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Gold electrodes are some of the most prevalent electrochemical biosensor substrate materials because
they are readily functionalized with thiolated biomolecules. Yet, conventional methods to fabricate gold
electrodes are costly and require onerous equipment, precluding them from implementation in low-
resource settings (LRS). Recently, a number of alternative gold electrode fabrication methods have been
developed to simplify and lower the cost of manufacturing. These methods include screen and inkjet
printing as well as physical fabrication with common materials such as wire or gold leaf. All electrodes
generated with these methods have successfully been functionalized with thiolated molecules,
Received 19th June 2022, demonstrating their suitability for use in biosensors. Here, we detail recent advances in the fabrication,
Accepted 28th August 2022 characterization and functionalization of these next-generation gold electrodes, with an emphasis on
DOI: 10.1039/d21c00552b comparisons between cost and complexity with traditional cleanroom fabrication. We highlight gold leaf
electrodes for their potential in LRS. This class of electrodes is anticipated to be broadly applicable beyond

rsc.li/loc LRS due to their numerous inherent advantages.

Gold electrodes for biosensing immunosensors that detect specific biomarkers.® Despite
these advantages, the processing required for conventional
purposes

gold electrode fabrication is costly and requires cumbersome,
highly-specialized equipment, limiting the fabrication of such

Biosensors, which are devices that utilize a biorecognition ; o o
sensors to very few highly-specialized facilities.

element to detect an analyte of interest, are frequently used
in point-of-care testing, as they enable rapid and accurate
. . .. . . 2
dlagnoses-vmth mlnlmal. eq}llpment and perso.nnel (Fig. 1). Conventional gOld electrode
These attributes are crucial in low-resource settings (LRS) that . .
lack the infrastructure required to perform laboratory-based fabrication
tests (ie. polymerase chain reaction, Western blotting,
enzyme-linked immunosorbent assays).” Electrochemical
transduction is often used in combination with biosensors
for point-of-care deployment because electrochemistry
enables precise, sensitive, and quantitative readout with
inexpensive, portable instrumentation. Gold is often
employed as a substrate for such technologies because it is
readily modified with thiolated molecules through the
spontaneous formation of gold-thiol bonds.” As thiols are
readily incorporated into biomolecules ranging from proteins
to nucleic acids, a wide range of biosensors can be made. For
example, monolayers of thiolated DNA can be immobilized
onto gold electrodes for detection of DNA,® small molecules’
or enzymatic activity. Similarly, thiolated antibodies or
antigens can be immobilized on gold in order to build

Conventional gold electrode fabrication involves deposition
to add gold to a substrate and lithography to pattern it. Most
of these techniques require cleanroom facilities, limiting
fabrication to a few specialized labs. Chemical vapor
deposition (CVD)' and physical vapor deposition (PVD)"" are
used to deposit gold, resulting in thin films of pure metal on
a substrate.'™? During CVD, a chemical reaction between a
metal-containing precursor and a gas results in the
deposition of the metal on a substrate,">'* while in PVD, the
source metal is vaporized prior to deposition.'"* To pattern
the gold, lithographic techniques are incorporated, including
shadowmask'® and photolithography.'® In shadowmask
lithography, a physical mask is placed in contact with the
substrate, and PVD or CVD is performed.'” Only the exposed
regions of the substrate are coated with gold. These methods
are costly and not conducive to high-throughput

) ) o o prototyping.”>  Photolithography, in contrast, generates
“ Department of Biomedical Engineering, Boston University, Boston, Massachusetts . bmi feat . hot ist t of
02215, USA. E-mail: catherin@bu. edu micron or submicron features using photoresist, a set o

. . . 16
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Cambridge, Massachusetts 02139, USA. E-mail: afurst@mit.edu Photolithography enables high resolution patterning of fine
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Fig. 1 Typical subtractive photolithography methods involve laborious steps, specialized equipment, and expensive, dangerous chemicals. a. Gold
is deposited on a substrate via vacuum deposition. b. The gold-coated surface is covered in photoresist. c. Photolithography is performed through
a mask to selectively cure the photoresist. d. The photoresist is developed to selectively remove cured or uncured photoresist. e. The exposed gold
is etched away. f. The photoresist is removed, and the substrate now contains a patterned gold coating. Figure reproduced and adapted from
ref. 9 (Sui et al., 2020) with permission. Copyright Journal of the Electrochemical Society 2020.

