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ABSTRACT

Despite increasing popularity of microfabricated biosensors due to advances in technologic and surface
functionalization strategies, their successful implementation is partially inhibited by the lack of
consistency in their analytical characteristics. One of the main causes for the discrepancies is the absence
of a systematic and comprehensive approach to surface functionalization. In this contribution
microfabricated gold electrodes aimed at biosensor development have been systematically characterized
in terms of surface pretreatment, thiolated molecule binding and reproducibility by the means of X-ray
photoelectron scattering (XPS) and cyclic voltammetry (CV). It has been shown that after SU-8
photolithography gold surfaces were markedly contaminated, which decreased the effective surface area
and surface coverage of a model molecule mercaptohexanol (MCH). Three surface pretreatment methods
compatible with microfabricated devices were compared. The investigated methods were (i) cyclic
voltammetry in dilute H,SO,, (ii) gentle basic piranha followed by linear sweep voltammetry in dilute
KOH and (iii) oxygen plasma treatment followed by incubation in ethanol. It was shown that all three
methods significantly decreased the contamination and increased MCH surface coverage. Most
importantly, it was also revealed that surface pretreatments may induce structural changes to the gold

surfaces. Accordingly, these alterations influence the characteristics of MCH functionalization.

INTRODUCTION

Miniaturization and multiplex sensing have become leading directions in the development of
new generation biosensors.'” However, for successful practical implementation it is highly
desirable that biosensors meet a set of validation requirements, such as, high selectivity,
sensitivity, reproducibility, stability, low sample volumes and user-friendly operation.” One way
of addressing the posed challenges is the use of silicon microfabrication technology, which
enables fabrication of ultrasensitive nanoscale devices with rapid responses, low prices, large

scale production and integration with microfluidic systems.
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Among the different examples of silicon technology-based biosensors, ion-
sensitive field-effect transistors (ISFETs) have been particularly successfully applied*’,
especially for label-less DNA sensing and sequencing.®” The sensing principle of a ISFET is
based on adsorption of charged species on the sensor surface, which leads to a change in surface
potential and hence a change in current in the ISFET channel. Since DNA molecules are
negatively charged, DNA hybridization with surface-bound probes can be registered by ISFET
devices. However, despite the well-developed fabrication process and many innovative sensing
strategies, ISFET sensitivities and other analytical characteristics vary to a great extent. This
prevents their successful implementation in real sample analysis, validation and eventual
commercialization. One of the reasons for such discrepancies in microfabricated biosensor
development is the lack of control in surface modification. In particular, some technical
difficulties requiring better solutions are: surface contamination, immobilization of biomolecules
to avoid contamination, deeper understanding of the behavior of adsorbed molecules and
uniformity of biomolecule preparation.®

When ISFETs are used for direct DNA sensing, thiolated DNA probes are often
immobilized on gold-coated surfaces by spontaneously forming gold-thiol bonds. Thiol groups
are affixed to DNA molecules by six carbon atom alkyl linkers.”'® In the case when no gold
passivation is used, in addition to the gold-thiol bond each DNA probe forms multiple
interactions between the amine groups of DNA nucleotides and gold.'"'* As a result, DNA
molecules adopt procumbent surface configuration. For this reason and in order to minimize the
non-specific adsorption, the surface is often passivated by a self-assembled monolayer (SAM) of
a thiolated alcohol mercaptohexanol (MCH), which is of the same length as the alkyl linkers of

DNA probes. This way gold-amine interactions are displaced by gold-thiol bonds and, as a
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result, DNA probes take rod-like configuration.'*'*

Moreover, due to compatible dimensions of
MCH molecules and DNA linkers, probes are not blocked by the passivating molecules.
However, it is important to keep in mind that since gold-thiolate bonding is a dynamic system,
DNA probes are partly replaced by MCH in this process. Furthermore, some DNA probes are

. . 15,16
also lost during the sensor operation or storage. ™

Finally, due to this deceivingly simple
approach to surface functionalization, its critical aspects, such as gold surface preparation and
evaluation of DNA probe immobilization efficiency, as well as their reproducibility, are often
dismissed, although it has been long known that these parameters directly affect biosensor
characteristics.®'>!”

