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Typical protein biosensors employ chemical or genetic labeling of the protein, thus introducing an extraneous
molecule to the wild-type parent protein, often changing the overall structure and properties of the protein.
While these labeling methods have proven successful in many cases, they also have a series of disadvantages
associated with their preparation and function. An alternative route for labeling proteins is the incorporation of
unnatural amino acid (UAA) analogues, capable of acting as a label, into the structure of a protein. Such an
approach, while changing the local microenvironment, poses less of a burden on the overall structure of the
protein. L-DOPA is an analog of phenylalanine and contains a catechol moiety that participates in a quasi-
reversible, two-electron redox process, thus making it suitable as an electrochemical label/reporter. The peri-
plasmic glucose/galactose binding protein (GBP) was chosen to demonstrate this detection principle. Upon
glucose binding, GBP undergoes a significant conformational change that is manifested as a change in the
electrochemistry of L-DOPA. The electroactive GBP was immobilized onto gold nanoparticle-modified, poly-
merized caffeic acid, screen-printed carbon electrodes (GBP-LDOPA/AuNP/PCA/SPCE) for the purpose of direct
measurement of glucose levels and serves as a proof-of-concept of the use of electrochemically-active unnatural
amino acids as the label. The resulting reagentless GBP biosensors exhibited a highly selective and sensitive
binding affinity for glucose in the micromolar range, laying the foundation for a new biosensing methodology
based on global incorporation of an electroactive amino acid into the protein’s primary sequence for highly
selective electrochemical detection of compounds of interest.

1. Introduction

Bioreceptor molecules, such as proteins, are powerful molecular
recognition elements that can be used in the detection of a range of
analytes. Labeling such biomolecules with a reporter compound can lead
to simplified methods in which binding of the analyte causes a change in
the signal produced by the reporter (Joel et al., 2014). Most such
methods involve the labeling of proteins with fluorescent molecules and
monitoring the change in fluorescence (directly or through FRET) upon
analyte binging. Labeling proteins with electrochemical reporters is
mostly accomplished through chemical attachment of an electroactive
molecule to the amino group of lysines or the thiol group of cysteines.

Because of the size of the electroactive molecule the overall structure of
the parent protein may change, and its functionality may be altered.
Incorporating amino acid analogues that are electroactive at specific
locations within the protein structure provides a powerful alternative
because it allows for protein folding that is similar to the native protein,
increasing the probability that functionality is maintained. Such amino
acid incorporation can be performed by using amber codon suppression
and tRNA/synthetase pairs to substitute an amino acid with an unnat-
ural one at specific locations (Strgmgaard et al., 2004; Smolskaya and
Andreev, 2019). This process, however, is more cumbersome than using
an auxotrophic strain that is unable to synthesize a particular amino acid
(Wang and Schultz, 2002; Kato, 2015). Growing such a strain in the

* Corresponding author. Department of Biochemistry and Molecular Biology, Miller School of Medicine, University of Miami, Miami, FL, 33136, United States.

E-mail address: sdaunert@med.miami.edu (S. Daunert).

https://doi.org/10.1016/j.bios.2021.113861

Received 7 October 2021; Received in revised form 19 November 2021; Accepted 1 December 2021

Available online 7 December 2021
0956-5663/© 2021 Elsevier B.V. All rights reserved.


mailto:sdaunert@med.miami.edu
www.sciencedirect.com/science/journal/09565663
https://www.elsevier.com/locate/bios
https://doi.org/10.1016/j.bios.2021.113861
https://doi.org/10.1016/j.bios.2021.113861
https://doi.org/10.1016/j.bios.2021.113861
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2021.113861&domain=pdf

E. Zeynaloo et al.

presence of an unnatural amino acid analogue allows incorporation of
the latter in the protein structure. In this work we evaluated a strategy to
incorporate directly, and during protein synthesis, electroactive unnat-
ural amino acids (UAAs) into the structure of the protein using an
auxotrophic strain and the periplasmic glucose/galactose binding pro-
tein (GBP) as a model.

GBP is a member of the sugar-binding protein subclass of PBPs that
has been used as a platform for designing binding proteins with novel
ligand specificities (Looger et al., 2003). The GBP’s glucose-binding site
is located within the interface between the two domains of the protein.
The location of this glucose-binding site is similar among structurally
characterized periplasmic sugar-binding proteins. Sugar binding pro-
ceeds from an encounter complex with the open form of the protein, the
predominant protein conformation in the absence of ligand, followed by
hinge bending to give the closed form (Palani et al., 2012).
Hydrogen-bonding and hydrophobic interactions of the sugar with both
protein domains stabilize the closed form (Vyas et al., 1988). GBP has
been successfully used as a bioreporter molecule by our group and others
to develop biosensors (Salins et al., 2001a; Teasley Hamorsky et al.,
2008). We have previously shown the design of a reagentless sensing
system based on a fluorescently labeled GBP with submicromolar
glucose detection limits (Salins et al., 2001b; Ehrick et al., 2009).
Additionally, we have developed an optical glucose biosensor based on
semisynthetic glucose recognition proteins (GPRs) with enhanced ther-
mal stability and a larger detection range. The GPRs were prepared by
truncation of GBP and global incorporation of UAAs (7-azatryptophan
and 5-fluorotryptophan) into the structure of GBP and its fragments
(Joel et al., 2014). Thus, GBP has proven to be an excellent model
protein for the development of protein biosensors based on binding
proteins, and, importantly, incorporation of unnatural amino acids into
its parent structure. This provides a strong scientific support for our
premise that incorporation of electroactive unnatural amino acids into a
protein structure should yield a protein that can generate an electro-
chemical signal, and, further, that this signal can be correlated to a
binding event in the protein. To that end, in the present study, we
evaluated the feasibility of using different UAAs in the design and
development of electrochemical reagentless label-free biosensors using
binding proteins.