features, but it is costly and laborious (Fig. 1). Lastly, dry and
wet etching processes can be used.”” The most common form
of dry etching is reactive ion etching (REI), during which
reactive plasma etches away the exposed gold, but this
method is difficult because the products of the reaction
between gold and the etchant are largely non-volatile."” Wet
etching exposes the gold to an etching solution that contains
a ligand that forms soluble Au(1) complexes and an oxidant
that generates Au(u).'"” While wet etching is more cost
effective than dry etching, it is only capable of precision for
features larger than 5 um.

A plethora of electrodes made with conventional
fabrication techniques have been used to generate biosensors
that detect DNA, proteins and molecules. Cheng-Chi Chou
et al. sputtered a thin film of gold on a silicon substrate."®
This film was then treated with 6-hexane dithiol to support a
monolayer of AuNPs, which were functionalized with
thiolated single-stranded DNA (ssDNA). These electrodes were
used to detect genetically modified soybeans from real
samples with a limit of detection (LOD) of 1.792 ng mL ™" and
a linear range of 17.9-19.2 ng mL™". The same technique was
used by Wang et al. to create a monolayer of AuNPs on a
sputtered thin film of gold. These NPs were immobilized with
antibodies used to detect neutrophil gelatinase-associated
lipocalin (NGAL) in urine samples. The sensor had an LOD of
0.47 ng mL™" and a linear range of 1-100 ng mL™", which
were clinically relevant levels that could be used to detect

This journal is © The Royal Society of Chemistry 2023

kidney injury.’ These examples shed light on the versatility of
gold substrates for biosensing purposes, as they can be
functionalized with a wide range of biomolecules."’

Despite their use in biosensor fabrication, electrodes
fabricated using conventional cleanroom methods suffer
from high capital costs and are inaccessible in most LRS; the
specialized laboratory space required for cleanroom
fabrication can cost up to USD $1 million.>>*" This number
does not include instrumentation or the cost of the gold itself
(which can require an initial investment of up to $2000).>
Thus, significant costs are incurred during the time-
consuming processes involved in cleanroom fabrication.

Screen printed gold electrodes

Gold screen-printed electrodes (SPEs) are a more affordable
alternative to cleanroom-fabricated platforms. Screen
printing involves the application of the appropriate metal
ink, through a mask, on a substrate (Fig. 2). The shape of the
mask determines the shape of the electrode. Screen printing
is favorable because it can be performed on a diverse array of
substrate materials, including plastic, polymers,* ceramic
and paper, while allowing for versatility in electrode
design.>*2® Screen printed electrodes are highly reproducible
and readily mass-produced.**

SPE surfaces can be functionalized to make immuno,
genetic, and enzymatic sensors, demonstrating their

Lab Chip, 2023, 23,1410-1419 | 141
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Fig. 2 Screen printed electrodes are made by screen printing conductive ink onto a substrate. (a) A mask is first used to screen print the reference
and contact electrodes. (b) A separate mask is used to screen print the gold working and counter electrodes. (c) The final device is assembled with
a hydrophobic barrier covering the contact electrodes. Figure reproduced and modified from ref. 28 (Ozkan et al., 2015) with permission.