What is more, it has been shown that photolithography used in microfabrication of

silicon devices may result in contamination.'*"

In the case of gold-coated surfaces, the
contamination issue is often believed to be circumvented by surface cleaning. However, the
cleaning is often done by oxidizing surface pretreatments, such as UV plasma or piranha solution
despite the fact that damaging consequences of such treatments have been reported. For example,
piranha treatment may produce oxidized sulfur near-surface region, which, in turn, results in a
decrease of binding sites for thiol-modified molecules.?’ In another instance, it has been shown
that UV plasma treatment induces structural surface changes, as observed by STM.?! Moreover,
the efficiency of cleaning methods is usually not addressed either. Knowing what surface area is
available for binding enables to obtain optimal molecule surface density, which leads to
controlled sensitivity and reproducibility. Unsurprisingly, problems related to gold
functionalization by the thiolated molecules have been reported. For example, it has been shown

that immobilized DNA molecules are lost from the sensor surface during storage'® or form

aggregates.22
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For these reasons in this study gold electrode surfaces patterned with SU-8
photolithography have been investigated. SU-8 is commonly employed to passivate micro-

electrode arrays and to define active area in ISFET fabrication.***

Its main advantages are low
temperature and low-cost processes, which result in good passivation characteristics, such as
high aspect ratio, dielectric strength, chemical resistance, mechanical properties and

25,26

biocompatibility. However, it has been reported that the use of photoresist results in

. . . 18,19
contamination of the microfabricated structures. ™

Moreover, photoresist exhibits good
adhesion on gold.”’ Nevertheless, the effects of its contamination and removal have not been
systematically studied.

With an aim to avoid damage to the microfabricated devices by strong surface
pretreatments, three microfabricated device compatible surface cleaning methods have been
tested. The methods were selected based on their efficiency in cleaning ambient contamination of
gold surfaces as described elsewhere.”® The investigated methods were: (i) cyclic voltammetry
(CV) in 50 mM H,SOy solution, (i1) incubation in dilute basic piranha, i. e. 50 mM KOH and
25% H,0, followed by linear sweep voltammetry in 50 mM KOH and (iii) oxygen plasma
treatment followed by incubation in ethanol. The latter method showed lower efficiency in the
referenced study”® but it was attributed to possible contamination of the plasma cleaner, so it was
decided to test it in this work. The impact of these pretreatments on the cleanliness and
reproducibility of the sensing surfaces has been evaluated. Furthermore, the surface coverage and
reproducibility of a model thiolated molecule MCH has been determined. The cleanliness and
reproducibility of bare gold surfaces were evaluated by X-ray photoelectron spectroscopy (XPS)

and CV. The model probe molecule MCH binding was characterized by CV-mediated reductive

desorption and XPS analysis.
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MATERIALS AND METHODS

Materials

6-Mercapto-1-hexanol (MCH) (HS(CH;)sOH, 97%), potassium hydroxide (KOH, 90%),
hydrogen peroxide (50 wt.% in H,O), and potassium chloride (KCI, 99%) were obtained from
Sigma (Germany). Sulfuric acid (96%) was purchased from BASF (Sweden). Ethanol (99.5%)
was supplied by CCS Healthcare AB (Sweden). SU-8 2002 was obtained from MicroChem
(USA). All chemicals were of analytical grade or better and were used as received. All aqueous

solutions were prepared in UHQ water with resistivity higher than 18 MQ x cm.
Methods
Electrode fabrication

Gold electrode chips were fabricated on optical polished PYREX borosilicate glass (Prizisions
Glas & Optik, Germany). The 100 nm thickness thermally evaporated Au on 10 nm Ti was
patterned by standard UV photolithography and lift-off process. Then SU-8 2002 photoresist was

used to define the 0.00785 cm? electrode (diameter 1 mm) surface area.
Au pretreatment methods

Dilute basic piranha and linear potential sweep in potassium hydroxide. This pretreatment
method has been carried out according to the protocol described previously.” Au electrodes were
incubated in 50 mM KOH and 25% H,O, for 10 min, and then rinsed with deionized water

5 times. Then, electrode potential was linearly swept from -0.2 V to -1.2 V (vs.