A great amount of effort has been put into developing electro-
chemical sensors that are selective and sensitive to the analyte of interest
through the use of nanomaterials, addition of different catalysts and
mediators, and application of innovative bioreceptors. A number of
studies have reported the successful fabrication of biologically relevant
sensors containing composite structures of several components such as
enzymes (Rernglit et al., 2019), metal nanoparticles (Mathew and
Sandhyarani, 2014; Fazio et al., 2021), and conductive polymers
(Bagdziunas and Palinauskas, 2020; Teran-Alcocer et al., 2021) to
selectively detect the analyte in different types of media with high
sensitivity. The incorporation of nanomaterials is a new promising trend
in the fabrication of electrochemical biosensors leading to improve-
ments in sensitivity, linear detection range, limit of detection, electrical
conductivity, and also providing a more effective bioreceptor immobi-
lization (Zeng et al., 2016).

Gold nanoparticles (AuNPs) have been utilized in the fabrication of
electrochemical biosensors, including non-enzymatic glucose biosensors
(Heo et al., 2012; Sehit et al., 2020). AuNPs have excellent biocompat-
ibility and facilitate the conjugation of the bioreceptors on the surface of
the electrode. Additionally, the large surface-to-volume ratio of AuNPs
increases sensor sensitivity. We have previously exploited these prop-
erties to fabricate a non-enzymatic glutamate biosensor using glutamate
binding protein conjugated to AuNPs on the surface of screen-printed
carbon electrodes (SPCE) (Bachas et al., 2019; Mohapatra et al., 2020;
Zeynaloo et al., 2021a).

Herein, we evaluated the use of an E. coli phenylalanine (Phe)
auxotroph to incorporate 3,4-dihydroxyphenylalanine (L-DOPA) or 3-
amino-L-tyrosine (NHyY) as unnatural electroactive amino acids into
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the structure of a periplasmic binding protein, namely GBP. The redox-
active UAA can act as a reporter molecule to generate an electrochem-
ically active bioreporter. The biosensor was fabricated using a screen-
printed carbon electrode (SPCE) decorated with a thin film of poly-
caffeic acid (PCA) and AuNPs. We chose GBP as a model of a periplasmic
binding protein given our group’s previous successful experience with
this binding protein in the development of biosensors. The conforma-
tional change induced by binding glucose alters the microenvironment
of the electrode’s surface that manifests as a change in its electro-
chemical signal. The GBP-L-DOPA/AuNP/PCA/SPCE (Fig. 1) demon-
strated excellent selectivity toward glucose, both in phosphate buffer
and human serum. The sensor had a dose-dependent response for
glucose in the with a detection limit of 0.67 pM. The proposed sensor has
the advantage to be reagentless as compared to enzyme-based sensors
where there is a need to add substrates for generation of the product
and/or signal. By incorporating unnatural electroactive amino acids to
the protein that can be addressed by cyclic voltammetry, the sensor does
not need any external addition of substrates to generate a signal that is
dependent on the concentration of glucose in the sample. In addition,
the developed sensor has a better detection limit than most of enzyme-
based glucose sensors. This allows dilution of the sample before analysis
which brings the concentration of potential interfering substances to
below detection limits. Unlike enzyme biosensors that are typically
reusable, the developed biosensor was designed to be a single use plat-
form. To the best of our knowledge, this represents the first report of
electrochemical detection of glucose via inherently electroactive amino
acids incorporated into the primary sequence of a protein, thus broad-
ening the application of unnatural amino acids in measurement science.

2. Material and methods
2.1. Reagents

Aqueous solutions were prepared using Milli-Q ultra-pure water with
aresistance of 18.2 MQ cm (MQ). Caffeic acid, 3,4-dihydroxyphenylala-
nine (L-DOPA) or 3-amino-L-tyrosine (NHyY), HAuCly, calcium chloride,
magnesium sulfate, thiamine, ampicillin sodium salt, agarose, 2-[4-(2-
hydroxyethyl) piperazin-1-yl] ethane sulfonic acid (HEPES), nitro blue
tetrazolium (NBT), sodium glycine salt, sodium borate, D-glucose,
fructose, sodium phosphate dibasic, sodium phosphate monobasic,
acetic acid, all 20 amino acids, human serum, and glucose colorimetric/
fluorometric assay kit were obtained from Sigma-Aldrich (St. Louis,
MO). Ethyl alcohol 200 proof 99.5% was purchased from PHARMCO-
AAPER (Brookfield, CT). The BCA protein assay kit and 3500 MWCO
Slide-A-Lyzer 3 mL dialysis cassettes were from Thermo Fisher Scientific
(Rockford, IL). ProBlock gold extra strength [100x ] (protease inhibitor),
Ni-NTA agarose resin, and isopropyl B-D-1-thiogalactopyranoside
(IPTG) were obtained from Gold Biotechnology (St. Louis, MO). The
Mark12 protein standard and 1 kb DNA standard were purchased from
Invitrogen (Carlsbad, CA). All restriction digest enzymes, the plasmid
PQE70, and QIAprep Spin Miniprep Kit were purchased from Qiagen
(Redwood City, CA). Syringe filters (0.2 pm) were purchased from VWR
(Bridgeport, NJ). Imidazole was obtained from J.T. Baker (Phillipsburg,
NJ). Sodium dodecyl sulfate was ordered from Curtin Matheson
(Houston, TX). Luria—Bertani (LB) broth was from Becton, Dickinson and
Company (Sparks, MD). ATCC 23785 E. coli Phe auxotroph (Auxo) cells
was from American Type Culture Collection (Manassas, VA).