Copyright Springer Berlin Heidelberg 2015.

versatility and suitability for biosensor construction.”®
Furthermore, the surface morphology and roughness of the
electrode can be altered by varying the gold ink used. This
ability to generate multiple surface topologies broadens the
applicability of the SPEs.**?' For example, the most
commonly used commercial SPEs are made by Dropsens and
use either high temperature curing inks (AT) or low
temperature curing inks (BT). The AT electrodes are suitable
for assays where steric hindrance is not concern. For
example, Dizaji et al., used the DropSens AT electrodes to
detect whole-cell antibiotic-susceptible bacteria.>> They
immobilized thiolated vancomycin molecules on the SPEs
and monitored the binding of the vancomycin-susceptible
bacteria S. aureus. The LOD of the sensor was 34 CFU mL™"
and the linear range was 10-10° CFU mL™'. The low
temperature curing inks have a rougher surface morphology,
which allows for more sensitive biosensors due to decreased
steric hindrance effects.®® Bialobrzeska et al, used the

Table 1 Capital costs for various types of gold electrode fabrication

Dropsens BT electrodes to detect the cancer antigen AGR2 in
lysed cell samples with a LOD of 0.093 fg mL™" and a linear
range of 0.001 fg mL™" to 0.900 fg mL™".>* These examples
shed light on the potential of SPEs to be used in biosensor
fabrication.

Despite these advantages, mass production of SPEs
require an initial investment of at least $30000,>> which
remains inaccessible to labs with limited funding. Gold ink
itself is also expensive,*® which can cost over $1000 per oz
(Table 1). Furthermore, electrodes must be cured at elevated
temperatures (130-800 °C)*>* prior to use, necessitating
additional equipment that is not available outside of select
labs. An additional disadvantage of screen printing is that
this technology does not reproducibly produce micrometer-
scale electrodes, which may be necessary to achieve improved
signal/noise ratios and faster mass-transport rates.>*
Furthermore, the inks can contain impurities that interfere
with sensor performance.®”

Electrode type Capital equipment Capital cost References
Cleanroom fabricated Bare cleanroom rental $200-400 per sq ft 98
Cleanroom ratesheet $30-350 per hour 99
E-beam lithographer $100 000-1 000 000 20
Gold target $600-2000 22
Sputterer $50000-1 000 000 21
Inkjet printed Dimatix materials printer $40000 54
Gold ink $1000 per oz 58
Screen printed Screen printer $30000-80 000 35
Gold ink $1100 per oz 58
Micro wire Gold 25 uM microwire electrode $270 per 100 ft 100
White gold leaf White gold leaf $32.31 per 25 (14 cm x 14 cm) sheets 86
Gold leaf Gold leaf $51.87 per 25 (14 cm x 14 cm) sheets 86
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Inkjet-printed gold electrodes

Inkjet printing of gold electrodes is a contact-less, mask-less
procedure (Fig. 3).***> Compared to screen-printing, inkjet
printing offers more control over gold ink deposition*® and
micron-resolution features.** A wide variety of materials have
been used as substrates for inkjet-printed gold electrodes,
including paper,*>*® polyethylene teraphalate (PET),*” kapton
film,*® cyclein olefin copolymer,’® and cellulose,” making
them favorable for flexible electronics. Depending on the
fabrication method, some inkjet-printed gold electrodes
exhibit as high as tenfold improved sensitivity as compared
to sputtered gold, as measured by differential pulse
voltammetry (DPV).*”

Inkjet-printed gold electrodes have been used to detect
proteins,*>*®*”  protein-nucleic acid interactions,’®> DNA
hybridization,*® antioxidants,” glucose® and bacteria,
demonstrating their broad utility in biosensor fabrication.
Kant et al, 2021 made inkjet-printed gold electrodes on
paper that detected glucose from serum without any
enzymes.>® They achieved a LOD of 10 uM and a linear range
of 0.05-35 mM. This sensor is critical because it
demonstrates a proof-of-concept for low-cost glucose sensors
that, once fabricated, can be easily deployed in LRS,
especially because enzyme stability is not a concern. In
another study, Sui et al, 2019 developed a novel class of
nanoparticle inks that are sintered with plasma rather than
high temperatures.”” This allowed for the development of a
biosensor for amyloid beta, a critical marker for Alzheimer's
disease, on a PET substrate. While limits of detection were
not reported for this sensor, the sensor demonstrated that
gold electrodes can be inkjet printed on a flexible PET
substrate, which is not possible when using traditional AuNP
inks that require sintering at high temperatures above the
glass transition temperature of PET, thereby extending the
number of substrates that can be used for inkjet printing
gold.