Ag/AgCl/saturated KCI) at 50 mV/s scan rate in 50 mM KOH. Afterwards the electrodes were
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rinsed with water and dried with N,. This method has been abbreviated to “KOH + H,O, &

LSV”.

CV sweep in dilute sulfuric acid. CV sweep in 50 mM sulfuric acid solution is often used for
cleaning and evaluating the state of gold electrodes.’® Au electrodes served as working electrodes
and the potential was swept from -0.4 V to 1.4 V (vs. Ag/AgCl/saturated KCI) for 15 cycles at a
scan rate of 100 mV/s. After the CV sweep, the electrodes were rinsed with water and dried with

N,. This method has been abbreviated to “CV sweep in H,SO4”

Oxygen plasma treatment and ethanol incubation. Au electrodes were cleaned in N; and O,
plasma at 100W for 5 min in a Tepla 300 plasma processor (PVA TePla, Germany). Since
plasma treatment can damage the passivating SU-8 layer, the passivating layer thickness was
measured before and after the treatment. The plasma treatment parameters were optimized to not
alter the passivating layer thickness. Afterwards, the electrodes were incubated in ethanol for

30 min, rinsed with water and dried with N,. This method has been abbreviated to “O, plasma &

ethanol”.
Electrochemical analysis

Electrochemistry setup. Voltammetric experiments were performed using a VSP 300 (Bio-
Logic, France) electrochemical workstation. A conventional 3-electrode cell was used with a
laboratory-fabricated polycrystalline gold electrode (see the “Electrode fabrication” section) as
the working electrode and a platinum wire (diameter 0.5 mm, ALS Co., Japan) as the counter
electrode. All potentials were measured and are quoted against the saturated Ag/AgCl/saturated
KCl electrode (ALS Co., Japan). The solutions used in cyclic voltammetry were degassed with

N for 30 min prior to each measurement. The temperature was 21°C.
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Determination of the electrochemical surface area and roughness factor. Oxygen adsorption
measurements were chosen to determine the electrochemical surface area of gold electrodes as

described by Trasatti and Petrii.’' Briefly, a CV measurement was performed in degassed 50 mM
H,SO4 solution in the potential range from -0.4 V to 1.4 V (vs. Ag/AgCl/saturated KCl) at a scan

rate of 100 mV s™. Then the electrochemical surface area (ESA) was then determined as

ESA=Q,,,/ (400uCxcm™) (Eqn. 1)

0.0 - the reduction charge, was calculated by integrating the cathodic current profile area in the

first CV cycle. To avoid errors caused by manual operation, the integrated current profile area
was defined by zero current as the baseline and a fixed potential range (0 V to 1.4 V) for all
electrodes. A theoretical value for polycrystalline gold of 400 uC x cm™ was used under the

assumption that oxygen was chemisorbed on Au in a one-to-one ratio.

The ESA was expressed by roughness factor (R).

R=ESA/ A (Eqn. 2)

geo

where A4 ge0 (0.00785 cm?) is the geometry of the electrode (diameter 1 mm) area defined by SU-

8 passivation.

Determination of MCH surface coverage density (I'). MCH surface coverage density was
evaluated by a method described before.”” Differently pretreated gold electrodes were immersed
in 1 mM MCH aqueous solution for 1 h to form a self-assembled monolayer. Then the electrodes
were rinsed with water 5 times and dried with N,. To determine the MCH surface coverage

density (I'), reductive desorption performed in degassed 100 mM KOH solution by the means of
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CV. The potential was swept from 0 V to -1.3 V at a scan rate of 100 mV s™'. The MCH surface

coverage density (I') was calculated as

I'=0,/(FxA4,,), (Eqn. 3)

where (J  is the charge involved in MCH reductive desorption, £ is Faradaic constant, and

A (0.00785 cm?) is the geometry of the electrode (diameter 1 mm) area defined by SU-8

geo
passivation. To circumvent the contribution from the charging current, the baseline was set
immediately before MCH reductive desorption. In the case of two peaks occurring, both peaks

were integrated.

