACTGCCGTTACAGCCACAAGTAACGAAATTAAA-
GAGTCCCCTCTGCATGGAACGCAGAATACTATCAATAAGCGCACCCAGCCAA-
CATTCGGGTTCACCGTAAATTGGAAGTTTTCGGAAAGCACCACCGTCTTCACCG-
GACAGTGCTTCATTGATCGTAACGGGAAGGAGGTCTTGAAAACTCATTGGTTAT-
TACGCAGTAGCGTTAATGACATTGGCGACGACTGGAAGGCTACATTAGTCGGCAT-
TAACATCTTCACACGTCTTCACACGCAGGAGGAATAA

Primers used for switchavidin constructs (all are from 5’ to 3’; bold italic portions represent 
overlap to the OmpA-switchavidin gene):

Fwd WT primer: aGGTCTCaCATGAACAAGCCGTCTAAATTCGCTCTTG
Rev WT primer: aGGTCTCaTTTATTCCTCCTGCGTGTGAAGACGTG

Fwd pro primer: aGGTCTCaCATGCCGAACAAGCCGTCTAAATTCGCTCTTGC
Rev pro primer: Rev WT primer

Fwd SG4Y primer: Fwd WT primer
Rev SG4Y primer: aGGTCTCaTTTAATAGCCGCCGCCGCCGCTTTCCTCCTGCGTGT-
GAAGACGTG

PCR (with Phusion enzyme) was used to generate the WT-OmpA-SWA, pro-OmpA-SWA, 
and OmpA-SWA-SG4Y inserts from the OmpA-switchavidin gene and the appropriate 
primers. Golden Gate cloning (with T4 Ligase and BsaI-HFv2) was then used to insert 
the genes into a pET vector with a sfGFP insert and kanamycin resistance. The plasmids 
containing the SWA genes were transformed into E. coli DH5alpha cells using a standard 
heat shock protocol. After streaking on a LB/kanamycin agar plate, resistant colonies 
were grown overnight in LB containing kanamycin. Plasmids were isolated using a QIA-
prep Spin Miniprep Kit (Qiagen, Redwood City, CA). Sequences were confirmed with 
Sanger Sequencing at the UC Berkeley Sequencing Facility.

IL-1β cloning

Merck and Co. provided a plasmid containing the IL-1β gene with a His6-tag and TEV 
cleavage site at the N-terminus. The amino acid sequence for the IL-1β gene in the plas-
mid was as follows (with the native IL-1β sequence in bold): 
MGSSHHHHHHSSGENLYFQGSAPVRSLNCTLRDSQQKSLVMSGPYEKALHLQGQD-
MEQQVVFSMSFVQGEESNDKIPVALGLKEKNLYLSCVLKDDKPTLQLESVDPKNYP-
KKKMEKRFVFNKIEINNKLEFESAQFPNWYISTSQAENMPVFLGGTKGGQDITDFT-
MQFVSS

Primers used for IL-1β constructs (all are from 5’ to 3’; bold italic portions represent over-
lap to the His6-TEV-IL1β gene):
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Fwd1 pro-His6-TEV-IL1β: aGGTCTCaCATGCCGGGCAGCAGCCATCATCATCACATC
Rev1 pro-His6-TEV-IL1β: aGGTCTCaTTTAGCTGCTAACGAACTGCATGGTGAAATC

Fwd1 GYGGS-IL1β: aGGTCTCaCATGGGCAGCAGCCATCATCATCATCATCACAG-
CAGCGGCGAAAACC
Rev1 GYGGS-IL1β: aGGTCTCaGTATCCCTGAAAATACAGGTTTTCGCCGCTGCTGT-
GATG
Fwd2 GYGGS-IL1β: aGGTCTCaATACGGCGGCTCCGCTCCGGTGCGTAGC
Rev2 GYGGS-IL1β: Rev1 pro-His6-TEV-IL1β

Fwd1 IL1β-G4Y: aGGTCTCaCATGGGCAGCAGCCATCATCATCATCATC
Rev1 IL1β-G4Y: aGGTCTCaTTTAATAGCCGCCGCCGCCGCTGCTAACGAACTGCAT-
GGTGAAATC

Fwd1 GYRRR-IL1β-EEEY: aGGTCTCaCATGGGCAGCAGCCATCATCATCATCATCAC 
AGCAGCGGCGAAAAC
Rev1 GYRRR-IL1β-EEEY: aGGTCTCaGCGATATCCCTGAAAATACAGGTTTTCGC-
CGCTGCTGTGATGATG
Fwd2 GYRRR-IL1β-EEEY: aGGTCTCaTCGCCGCCGCAGCGCTCCGGTGCGTAGC
Rev2 GYRRR-IL1β-EEEY: aGGTCTCaTTTAATATTCTTCTTCGCTGCTAACGAACTG-
CATGGTGAAATC

The His6-TEV-IL1β provided by Merck was used as the template for pro-His6-TEV-IL1β 
and IL1β-G4Y during PCR amplification (with Phusion enzyme). For GYGGS-IL1β and 
GYRRR-IL1β-EEEY, the fwd2 and rev2 primers were combined with the template during 
PCR while the fwd1 and rev1 primers were exposed to PCR in the absence of template. 
Golden Gate cloning (with T4 Ligase and BsaI-HFv2) was then used to insert the genes 
into a pET vector with a sfGFP insert and kanamycin resistance. Two inserts were includ-
ed for GYGGS-IL1β and GYRRR-IL1β-EEEY. The plasmids containing the IL-1β genes 
were transformed into E. coli DH5alpha cells using a standard heat shock protocol. After 
streaking on a LB/kanamycin agar plate, resistant colonies were grown overnight in LB 
containing kanamycin. Plasmids were isolated using a QIAprep Spin Miniprep Kit (Qia-
gen, Redwood City, CA). Sequences were confirmed with Sanger Sequencing at the UC 
Berkeley Sequencing Facility.