Despite the recent advances in inkjet printing, similarly to
SPEs, the costly fabrication of inkjet-printed electrodes limits

plastic
substrate

Fig. 3

View Article Online

Perspective

their production to well-funded labs. While commercial
inkjet printers can be repurposed to print metallic inks, the
FUJIFILM Dimatix Materials Printer ($40000)*>* offers greater
control over the printing process** and is the most common
printer for inkjet printing gold.*®*****3°2°5757 Gold ink is
similarly costly, costing around $1100 per oz, which
fluctuates ~ with ~ commodities  markets.”®  Another
disadvantage of inkjet-printed electrodes is that they require
sintering prior to use to transform the ink into uniform,
conductive electrodes. Gold nanoparticle (AuNP) inks are the
are most commonly used. Such inks are stabilized with
capping agents that prevent excessive clustering of the NPs
and improve their wettability, jettability and adhesion.*”**
Yet, the capping agents act as insulators and must be
removed to generate a conductive surface. This removal is
most commonly performed via thermal sintering (~130-440
°C) but can also be done with photonic curing,*® chemical,*
plasma,*”* laser®®* or IR*® sintering for substrates with
lower glass transition temperatures.’® These processes all
necessitate complex equipment that is not available in LRS.
Recently, a group developed an alternative ink comprised of
inorganic salts that could be activated via plasma at low
temperatures (<130 °C).*”*° Despite the improvements
offered by the ink, plasma activation requires a specialized
etcher and an oven, which remain difficult to procure in
many cases.

Gold wire electrodes

For certain applications, the small size of micro- and nano-
wire electrodes offers benefits that are not achieved using
their =~ milli-scale  counterparts, including decreased
capacitances, greater mass transfer rates, reduced overall
current, and lower ohmic drop.®>®* The retail cost of 25 uM
99.9% gold wires is $270 per 100 ft, which is significantly
more affordable than cleanroom fabrication, screen-printing,
or inkjet printing. Gold microwires®**>"°® and nanowires.®**
have been incorporated into paper analytical devices (PADs)
for use at the point-of-care. In static paperfluidic devices,

sintering c.

organic solvent
wash

Inkjet printed electrode fabrication. (a) Gold nanoparticles (AuNPs) are inkjet printed onto a substrate. (b) The AuNPs are sintered to form a

continuous surface. (c) Excess AuUNPs are washed away. Figure adapted from ref. 62 (Ko et al., 2007).

This journal is © The Royal Society of Chemistry 2023
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microwires can attain quasi-steady state current responses,
which is beneficial for detecting freely-diffusing analytes.®®
Channon et al, 2018 incorporated gold microwires into a
paperfluidic device to detect West Nile viral particles.®” The
Au microwires were functionalized with antibodies that
captured the virus particles; the LOD was 10.2 particles per
50 uL media. A similar strategy was used by (Wang et al,
2019) to functionalize a gold microwire with antigens to
monitor pathogen-specific antibody responses in serum, with
a low LOD of 10 molecules per 30 pL of solution.®® These
devices cost ~$1 per test, demonstrating that the wires can be
used to make affordable diagnostics for infectious diseases
in LRS. However, microwires often require functionalization
prior to device incorporation,®>”® rendering them
incompatible ~ with ~ high-throughput = manufacturing.
Furthermore, the microwires are very fragile and difficult to
assemble into devices, limiting their use.

Nanoporous gold electrodes

Nanoporous gold electrodes are more sensitive than planar
gold electrodes due to their high surface area.”””> One study
found that the linear range of detection for DNA was 500
pM-200 uM using nanoporous gold electrodes and 1-10 uM
using planar gold electrodes.””’* Nanoporous gold electrodes
also exhibit anti-biofouling properties because they act as a
mesh barrier against electrode fouling agents while allowing
smaller analytes of interest reach the sensor.”*”°
Nanoporous gold electrodes have been used to make
immuno, enzymatic, small molecule, and DNA sensors,
demonstrating their broad applicability in biosensor
development.®