Statistical analysis. The standard deviations between the samples were compared by the F-test.
The confidence intervals were evaluated by the t-test (Student’s test). The average values and

standard deviations were calculated from 5 different samples.
XPS analysis

The XPS characterizations were performed on a Physical Electronics Quantum 2000 Scanning
ESCA microprobe with monochromatized Al Ka radiation (hv=1486.7 eV). The background

pressure was 6.7 x 10™ Pa (5 x 107'° Torr). All spectra were referenced to Au 4f, (84eV).

XPS analysis of bare Au surfaces. A spot of 100 um and pass energy of 93.9 eV were used for
survey spectra and pass energy of 23.5 eV was used for high-resolution spectra of Cls, Ols. The

atomic concentrations were calculated using the sensitivity factor from Casa XPS software.

XPS analysis of MCH modified Au surfaces. A spot of 100 pm and pass energy of 23.5 eV

were used for high-resolution spectra of Au 4f and S2p. Data acquisition parameter was kept the
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same for all the samples to minimize the differences induced by X-ray radiation caused sample
damage.” S2p curve fittings were done using Casa XPS software with Shirley background

subtraction.
AFM analysis

AFM analysis of bare Au surfaces was performed by a PSIA XE150 Scanning Probe Microscope
in a non-contact mode. All images were collected on an area of 1 um?” with a resolution of
512 pixels x 512 pixels at a line rate of 0.75 Hz. After the measurements the images were

processed with XEI software.

RESULTS AND DISCUSSION

Bare gold electrode characterization

XPS analysis. Survey spectra of microfabricated bare gold electrodes acquired before and after
SU-8 passivation showed marked increases in carbon and oxygen signals indicating
contamination. Only trace amounts of other common contaminants, such as nitrogen and
chlorine, were found. Since prior to the XPS measurements surfaces before and after SU-8
passivation were exposed to atmosphere at similar conditions, the differences in contamination
were mainly caused by SU-8 passivation. Figures 1a and 1b compare the Cls and Au4f peak
intensities of the non-passivated (control) surface and SU-8 passivated electrodes before and

after different pretreatments.

10
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g; Figure 1. (a) Cls and (b) Au4f spectra and (c¢) elemental composition of Au electrode (diameter
23
24 1 mm) surfaces patterned with SU-8 photolithography before and after pretreatments of “KOH +
25
26 H,0, & LSV”, “CV sweep in H,SO,” and “O, plasma & ethanol”.
27
28
29
30
31 .
32 The Cl1s spectrum of the non-cleaned SU-8 passivated gold electrode showed two strong
33
34 components at approximately 284.8 eV and ~286 eV, and a weak component at ~289 eV,
35
g? whereas only insignificant quantities of carbon were observed on the non-passivated control
38
39 surface. The magnitude of the component at 284.8 eV was the highest of the three. The first two
40
j; peaks were attributed to SU-8 contaminants.>* The third weak component at ~289 eV
43 . .
44 corresponded to the C=0 bond. While there are no C=0 bonds in the SU-8 molecule, they could
45
46 originate from superficial oxidation during photolithography.
47
jg The Au4f spectrum is shown in Figure 1b. The decrease of the Au4f spectrum
50 . . .. . . . .
51 intensity after SU-8 passivation compares well with the increase of the Cls spectrum intensity.
52
53 Two peaks of Audf;, and Au4fs, were observed in the gold spectra with the Au4f;,, component
54
gg registered at 84 eV. The binding energies of the Au4f spectrum reflect the oxidation state of the
57 o o .
58 gold surface. Oxidized gold surfaces exhibit two additional peaks at 85.5 ¢V and 89.4 ¢V.>"
59
60 11
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These data suggest that gold surfaces were not oxidized before and after pretreatments. It was an
important parameter to ensure as oxidized gold surfaces might result in changes in the structural
properties of SAMs.**’

As expected, after different gold surface pretreatments significant increases in the
intensity of the Au4f spectra with decreases in the Cls spectra intensities were registered. The
elemental composition of the differently pretreated surfaces is provided in Figure 1c. After the
“O, plasma & ethanol” pretreatment, which was the most effective, the surface gold percentage
increased 3.5 times and was equal to the value registered on the control surface. In like manner,
the carbon percentage decreased 12.5 times and oxygen percentage decreased 5.5 times. The
“H,0, + KOH & LSV” pretreatment was the second most efficient method, increasing the gold
percentage 3.1 times and decreasing the carbon and oxygen percentages 4.5 and 3.3 times. “CV
sweep in H,SO4” was the least efficient with the gold percentage increase by 1.6 times and
carbon percentage decrease by 1.4 times. The Ols spectra are shown in Figure S1 provided in the
Supporting Information.