2.2. Equipment

Screen-printed carbon electrodes ItalSens IS-C were purchased from
PalmSens (Houten, Netherlands). Polymerase chain reactions (PCRs)
were performed using an Eppendorf Mastercycler Personal Thermo-
cycler (Hauppauge, NY). Electrophoresis of DNA was carried out using
an FB105 Fisher Biotech Electrophoresis Power Supply (Pittsburgh, PA).
DNA gels were visualized using a UV Transilluminator platform from
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Fig. 1. Schematics of fabrication and analytical performance of the GBP-L-DOPA-based biosensor. Created with BioRender.com.

UVP (Upland, CA). The sonicator for lysing the cells was a 550 Sonic
Dismembrator from Fisher Scientific. The incubator for the protein
expression was a Forma Scientific Orbital Shaker (Fairlawn, NJ). All
centrifugations were performed using a Beckman J2MI centrifuge (Palo
Alto, CA). Proteins were visualized by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) using PROTEAN TGX stain-
free precast gels 4%-20% from Bio-Rad. Circular dichroism (CD) spectra
were collected using a Jasco J-810 spectropolarimeter. Scanning elec-
tron microscopy (SEM) was used to study the morphology of the AuNPs
using a Philips XL30 field-emission environmental SEM, operated at an
acceleration voltage of 30 kV and a working distance of 10.1 mm.
Amperometric and voltammetric measurements were performed with a
PalmSens 4 electrochemical analyzer controlled by PSTrace5.3 soft-
ware. A CLARIOstar Plus microplate reader (BMG LABTECH, Ortenberg,
Germany) was used in the protein binding experiments.

2.3. DNA purification, isolation, and sequencing

For purification and isolation of plasmid DNA, a QIAprep Spin
Miniprep Kit was used. The DNA was digested with restriction enzymes
Sphl and HindIIl. The resulting products were analyzed by TAE 1%
agarose gel electrophoresis. DNA gels were visualized using a UV
Transilluminator platform (Fig. S1). DNA sequencing was performed by
GENEWIZ (South Plainfield, NJ) to confirm the correct DNA sequence.

2.4. Expression of proteins

GBP with a unique cysteine at position 152 was expressed with a 6x
His tag at the C-terminus. The coding sequence for GBP was ligated into
the Sphl - BamHI sites of pQE70 (forward primer: TAAGCAG-
CATGCTTGATACTCGCATTGGTG and reverse primer TGCTTAAAGCT-
TAGTGATGGTGATGGTGAT). PCR was used to place a Sphl restriction
site at the 5’ end and a BamHI site at the 3’ end of the GBP coding
sequence. The GBP gene contained a mutation to generate a unique
cysteine at position 152 in place of histidine for labeling purposes
(Table S1). Also, an alanine next to the N-terminal was changed to
leucine. The plasmid was then transferred to E. coli Phe Auxo cell ATCC
23785. The E coli cells containing the recombinant DNA plasmid were

grown on a plate containing LB and 200 mg mL ™! ampicillin. A single
colony from the plate was collected. The cells were grown in 5 mL LB
medium containing 200 mg mL~! ampicillin overnight at 37 °C on an
incubator/shaker. After centrifugation of the overnight culture, the cells
were transferred into 300 mL fresh M9 medium containing 1x M9 salts,
0.4% (w/v) glucose, 1.0 mM MgSO4, 0.1 mM CaCl,, 100 mg each of 20
amino acids and 200 mg mL~! ampicillin grown at 37 °C with shaking at
250 rpm to an ODggg of 0.6. The culture was then centrifuged at 5000xg
for 15 min at 4 °C followed by resuspending and washing the pellet for
three times with filter-sterilized 0.9% NaCl. The pellet was then resus-
pended in freshly prepared M9 media containing 1x M9 salts, 0.4% (w/
v) glucose, 1.0 mM MgSO4, 0.1 mM CaCl,, 100 mg each of 19 amino
acids excluding Phe. Cells were then grown for 1 h at 37 °C with shaking
at 250 rpm. Protein expression was then induced with IPTG to 1 mM
final concentration, 1.0 mM thiamin, and either 100 mg Phe or 600 mg
L-DOPA, or 600 mg NH,Y, or no amino acid or UAA to express GBP,
GBP-L-DOPA, GBP-NH,Y, and negative control (NC) respectively. The
cultures were pelleted by centrifugation at 5000xg for 15 min, and the
pellet was placed in lysis buffer (50 mM NaH2PO4, 30 mM NaCl, 10 mM
imidazole, pH 8.0) followed by addition of protease inhibitor and lysed
by sonication on ice, using a programmed cycle of 10 s on, 10 s off, for
20 min. The cell debris was pelleted by centrifugation at 17000xg for 20
min at 4 °C three times, and the resulting crude protein containing cell
extract was removed to a separate culture tube. To the crude extract was
added 1.0 mL of Ni-NTA resin, and this was mixed at room temperature
for 1 h. The solution was then added to a gravity-flow column, and the
flow-through was collected. The resin was washed with 20 mL of wash
buffer (50 mM NaH5PO4, 30 mM NaCl, 20 mM imidazole, pH 8.0), and
the wash fraction was collected. Purified protein was eluted from the
column in 1.0 mL aliquots of elution buffer (50 mM NaH3PO4, 30 mM
NaCl, 100 mM imidazole, pH 8.0). Proteins were visualized by SDS-
PAGE (Fig. 2A), and the concentration of each aliquot was determined
using the BCA assay kit. Purified proteins were dialyzed using 3500
MWCO Slide-A-Lyzer 3 mL dialysis cassettes in the final buffer against
three changes of the buffer. The fractions containing purified proteins
were filtered and stored at 4 °C. An aliquot of each sample was sent to
Scripps Research Institute (Jupiter, FL) for liquid chromatography tan-
dem mass spectrometry (LC-MS/MS) analysis (Fig. S2). The GBP and