Switchavidin expression

Switchavidin expression was based on a literature protocol.20 Miniprepped plasmid was 
transformed into E. coli BL21 DH3 cells using a standard heat shock protocol. After streak-
ing on a LB/kanamycin agar plate, resistant colonies were grown overnight in LB contain-
ing kanamycin. Overnight cultures were added to pre-warmed LB containing kanamycin 
and 0.1% glucose (1 mL of overnight culture per 100 mL LB). Cultures were grown at 27 
°C to an OD600 of ~0.3, after which IPTG and L-arabinose were added to final concentra-
tions of 1 mM and 0.2% (w/v), respectively. The cultures continued to incubate at 27 °C 
overnight. The next morning, cells were pelleted at 7,000 rpm for 15 min at 4 °C. Pellets 
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were stored at -80 °C until purification.

IL-1β expression

IL-1β expression was based on a protocol provided by Merck and Co. Miniprepped plas-
mid was transformed into E. coli BL21 DH3 cells using a standard heat shock protocol. 
After streaking on a LB/kanamycin agar plate, resistant colonies were grown overnight in 
LB containing kanamycin. Overnight cultures were added to pre-warmed LB containing 
kanamycin (1 mL of overnight culture per 100 mL LB), and cultures were grown at 37 
°C to an OD600 of ~0.7–0.8, after which IPTG was added to a final concentration of 0.5 
mM. The cultures continued to incubate at 37 °C for 3 h, and then the temperature was 
reduced to 20 °C, and incubation proceeded overnight. The next morning, cells were 
pelleted at 7,000 rpm for 15 min at 4 °C. Pellets were stored at -80 °C until purification.

Synthetic procedures

Biotin-PEG4-aniline. EZ-Link NHS-PEG4-biotin (44 mM, 1.1 eq) was combined with 
4-(2-aminoethyl)aniline (1 eq) in DMF. The mixture was rotated end-over-end overnight at 
room temperature. Formation of the product was confirmed with LC-MS. The solution was 
diluted to a concentration of 4.5 mM prior to use. QTOF-MS: m/z for C28H47N5O7S [M+H]+ 
610.3, observed 610.3.

Biotin-phenol. Biotin-phenol was synthesized as previously described.18 Briefly, EZ-Link 
NHS-biotin (50 mM, 1 eq) was combined with tyramine (55 mM, 1.1 eq) in DMF, and the 
reaction was rotated end-over-end at RT. The solution was diluted 10-fold with ddH2O and 
allowed to stand at room temperature for 24 h before use.

Lipoic acid-NHS (based on previously reported procedure30). Lipoic acid (406 mg, 1 eq) 
and N-hydroxysuccinimide (230 mg, 1eq) were dissolved in 4 mL of dry DCM. Separate-
ly, N,N’-dicyclohexylcarbodiimide (DCC) (413 mg, 0.94 eq) was dissolved in 3 mL of dry 
DCM. The lipoic acid solution was added drop-wise to the DCC solution, and the mixture 
was stirred on ice for 1 h. The reaction was then stirred at 4 °C for 1 h, after which the 
stirring was stopped and the mixture was left overnight at 4 °C. The next morning, the 
mixture was placed in a -20 °C freezer for 30 min. The solution was then filtered with a 
Buchner funnel, and the collected solid was washed with two 3 mL portions of DCM that 
were pre-cooled to -20 °C. The filtrate was collected and subjected to rotary evaporation. 
The resulting pale-yellow solid was confirmed by 1H NMR in CDCl3 (NMR provided in 
Chapter 3, Figure S11).

Disulfide-C5-phenol. Tyramine (66 mg, 1 eq) was combined with lipoic acid-NHS (145 
mg, 1 eq) in 5 mL of dry DCM. N,N-diisopropylethylamine (DIPEA, 187 µL, 1.5 eq) was 
added, and the mixture was stirred overnight at room temperature. The next day, the 
reaction was filtered through a 0.22 µm PVDF filter. Solvent was removed by rotary evap-
oration, and the resulting product was purified with silica flash chromatography using a 
solvent system of 8% methanol in DCM. After rotary evaporation, the resulting yellow oil 
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(141.5 mg) was confirmed by 1H NMR in CD3CN (Figure S1).

Disulfide-C5-aniline. 4-(2-aminoethyl)aniline (80 mg, 1 eq) was combined with lipoic ac-
id-NHS (182 mg, 1 eq) in 5 mL of dry DCM. DIPEA (157 µL, 1.5 eq) was added, and 
the mixture was stirred overnight at room temperature. The next day, the reaction was 
filtered through a 0.22 µm PVDF filter. Solvent was removed by rotary evaporation, and 
the resulting product was purified with silica flash chromatography using a solvent system 
of 8% methanol in DCM. After rotary evaporation and drying under house vacuum, the 
resulting deep orange solid (171 mg) was confirmed by 1H NMR in CD3CN (Figure S2).
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5.6 Supplementary Figures
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Figure S1. Characterization of disulfide-C5-phenol via 1H NMR. 
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Figure S2. Characterization of disulfide-C5-aniline via 1H NMR. 
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