When comparing the results with those obtained with ambient contaminated gold
surfaces™ the “O, plasma & ethanol” pretreatment exhibited the highest efficiency in our study,
whereas in the reference the highest changes in elemental composition were obtained after the
“H,0, + KOH & LSV” pretreatment. The reported lower efficiency of the plasma treatment in
the reference was attributed by the possible contamination of the photoreactor. The efficiency of

“CV sweep in H,SO4” was also lower for SU-8 contaminated samples as opposed to the ambient

contaminated ones.

12
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Electrochemical analysis

In addition to XPS analysis, electrochemical evaluation of the effective surface area and its
reproducibility was performed. ESA not only indicates the surface cleanliness but also reveals
the relative quantity of sites available for thiol binding. For this reason CV measurements were
recorded in 50 mM H,SOy, in the potential range between -0.4 V and 1.4 V. The effective surface
area was expressed as the roughness factor (R) in this study. In addition, CV measurements at
well-defined conditions also provide “fingerprint” information about the chemical and physical
state of the gold surface.**’

The integration of the cathodic current profile area defined by the baseline at zero
current and the set potential limits was used for the evaluation of R according to the procedure

described in the Experimental Section. The voltammograms of differently pretreated samples are

shown in Figure 2. The integrated current profile areas are depicted in color.

13
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Figure 2. Cyclic voltammograms recorded in 50 mM H,SO, for Au electrodes (diameter 1 mm)
patterned with SU-8 photolithography before and after using different pretreatment methods: (a)
non-cleaned, (b) after “CV sweep in H,SO,”, (c) after “H,0, + KOH & LSV” and (d) after “O,
plasma & ethanol”, (e) after “CV sweep in H,SO,” with and without the bridge tube. The
integrated current profile areas are depicted in color. The scan direction was positive and the

scans were initiated at the potential of 0 V vs. Ag/AgCl/saturated KCI.

Problems associated with this method, such as the contribution of the capacitive part of the
current, uncertainty which gold oxide is formed and deviations between the assumption of one
electron per site exchange and the actual amount of sites determined by defects, were taken into
account. Nevertheless, it enabled comparing the investigated pretreatments without the

uncertainties of defining the potential limits for separate and overlapping peaks.

14
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In the case of the non-cleaned SU-8 passivated electrode (Figure 2a) no defined
features were observed in the double-layer charging region. In the potential range from 1.0 V to

1.4 V gold oxidation could barely be distinguished indicating that contamination strongly

©CoO~NOUTA,WNPE

decreased the gold atom availability. Consequently, on the return scan the gold oxide reduction
13 peak at =0.9 V also exhibited the lowest intensity out of all the investigated samples.

15 In contrast, after all three pretreatments small peaks were registered at 0.5 V.

18 Additionally, the cathodic current in the double-layer charging region was markedly increased

20 after the “CV sweep in H,SO,” pretreatment (Figure 2b).

Large increases in the current accounting for the gold oxide formation were

25 observed after all pretreatments. The “H,0O, + KOH & LSV” (Figure 2¢) and “O; plasma &

27 ethanol” (Figure 2d) pretreatments yielded differing oxidation current profiles. Distinct gold
oxidation current profile shapes have been discerned to different surface crystallinities.’®

32 However, despite the current profile differences among the samples and their similarities to those
34 observed on single crystals, it is difficult to conclusively ascertain whether some facets became
37 dominating without further analysis. On the negative sweep, increases in the gold oxide

39 reduction current were observed as well.