http://BioRender.com

E. Zeynaloo et al.

A B 4
L& +NH,Y +L-DOPA +Phe NC
NH,
Phe
0
HO
HO iz
L-DOPA
e 34 KD
— e =
| — O
- Ha | \‘
- Ho ~Z  NH
- NH,Y

GBP-L-DOPA demonstrated peaks at 34716 Da and 34747-34748 Da,
(Fig. S2), respectively. LC-MS/MS of the protein gel-band digests found
one Phe changed by mass shift of +31Da in the GBP-NH,Y sample and
two Phe changed by mass shift of +32Da in GBP-L-DOPA sample
compared to native GBP. The LC-MS/MS was controlled by Thermo
Scientifi Xcalibur software, and the data were analyzed by Scaffold
Proteome Software. These peptides were found based on peptide spec-
tral matches (PSMs).

2.5. NBT dot blotting

For the nitroblue tetrazolium (NBT) dot blotting assay, purified GBP
and GBP-L-DOPA were prepared to a final concentration of 0.5 mg mL ™!
in 10 mM acetic acid. Then, 2 pL of each GBP solution was dropped onto
a nitrocellulose transfer membrane. The membrane was then immersed
in 2.0 M sodium glycinate buffer (pH 10.0) containing 0.5 mg mL ! NBT
and incubated until a blue-purple color developed at room temperature.
The stained membrane was washed with 0.2 M sodium borate solution
(pH 8.5) and MQ water (Fig. S3).

2.6. Characterization of native and engineered GBPs

The purified GBPs were prepared in 10 mM HEPES buffer containing
0.2 mM CaCl, at pH 8.0. The GBPs were chemically modified via site-
selective fluorescent labeling of the unique Cys residue with 10-fold
molar excess of 7-diethylamino-3-((((2-maleimidyl)ethyl)amino)
carbonyl) coumarin (MDCC) dissolved in DMSO, using the manufac-
turer’s instructions. The labeling reaction was carried out overnight at
4 °C in an amber glass vial, protected from light. Following the labeling
reaction, the protein was extensively dialyzed in 3500 MWCO dialysis
cassettes in 10 mM HEPES buffer containing 0.2 mM CaCl, at pH 8.0
buffer to remove any excess MDCC and adjusted to a final concentration
of 1 x 10”7 M. The proteins were characterized in terms of their binding
ability using 10~ — 107! M glucose. For the assay, 180 pL of the labeled
protein solution was added to 20 pL of each glucose standard solution, as
well as a blank, in triplicate in a clear microtiter plate; the contents were
mixed gently and thoroughly, and the fluorescence was measured.
MDCC was excited at a wavelength of 419 nm, and fluorescence emis-
sion was monitored at an emission wavelength of 466 nm with a
CLARIOstar Plus Microplate reader. Upon glucose binding, the fluores-
cence intensity generated by the MDCC-labeled GBPs decreased. Since
the MDCC-modified cysteine is located on a flexible region at the edge of
the binding pocket, MDCC can experience a different environment as the
protein changes conformation as a result of glucose binding (Fig. S4).
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Fig. 2. A: Coomassie-stained SDS PAGE gel.
Lanes: L, protein molecular weight marker;
+NH,Y, expressed with 19 amino acids and
3-amino-L-tyrosine; +L-DOPA, expressed
with 19 amino acids and L-DOPA; +Phe,
expressed with 19 amino acids and phenyl-
alanine; NC, expressed with only 19 amino
acids as a negative control. B: Chemical
structure of phenylalanine, L-DOPA, and 3-
amino-L-tyrosine. C: X-ray crystal structure
of GBP with the bound p-D-glucose shown as
a ball and stick figure. The X-ray crystal
structure of the protein was visualized using
Studio Visualizer (BIOVIA) by using the co-
ordinates downloaded from the RCSB pro-
tein data bank (PDBID- 2GBP). The yellow
Phe residues indicate sites of incorporation
of L-DOPA in the GBP-L-DOPA.

2.7. Determining the secondary structure of the protein using circular
dichroism (CD)

Purified protein was dialyzed by 3500 MWCO Slide-A-Lyzer 3 mL
dialysis cassettes in the buffer containing 10 mM phosphate, 0.2 mM
CaCly, pH 7.4, against three changes of the buffer. Protein sample of GBP
was determined to have a concentration of 100 pg mL™'. Spectra were
collected using a CD spectrophotometer (Fig. 3 and S5).