There are many methods to fabricate nanoporous gold
electrodes,  including  electrochemical  etching,”*'
electrodeposition,”"®! dealloying an alloy of gold and a non-
noble metal,”"*" dynamic hydrogen bubble templating,®' and
metal-induced crystallization.®” The least expensive and most
straightforward method is to de-alloy white gold leaf, which
can be purchased for $32.31 per 25 (14 cm x 14 cm) sheets.
The starting gold material is doped with silver that is etched
away to produce nanopores in the gold. Recently, Hondred
et al. made an integrated, three-electrode device using white

a b.
inkjet printed
protective
gold alloy layer
leaf

plastic substrate

etchant
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gold leaf (Fig. 4).** White gold leaf was applied to a
polyamide film and patterned using maskless lithography.
The electrodes were then functionalized with the enzyme
acetylcholinesterase and used to detect organophosphates in
soil samples with a LOD of 0.53 pM and a linear range of 1
nM-10 uM. The high surface area of the nanoporous gold
electrodes lends itself to high sensitivity for biosensors,
which is a favorable characteristic. While the lithography
method described in this paper was much simpler and more
cost-effective than traditional techniques, their process still
necessitated equipment and etchant chemicals that are not
suitable for use or storage in LRS. Typically, dealloying to
make nanoporous gold involves dissolution of the gold alloy
in concentrated nitric acid. Hondred et al. were able to de-
alloy in dilute nitric acid (35%), which enabled the dealloying
process to occur on substrates that would otherwise be
corroded by concentrated nitric acid. Nevertheless, their
process still necessitates nitric acid, which requires
controlled storage and disposal, incompatible with facilities
in LRS.

Electrodeposition of gold electrodes

While electrodeposition of gold electrodes is an important
technique that is extensively reviewed.** It is beyond the
scope of this review because it needs to be paired with other
techniques such as cleanroom fabrication techniques
(photolithography, sputtering, evaporation, etching), or
screen printing to develop integrated-three electrode systems
suitable for POC use. Furthermore, the solutions used during
the electrodeposition process are toxic unstable, rendering
them incompatible with LRS.*>

Pure gold leaf electrodes

Pure gold leaf sheets are extremely thin, affordable sheets
of gold that cost $51.87 per 25 (14 cm x 14 cm) sheets.*
Pure gold leaf has been used to make electrodes,®
using equipment-free fabrication (Fig. 5). These electrodes
were made by sandwiching the gold leaf between
adhesive, laser-patterned polyamide film.°>°® The exposed
gold leaf served as a working electrode that required

acetone

Fig. 4 Nanoporous gold electrode fabrication with gold alloy leaf. (a) Gold alloy leaf and silver leaf is adhered to a substrate. (b) A protective layer
is inkjet printed on the gold leaf. (c) Unprotected leaf is etched away. (d) Protective layer is washed with acetone to reveal the leaf electrodes that
will be dealloyed in nitric acid. Figure adapted from ref. 83 (Hondred et al., 2020) with permission. Copyright Royal Society of Chemistry 2020.
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Fig. 5 Pure gold leaf electrode fabrication does not require specialized equipment. (a) Gold leaf adhesive is applied to a side of Fellowes. (b) Gold
leaf is applied to the adhesive and cut. (c) The gold leaf stickers are peeled off and placed on a transparency film. Conductive silver paint is applied
to the leads of all three electrodes. Figure reproduced and adapted from ref. 95 (Zamani et al., 2020) with permission. Copyright American

Chemical Society 2021.

pairing with an external counter and reference electrode
for use. These fabrication methods did not require
specialized equipment or harsh chemicals, making them
suitable for use in standard labs and in LRS. However,
these devices were not functionalized for biosensing
purposes. Prasertying et al. fabricated an integrated three-
electrode device comprised of a PVC backing, a gold leaf
working electrode, a screen-printed carbon counter
electrode and a screen-printed silver reference electrode.
While their fabrication method could be carried out in
LRS, they did not demonstrate the suitability of their
electrodes for biosensing purposes and their electrodes
were inflexible, making them unsuitable for wearable
electronics.