41 After both the “O, plasma & ethanol” and “H,0, + KOH & LSV pretreatments

a4 increasing shoulders on the negative side of gold oxide reduction peaks were registered upon

46 continued cycling. The shoulder is only slightly expressed in the first cycles of the “H,0, + KOH
& LSV pretreated sample and absent in the case of “O, plasma & ethanol” pretreated sample.

51 As it will be described below, these shoulders stem from dissolved gold redeposition.

53 Interestingly, electrodes exposed to the “CV sweep in H,SO,4” pretreatment

exhibited a notably different current profile shape than those pretreated by the other two

60 15
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methods. It had three distinct characteristics. First, current in the gold oxide formation region
was markedly elevated and constituted of two overlapping peaks at 1.15 V and 1.2 V. Second,
the reduction peak was also splitted into two: a larger peak at 0.9 V and a smaller one at 0.8 V.
Third, a marked increase in the cathodic part of the current was observed in the double-layer
charging region below the more negative reduction peak. Peak splitting is not typically observed
in polycrystalline gold voltammograms.” However, double reduction peaks have been registered
in the cases of single-crystal plane gold electrodes with especially developed peak separation in
the case of the (110) facet.’® The appearance of the second reduction peak suggested that the
“CV sweep in HSO4” pretreatment might have altered the surface crystallinity ratio of gold or
introduced some defects exhibiting similarities to certain gold facets. Thus, it was worthwhile to
look into parameters that might have caused the observed results. One potential contributor could
be chloride ions leaked from the Ag/AgCl/saturated KCl reference electrode. Chloride induced

gold dissolution has been well known in electrochemistry.***!

The current profile in Figure 2b
was similar to those reported for gold electrodes in chloride containing solutions.* In a study of
quartz crystal microbalance based evaluation of surface mass changes during potential cycling in
the presence of chloride it was concluded that the two merged anodic peaks originate from gold
oxidation giving rise to formation of soluble chloride species.” Likewise, simultaneous increases
in the cathodic current in the double-layer charging region and surface mass were attributed to
the redeposition of dissolved species AuCly".

To test this supposition CV measurements using a bridge tube for the reference
electrode in order to prevent the chloride leaking were done (Figure 2e). As expected, gold

oxidation current was decreased and its current profile shape lost its characteristic shape.

Likewise, only one reduction peak was observed on the negative scan. These results proved that

16
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chloride ions were the cause for enhanced gold dissolution followed by its preferential
redeposition. What is more, the absence of chloride resulted in the decrease in the current in the
double-layer charging region and no peak was observed at 0.5 V. Thus, the increased current
and peaks in the double-layer charging region was caused by gold oxidation due to chloride
adsorption. In accordance, similar peaks in the double-layer charging region were reported in

studies on chloride ion adsorption on gold.***

It is also interesting to note that when performing
CV measurements with the bridge tube, increasing cathodic current corresponding to hydrogen
evolution reaction (HER) was registered in the potential range from -0.3 V to -0.4 V. The most
likely explanation for this behavior was platinum dissociation from the counter electrode and
deposition on the working electrode, as platinum dissociates in acids during potential cycling.*
This hypothesis was tested by changing the counter electrode to a graphite rod. In agreement, no
HER was registered. In the case of solutions with chloride, a marked decrease in HER may be
rationalized as a result of deposition of both gold and platinum ions on the working electrode.
This way the surface coverage of platinum on the working electrode would be smaller. Thus,
when using the “CV sweep in H,SO4” pretreatment it is important to take into account chloride
ion leakage from the commonly used reference electrodes, such as Ag/AgCl/saturated KCI or
saturated calomel electrode. Chloride induced gold dissolution followed by redeposition yields
new surface structures with changed surface characteristics.

Finally, in order to evaluate the gold surface pretreatment reproducibility, R values
were calculated according to the procedure described in the Methods part of this paper. The

integrated cathodic charge areas are depicted in colors in Figure 2 and the obtained values are

provided in Table 1.