2.8. Fabrication and characterization of GBPs/AuNP/PCA/SPCE

The commercially available SPCEs (with screen printed carbon as the
working electrode (W.E.), Ag/AgCl as the reference electrode, and Pt as
the counter electrode) were pretreated by sweeping the potential from
—1.0to +1.0 V at a scan rate of 300 mV s~ ! using cyclic voltammetry in
0.5 M sulfuric acid. Caffeic acid solutions were prepared freshly before
polymerization and all experiments were carried out at room tempera-
ture. A thin layer of PCA was generated on the surface of SPCE by
addition of 50 pL of 1.0 mM caffeic acid dissolved in 0.05 mM phosphate
buffer (PB) solution, pH 6.0, by applying a chronoamperometric pulse at
2.0V for 2 min. The surface of the electrodes was then rinsed with the PB
solution. A volume of 30 pL of 1 mM gold(III) chloride (HAuCl,) in PB
solution, pH 7.4, placed on the surface of PCA/SPCE. The AuNP depo-
sition was carried out by applying a potential of —0.6 V for 5 min to
generate AuNP/PCA/SPCE. Cyclic voltammograms of the electrodes
were collected by sweeping the potential from —0.2 to +1.0 V at a scan
rate of 50-300 mV s~ * in 50 mM PB solution (Fi g. S6). The presence of a
significant reduction peak in the generated cyclic voltammograms
indicated the successful AuNP deposition on electrodes. The
morphology of the nanoparticles was examined using SEM. The size of
100 AuNPs was measured at the longest line of each particle on the
micrographs, and the mean and standard deviation are reported to be 51
4+ 12 nm. The surface of the electrodes was rinsed with PB, and then 10
pL of 250 pg mL~! GBP, or GBP-L-DOPA, or GBP-NH,Y were drop-casted
on the surface of the distinct AuNP/PCA/SPCE electrodes to generate
GBP/AuNP/PCA/SPCE, GBP-L-DOPA/AuNP/PCA/SPCE, or GBP-NH,Y/
AuNP/PCA/SPCE; the electrodes were sealed and kept at 4 °C for a
minimum incubation time of 3 h to allow the protein to bind to the
AuNPs. As we have reported previously, the AuNP electrode response is
pH-dependent, and by decreasing the pH, the gold reduction peak shifts
to higher potential (Zeynaloo et al., 2021a). After incubation, the sur-
face of the electrodes was gently rinsed right before each use with PB
solution, pH 7.4, to remove unbound proteins. For each detection step,
30 pL of each sample was placed on the surface of the electrode, and the
response of each electrode was recorded by CV and differential pulse
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voltammetry (DPV).
3. Results and discussion

Biosensors are molecular recognition devices consisting of biological
and abiotic components that produce a signal upon ligand binding to the
sensing element of the sensor in a manner that depends on the con-
centration of the ligand in the sample (Scheller et al., 2001). The bio-
logical components of biosensors, such as proteins, deoxyribonucleic
acid (DNA), cells, and aptamers, are molecules that specifically recog-
nize the analyte ligand (Estrela et al., 2016; Mohapatra et al., 2020).
Electrochemical biosensors are one of the most commonly successfully
used classes of sensors and mainly use potentiometry (Zeynaloo et al.,
2021b), amperometry (Emir et al., 2021; Khumngern et al., 2021), or
voltammetry (Azimi et al., 2021; Tasaltin et al., 2021) as their detection
principles. These electrochemical sensors are generally fast, compatible
with various media, easy to miniaturize, cost-effective, and require small
sample volumes, making them well-suited for clinical applications.

3.1. Protein characterization

Incorporation of UAAs within a protein structure can be accom-
plished by either using amber codon suppression and tRNA/synthetase
pairs or auxotrophic strains that are unable to synthesize a particular
amino acid (Niu and Guo, 2013; Joel et al., 2014; Lee et al., 2019), thus
expanding the genetic code of the parent protein. The former is used for
site-selective incorporation of UAA, while the latter can be used to
incorporate UAAs at one or more positions within the protein structure.
Using such methods, more than 200 UAAs have been incorporated into
proteins to enhance their properties or generate new functions (Var-
gas-Rodriguez et al., 2018). 3,4-Dihydroxyphenylalanine (L-DOPA) and
3-amino-L-tyrosine (NHY) are redox-active UAAs that are analogues of
the phenylalanine and tyrosine cognate amino acids. L-DOPA contains a
catechol moiety that participates in a quasi-reversible, 2-electron redox
process. L-DOPA and NHyY have been successfully incorporated into
proteins to enhance their properties such as adhesion, water resistance,
and polymerization or to apply in mechanistic studies as a redox active
component (Ayyadurai et al., 2011; Yang et al., 2014b; Kim and Lee,
2018; Lee et al., 2018).

The incorporation of L-DOPA and NH,Y in GBP was confirmed using
SDS-PAGE, NBT dot blotting, and mass spectrometry. Specifically, the
SDS-PAGE analysis clearly showed successful expression of GBP, GBP-L-
DOPA, and GBP-NH,Y (Fig. 2A). In the absence of Phe and UAAs no
significant band of expressed protein was observed in the SDS-PAGE.
This confirms that the auxotrophic E. coli requires Phe or analogues
with similar structure such as L-DOPA (that includes two additional
hydroxy groups) or NH,Y (that contains one extra hydroxy and one extra
amine group on its structure) to express the protein (Fig. 2B). Approx-
imately 0.2-0.5 mg L™! of purified engineered GBPs were obtained from
a 250-mL scale culture after Ni-NTA affinity chromatographic
purification.