We recently reported an integrated, flexible, three-
electrode system containing a gold leaf working electrode, a
gold leaf counter electrode, and a silver paint
pseudoreference electrode on a transparency film backing.
Our devices only required adhesives, stencils and gold leaf
to assemble. Briefly, gold leaf adhesive is applied to the
plastic side of Fellowes adhesive sheets. Gold leaf is then
applied to the gold leaf adhesive and cut. The gold leaf
stickers are removed and added to a transparency film. A
silver pseudoreference electrode is then painted on using
conductive silver paint. The final device is assembled after
adding well stickers and aluminum foil contacts to the
electrode leads. The fabrication does not require any
specialized equipment or harsh chemicals. Not only does
each device cost only $0.50 to make, nearly an order of
magnitude less costly than commercially-available gold
SPEs, they outperform these SPEs in an assay developed to
detect DNase activity.®®>  Electrodes were further
functionalized = with methylene -  blue  tagged
oligonucleotides that acted as reporter molecules for target-
activated CRISPR Casl2a enzymatic activity. This system
was used to detect human papillomavirus (HPV) from
clinical samples with an LOD of 10* copies, demonstrating
the potential for inexpensive, gold leaf-based diagnostic
sensors. To reiterate, we fabricated gold leaf electrodes that
cost $0.50 each without specialized equipment and used
them to accurately detect pathogenic DNA from clinical
samples.

This journal is © The Royal Society of Chemistry 2023

Concluding remarks and future
perspectives

Generally speaking, gold electrodes with higher surface areas
exhibit higher sensitivity due to decreased steric hindrance
affects and greater electron transfer. For a given electrode
fabrication process, parameters can be tuned to yield varying
surface morphologies. Therefore, the sensitivity of a given
biosensor is determined by the specific parameters used
during the electrode fabrication process; as a result, one
method of gold electrode fabrication is not going to be more
sensitive than another method, for a range of sensitivities are
created by a given fabrication method depending on the
specific parameters used. For example, during conventional
fabrication, electrochemical treatment of thin layers of gold
with HAuCl, and HCI results in nanostructured electrodes that
increase the sensitivity of conventionally-sputtered gold by
nearly an order of magnitude. The type of inks used in screen
printing affect surface morphology and sensor performance. It
has been shown that the low temperature curing inks
significantly improve the biosensing performance compared to
high temperature curing inks. Similarly, the morphology of
inkjet-printed electrodes depends on the type of ink used,
printing speed, and annealing temperature. Inkjet printing of
Au electrodes using particle-free inks made from inorganic
metal salts with plasma annealing at low-temperatures results
in electrode surfaces with extremely high surface areas; one
study found that these electrodes were used to detect amyloid-
B4, with 10x higher sensitivity than conventionally sputtered
gold electrodes. The pores in nanoporous electrodes and the
surface roughness of gold leaf electrodes lend themselves to
highly sensitive biosensing capabilities due to the increased
surface area of the electrodes. The leaf electrodes have a rough
surface morphology that results in a higher surface area and
reduced packing of functionalized biomolecules, thereby
reducing steric hindrance and increasing biosensor sensitivity.

Gold leaf as a promising material for
low-cost biosensor development

In addition to their sensitivity, gold leaf electrodes have a
capital cost that is orders of magnitude less than that of

Lab Chip, 2023, 23,1410-1419 | 1415
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electrodes fabricated using other methods. Although white
gold leaf is less expensive than pure gold leaf, this material
requires dealloying with harsh chemicals such as nitric acid
to yield pure gold electrodes.®*°” Pure gold leaf does not
necessitate the use of such harsh chemicals, making their
fabrication better-suited for LRS and in non-laboratory space.
Preliminary demonstrations of biomolecule modification
have been shown with nucleic acids to detect endonuclease
activity, and we propose that gold leaf should be further
explored as a superior substrate for biosensors. The gold leaf
is low-cost and fabrication does not require specialized
laboratory equipment, making it well-suited for use in LRS as
well as for rapid prototyping in standard labs. The
accessibility of these gold leaf electrodes represents a major
step towards achieving healthcare equity across the globe.
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