17
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Table 1. The reduction charges and roughness factor values obtained from cyclic voltammetry of

Au electrodes (diameter 1 mm) patterned with SU-8 lithography before and after using different

©CoO~NOUTA,WNPE

pretreatments.
Reduction Roughness Mean Standard
Pretreatment
charge, C factor deviation
Non-cleaned
3.09 x 10°® 0.98 0.93 0.10
2.57x10° 0.82
327 x10° 1.04
2.64 x 10° 0.84
3.06 x 10°° 0.98
CV sweep in HSO,
421 x10° 1.34 1.50 0.14
5.00 x 10°° 1.59
5.05 % 10° 1.61
5.09 x 10°® 1.61
427 % 10° 1.36
H,0,+ KOH & LSV
3.83 x 10° 1.22 1.34 0.11
3.92 x 10° 1.25
434 % 10° 1.38
4.68 x 10° 1.49
433 x10° 1.38
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O; plasma & ethanol

436 x10° 1.39 1.39 0.06

4.64 x 10° 1.48
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11 4.15 x10° 1.32

13 435 x10° 1.38

426 x 10° 1.36

20 Based on the t-test statistically significant differences in the R values were observed when

23 comparing the non-cleaned and differently pretreated electrodes. The increase in the R value was
25 up to 1.5 times in the case of “O; plasma & ethanol” pretreated surface. However, no significant
differences were observed among the R values obtained after different electrode pretreatments

30 including the “CV sweep in H,SO,” pretreatment, which exhibited a distinct current profile

32 shape. Furthermore, the reproducibility values of both non-cleaned surfaces and the pretreated
surfaces were not statistically different according to the F-test. Thus, despite the observed

37 differences in cleanliness and surface structure, all three surface pretreatments equally effectively

39 increase R in comparison to the non-cleaned electrodes.

45 MCH modified gold electrode characterization

48 After the evaluation of the bare gold electrodes, the effect of surface pretreatment
on thiolated molecule binding was evaluated. For this reason, a self-assembled monolayer of

53 MCH was formed on the differently pretreated electrodes. Thiol-terminated molecules adsorb on
55 gold and silver as thiolates.”**’ Voltammetric reductive desorption of thiols in alkaline solutions
proceeds in the following mechanism:

60 19
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X(CH,),S—Au + & <> X(CH,),S + Au (Eqn. 4)

Assuming that thiolate reductive desorption is a one electron reaction, the surface
coverage density can be evaluated by integrating the reductive desorption charge as described in
the Methods section. The reductive desorption peak position, its area and shape reflect the
adsorption energy, stability, coverage and morphology of the monolayer. Voltammograms of the

MCH reductive desorption are shown in Figure 3.

(b) CV sweep in H,S0,

i(uA)

A5+ v L
-2.04 -
2.5+ (c) H,0, + KOH & LSV (d) O, plasma & ethanol o

44 12 10 08 06 04 02 00 -14 -1.2 -1.0 -08 06 04 02 00
E (V)

Figure 3. Reductive desorption of MCH (solid line) formed on Au electrodes (diameter 1 mm)
patterned with SU-8 photolithography after using different surface pretreatments: (a) non-
cleaned, (b) after “CV sweep in H,SO,”, (c) after “H,0, + KOH & LSV” and (d) after “O,
plasma & ethanol”. The background current is depicted in a dotted line. The electrolyte was
100 mM KOH. The scan direction was negative, the scan rate was 100 mV/s and the scans were
initiated at the potential of 0 V vs. Ag/AgCl/saturated KCI.
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In the case of the non-cleaned electrode (Figure 3a) on the negative scan one reductive
desorption peak is observed in the potential range from -1.01 V to -1.09 V for different samples.
Below the peak an increasing cathodic current corresponding to HER or reduction of impurities
has been registered. On the return scan no clearly defined features were observed.

In contrast, after the electrodes were exposed to different pretreatments the current profiles
were changed. First, increases in the MCH reductive desorption peak intensity were observed.
The extent of the increase varied slightly for each pretreatment method. The peaks were also
narrower than the one registered on the non-cleaned electrode indicating more ordered MCH
SAM structures on the pretreated electrodes.*® Additionally, small broad peaks traceable to
oxidative MCH molecule readsorption were observed at -0.8 V on anodic scans after the the
investigated surface pretreatments. Finally, significant decreases in current at the negative
potential limit were observed after all pretreatments.