The redox-dependent NBT dot blotting can be used to detect proteins
containing L-DOPA (Yang et al., 2014a). An interesting property of
L-DOPA is that it can reduce NBT causing a color change from the yellow
tetrazolium salt to the formazan blue (Fig. S3). This allows screening for
the incorporation of L-DOPA in proteins right from the culture. The
results shown in Fig. S3 indicate the successful incorporation of L-DOPA
in GBP. Through LC-MS/MS analysis, we additionally confirmed a mass
difference indicative of L-DOPA and NH,Y being incorporated in
GBP-L-DOPA and GBP-NH,Y, respectively. The incorporation of two
L-DOPA molecules at the locations of Phel7 and Phel44 (Fig. 2C) and
one NH,Y at the location of Phel7 was demonstrated by LC-MS/MS.

Incorporation of UAAs analogues of cognate amino acids into a
protein structure may result in changes in the microenvironment sur-
rounding the amino acid, and potentially impact the overall protein
properties, function, and stability. While such an impact should, in
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general, be less drastic than incorporating an extraneous label/reporter
or generically fusing the protein to a reporter protein, the new protein
still needs to be characterized in full to assess any loss of function or
alteration of the properties when compared the parent protein. As
mentioned before, we have previously developed a series of fluorescent
biosensors using GBP extraneously labeled as well as with incorporated
unnatural amino acids. In order to evaluate the ability of our newly
electroactive GBP proteins to bind glucose and have a reference as a
means of comparison with our prior biosensors, we followed methods
employed earlier by us to covalently attach the fluorescent label MDCC
to the cysteine residue at location 152 in the electroactive proteins. The
response of the labeled GBPs was measured in standard glucose solu-
tions by monitoring the changes in fluorescence intensity of MDCC. The
fluorescence quenching of the native and engineered GBPs labeled with
MDCC in solutions containing 10~ — 107! M glucose was plotted, and
the results are shown in Fig. S4. The native GBP Kp was estimated to be
1.4 x 10~ M which is comparable to the reported binding constant of
GBP (Joel et al., 2014). The Kp of GBP-L-DOPA and GBP-NH,Y (1.1 x
10"°Mand 7.1 x 10~® M, respectively) were slightly higher than that of
the native GBP. The native GBP contains seven Phe residues in its
structure, and Phel7 was replaced by NHyY in the GBP-NH,Y, and two
Phe (Phel7 and Phel44) were replaced by L-DOPA in GBP-L-DOPA. In
both engineered GBPs, one of the Phe in the binding pocket was replaced
with UAAs, which may explain the change in apparent Kp compared to
native GBP.

To further study the structural modifications resulting from UAA
incorporation, the thermal stability of the expressed GBPs was evaluated
by CD spectroscopy (Fig. 3). Both GBP-L-DOPA and GBP-NH,Y
demonstrated similar CD spectra as native GBP, suggesting the absence
of significant changes in the overall secondary structure of the proteins
(Fig. 3A). All three GBPs consisted mostly of a-helical structures (peaks
at approximately 210 and 220 nm). In development of protein-based
biosensors, the protein thermal stability is an essential consideration
in determining the lifetime of the biosensor. The melting temperature
(Tm) of the GBP, GBP-L-DOPA, and GBP-NH,Y were determined at 222
nm to be 46.7 + 0.3 °C, 45.2 + 0.5 °C, and 44.8 + 0.5 °C, respectively
(Fig. 3B). The similarity of the Ty, among the three proteins is consistent
with the similarity of the engineered GBPs’ structures to the native GBP.
The forward and reverse T, measurements were also carried out
(Fig. S5) to confirm the stability of the engineered proteins and their
ability to fold back to their secondary structure after thermal denatur-
ation. All three proteins demonstrated high stability and reversibility
after thermal denaturation.

3.2. Electrode fabrication and characterization

Different nanomaterials and polymers have been combined to design
nano-assembly systems with enriched electronic and electrocatalytic
activities (Cai et al., 2007; Maity et al., 2019). Several electrochemical
sensors have been reported using redox polymers, including poly-
phenols, as sensor modifiers (Setti et al., 2005; Liu et al., 2012; Xu et al.,
2012; Li et al., 2016; Selvolini et al., 2019). Polycaffeic acid (PCA), a
type of polyphenol, exhibits excellent electrochemical activity on
different electrodes (gold, platinum, carbon, etc.) and has been used for
electrode surface modification (Ren et al., 2006; Stasyuk et al., 2012; Li
et al., 2016; Rohanifar et al., 2016; Zhang et al. 2019a, 2019b). PCA
participates in reversible electron transfer and acts as a mediator in the
reduction of the target molecule. Electropolymerization of caffeic acid to
deposit a thin layer of PCA on the electrode surface can be carried out
under potentiostatic conditions. The advantage of using constant po-
tential (potentiostatic method) is that it can effectively reduce the
probability of side reactions and, thus, generate polymers with stable
structure, high electroactivity, and high purity.

The response of the SPCE electrodes was collected by sweeping the
potential from —0.2 to 1.0 V after addition of each layer on the working
electrode (Fig. 4A). The cyclic voltammogram of bare SPCE in PB
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Fig. 3. A:CD absorbance of GBP, GBP-L-
DOPA, and GBP-NH,Y. Three accumulations
were averaged for each sample at 20 °C. The
response for each blank was subtracted from
the response for the corresponding sample,
and the resulting spectra are shown. B:
Thermal denaturation curves for GBP, GBP-
L-DOPA, and GBP-NH,Y. Alpha helix dena-
turation was monitored by CD at 222 nm as
the temperature was increased from 20 to
80 °C. inset: T, values for GBP, GBP-L-
DOPA, and GBP-NH,Y. All T,, values are
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the average of three measurements. For the
CD spectroscopy experiments, the proteins
were prepared at a concentration of 100 pg
mL~! in 10 mM sodium phosphate buffer
saline at pH 7.4.

Fig. 4. A: Cyclic voltammograms of the modified SPCE electrode. Scanning range is from —0.2 V to +1.0 V vs. Ag/AgCl at a rate of 150 mV s~ ! in 50 mM phosphate
buffer at pH 7.4. B: Surface characterization of polycaffeic acid/AuNP-modified SPCEs using scanning electron microscopy (SEM).

solution at pH 7.4 was redox-inert. After polymerization of caffeic acid,
the cyclic voltammograms of the PCA/SPCE were collected using several
scan rates, and the plots of the anodic and cathodic peak currents vs.
scan rate were linear (Fig. S6). These data confirm the reversible elec-
tron transfer of the quinone/hydroquinone portion of the polymerized
caffeic acid on the surface of the SPCE. Then, AuNPs were deposited on
the PCA/SPCE by electrochemical reduction of Au®>* to Au® on the
surface of the polymerized working electrode to generate AuNP/PCA/
SPCE electrodes. The generation of AuNPs on the surface of the elec-
trodes was confirmed by the appearance of oxidation and reduction
peaks at +0.59 V and +0.19 V, respectively.

Following immobilization of GBP-L-DOPA on either AuNP/SPCE or
AuNP/PCA/SPCE, the cyclic voltammogram demonstrated an oxidation
peak corresponding to L-DOPA at +0.24 V, which was enhanced
significantly by addition of the polycaffeic acid film on the surface of the
fabricated biosensor. However, there was no reproducible/significant
peak observed from GBP-NH,Y/AuNP/PCA/SPCE. Consequently, all
subsequent studies reported herein were performed using GBP-L-DOPA/
AuNP/PCA/SPCE as the fabricated biosensor. To confirm that the peak
at +0.24 V is a result of the incorporated L-DOPA in the GBP and not the
other protein residues, native GBP was immobilized on the electrode’s
surface; the CVs in Fig. 4A demonstrated the absence of a peak at +0.24
V.

To characterize the morphology of the electrochemically derived
polymer nanocomposite, SEM analysis was performed with the SPCE
and AuNP/PCA/SPCE electrodes (Fig. 4B). The deposited AuNPs have
an average size of 51 + 12 nm. In comparison to a prior study involving
the direct deposition of AuNP on SPCE under similar conditions of gold
concentration and potential (Zeynaloo et al., 2021a), the addition of a
layer of PCA resulted in smaller and more uniform AuNP. A possible
explanation is that, even though caffeic acid is an efficient mediator, it is
less conductive in comparison with graphite (the bare SPCE), leading to
slower deposition and less aggregation of the deposited AuNPs

generated on PCA/SPCE.

3.3. Electrochemical impedance spectroscopy (EIS)

The surface polymerization of SPCE, AuNP generation, and protein
conjugation on the surface of AuNP/PCA/SPCE were confirmed with
electrochemical impedance spectroscopy (EIS). Fig. 5 shows the Nyquist
plots for the bare SPCE, PCA/SPCE, AuNP/PCA/SPCE, and GBP-L-
DOPA/AuNP/PCA/SPCE, which were obtained in 0.1 M KCIl and 5
mM K3[Fe(CN)e], 50 mM PBS at pH 7.4, in the frequency range of 100
mHz-100 MHz at a potential of +0.16 V (vs. Ag/AgCl) with an AC
amplitude of 10 mV. The largest semicircle was observed with PCA/

——  GBP-L-DOPA/AUNP/PCA/SPCE
1.5%103 -
——  AuNP/PCA/SPCE
—— PCA/SPCE
—— SPCE
1.0%103 -
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Fig. 5. Nyquist plots of the biosensors in 0.1 M KCIl and 5 mM K3[Fe(CN)g].
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SPCE and was attributed to the lower conductivity of the thin film of
polycaffeic acid on the surface of screen-printed carbon electrode. After
addition of the AuNPs on the PCA/SPCE’s surface, the W.E. conductivity
increased significantly as demonstrated by the smallest semicircle
(Fig. 5). However, after the GBP-L-DOPA conjugation on the electrode’s
surface, an increase in the diameter of the semicircle of the Nyquist plot
was observed. This is attributed to the electron transfer resistance due to
the conjugation of the less conductive protein molecule on the surface of
the AuNP/PCA/SPCE.

3.4. Analytical performance of the fabricated electrochemical biosensor

The binding of GBP, GBP-L-DOPA, and GBP-NH,Y to sense glucose in
solution was confirmed through chemically labeling with a fluorescent
marker (Fig. S4) (vide supra). Among fabricated electrochemical bio-
sensors, the GBP-L-DOPA-based sensor demonstrated reproducible vol-
tammograms. The cyclic voltammograms of the fabricated biosensor
were obtained in the potential range of —0.2 to +1.0 V vs. Ag/AgCl in
PB, pH 7.4, at a scan rate of 150 mV s71, and the peak current (ip,) of the
L-DOPA oxidation peak was recorded at +0.24 V. The peak current in
the anodic scan decreased as the concentration of glucose increased
(Fig. 6A inset, Fig. S7). The calibration plot of the difference in the i,, at
+0.24 V before and after addition of glucose versus glucose concentra-
tion was plotted. The data were fitted to a nonlinear model, and the best
fit equation is shown in Fig. 6. The sensitivity of the sensor, as deter-
mined in the linear portion of the calibration plot in Fig. 6, is 0.30 A
M~ L. A detection limit of 0.67 pM was calculated as the concentration
corresponding to three standard deviations above the lowest Aiy,

A
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(relevant to the lowest measured concentration signal). All measure-
ments were performed in triplicate with three distinct biosensors. The
reduction in the iy, might be attributed to the conformational change of
the GBP-L-DOPA after binding to glucose, which changes the overall
protein conformation from the open to the closed form, subsequently
altering the accessibility of L-DOPA when glucose is present. This is
manifested as a change in the iy, of the voltammograms. Electrons are
transferred from the L-DOPA to the electrode surface by the PCA redox
media, enabling the direct detection of glucose.

Differential pulse voltammetry (DPV) was also used to investigate
the response of the GBP-L-DOPA/AuNP/PCA/SPCE electrode toward an
increasing concentration of glucose (0.5-10 uM) in PB solution at a scan
rate of 150 mV s~ !; the results are shown in Fig. 6B and Fig. S8. As it can
be seen in the figure, the current decreased with increasing glucose
concentration. The biosensor demonstrated stable responses over the
entire concentration range with a rapid response time of less than 60 s.

To investigate the specificity of the GBP-L-DOPA/AuNP/PCA/SPCE
biosensor toward glucose, the effect of other sugars such as fructose,
maltose, sucrose, and two commonly encountered interferents in bio-
logical samples, ascorbic acid (AA) and uric acid (UA), was determined
in PB solution at pH 7.4. The selectivity of the biosensor was measured in
the presence of 1.0-15.0 pM of each potentially interfering compound.
The signal from the three sugars was low, consistent with the selectivity
of GBP toward binding glucose (Fig. 6C). At 1.0 pM of AA and UA there
was no significant interference observed. Human serum at fasting con-
tains 3.9-7.2 mM glucose (Danaei et al., 2011), while the concentrations
of UA and AA are 208-417 pM (Feig et al., 2006; Karlsen et al., 2007)
and 34-114 pM, respectively. Because of the ability of the sensor to
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Fig. 6. A. Calibration plot for the change in the L-DOPA oxidation peak current (measured at +0.24 V) vs glucose concentration from CV scans. Inset: Cyclic
voltammograms of GBP-L-DOPA/AuNP/PCA/SPCE in 50 mM PB, pH 7.4 in the presence of different glucose concentrations. The region of the oxidation peak

expanded for easier visualization in Fig. S7. The best fit nonlinear response equation

is also shown. B. Calibration plot for the change in the L-DOPA oxidation peak

current vs glucose concentration from DPV scans. Inset: Differential pulse voltammograms of GBP-L-DOPA/AuNP/PCA/SPCE in 50 mM PB, pH 7.4 in the presence of
different glucose concentrations. The L-DOPA oxidation peaks were expanded and labeled for easier visualization in Fig. S8.C. Cross-reactivity of the biosensor with
fructose, maltose, and sucrose at concentration of 15 M. The data represent the percent change of current at +0.24 V in triplicate. Data are baseline-subtracted using

GBP-L-DOPA/AuNP/PCA/SPCE.D. Spiking of diluted human serum (1:1000) with

0.5 pM-4.5 pM glucose (to final concentration of 4.7-8.7 pM). Inset: Cyclic

voltammograms of GBP-L-DOPA/AuNP/PCA/SPCE in 1:1000 diluted human serum with 50 mM PB, pH 7.4, in the presence of different glucose concentrations.



E. Zeynaloo et al.

detect micromolar range of glucose levels, the human serum sample can
be diluted 1000-fold prior to analysis. This has the added benefit of
diluting both UA and AA level to concentrations that do not pose
interference with the biosensor. To demonstrate the ability of the
biosensor to detect glucose in human serum, standards were prepared
with known concentrations of glucose in diluted human serum and the
CV of the fabricated biosensor was obtained by sweeping the potential
from —0.2 to +0.4 V at a scan rate of 150 mV s~ 1. To accomplish this, the
level of glucose in stock human serum was first evaluated with a glucose
colorimetric kit to be 4.1 mM. The human serum was then spiked by
adding glucose in the concentration range of 0.5-4.5 pM (corresponding
to 4.6-8.6 mM glucose levels in undiluted serum). The results showed
that the fabricated biosensor had a dose-dependent response toward
glucose in the biological sample without any redox peak arising from
interferences (Fig. 6D). To further evaluate the biosensor, samples were
prepared with a known concentration of glucose (5.6 pM) and evaluated
in triplicate using the calibration plot of Fig. 6D. The recovery per-
centages were calculated to be 92.23% =+ 0.06 at 5.6 pM.

4. Conclusion

In conclusion, this study demonstrates the development of a new
biosensor platform for analyte detection by incorporating an UAA
within a model protein, namely GBP, that functions as an electroactive
bioreporter. The electroactive GBP was immobilized onto gold
nanoparticle-modified, polymerized caffeic acid, screen-printed carbon
electrodes (GBP-L-DOPA/AuNP/PCA/SPCE). The UAA incorporated
GBPs was able to act as a label/reporter to selectively and directly detect
glucose electrochemically by CV and DPV. The developed reagentless
biosensor was highly selective and sensitive towards glucose with a
detection limit of 0.67 pM in buffer and a percent recovery of 92.23% +
0.06 in human serum. The current study serves as a proof-of-concept of
the global incorporation of an electroactive amino acid into the protein’s
primary sequence that can be used as a label for the highly selective
electrochemical detection of analytes of interest.
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