However, the most interesting observation is that after all the investigated pretreatments a
second, broader peak with a maximum at -1.2 V occurred. The highest intensity of this peak was
observed after the “CV sweep in H,SO,4” pretreatment. A search in the literature revealed that
multiple peaks have been observed in some reductive desorption measurements but a consensus
on their origin has not been reached.”

Different explanations regarding the occurrence of the double peaks have been provided. For
instance, it has been suggested that double peaks might originate due to heterogeneity of the
SAM layer on the gold surface. On large terraces longer chain thiols (>14 carbon atoms) form a
combination of larger and smaller domains. After the cleavage of the gold-thiol bond larger

domains do not dissociate from the surface immediately. Instead, they remain as an adlayer in

21
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the double layer region. This way, the more negative peak is believed to originate from the field-
induced rearrangement of these molecules.”””' Another cause of the two-step reductive
desorption could be caused by different SAM molecule resistivities to reductive desorption. It
has been suggested that molecules in more compact domains are more resistant to reductive

desorption as opposed to those in the less compact ones.”*>*

It has also been proposed that
double peaks might arise from different gold-thiol bond strengths of molecules adsorbed on
terrace and step sites.””® Similarly, the two reduction peaks might be caused by thiol desorption

3759 Furthermore, the more

from different crystalline domains on polycrystalline gold electrodes.
positive peak has also been attributed to the desorption of thiol molecule clusters weakly
adsorbed on a densely packed SAM.®°

Since the majority of explanations above do not to convincingly explain the origin of the
Faradaic current observed as the second peak, this uncertainty hampers the understanding and,
eventually, control of surface functionalization. It also leads to uncertainties in SAM coverage
determination. For instance, if the second peak arises from other phenomena than the reduction
of the gold-thiol bond, it should not be included in the thiol surface coverage determination.

To gain further insight into the problem, it is first worth noting that the cases when double
peaks are observed generally fall into two categories. In the first instance, the observed potential
difference between the peaks is equal or less than 100 mV and in the second, it is more than

51,61
" In our

100 mV. The first instance is mainly observed in the case of the long chain thiols.
case, however, the difference was =200 mV. In order to investigate the origin of the second peak,

partial reductive desorption was performed. This way, MCH molecules, which desorb as the first

peak, were removed. Then the sample was analyzed by XPS (Figure 4).
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Figure 4. (a) Reductive desorption of MCH formed on Au electrodes (diameter 1 mm) patterned
with SU-8 photolithography: (i) full: in the potential range of 0 V — 1.3 V, (ii) partial: in the
potential range of 0 V —-1.1 V(1% cycle — solid line; 10™ cycle — dashed line) and (iii) desorption
in the potential range of 0 V — 1.3 V after partial desorption in the potential range of 0 V—1.1 V.
The scan direction was negative, the scan rate was 100 mV/s and the scans were initiated at the
potential of 0 V vs. Ag/AgCl/saturated KCI. (b) S2p spectrum of MCH on Au electrode surface

after reductive desorption in the potential range of 0 V—1.1 V.

Since the second peak was the most expressed in the case of the “CV sweep in H,SO4”
pretreatment, this method was used for electrode preparation. Figure 4a shows a comparison of
reductive desorption voltammograms of full and partial MCH desorption. Case (i) illustrates a

voltammogram when MCH reductive desorption is performed in the potential range from 0 V to

23
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-1.3 V. This way, MCH is desorbed in a two-step process yielding two peaks. In the case (ii), the
lower potential limit was changed to -1.1 V. By stopping reductive desorption at a higher
potential value MCH is only partially desorbed, which results in one reductive desorption peak.
As can be seen from the cathodic scan of cycle 1 (blue solid line), as expected, one reductive
desorption peak was registered at -1.0 V. On the return scan oxidative MCH readsorption
occurred. In order to remove readsorbed molecules CV was run for 10 cycles. In in each
following cycle readsorbed molecules were desorbed at more positive potentials and lower peak
intensities than before (data not shown). More positive reductive desorption potentials suggest
that after readsorption MCH molecules form less stable structures. Finally, the inspection of
cycle 10 (black dotted line) reveals no desorption or readsorption of the MCH molecules. Thus,
MCH was completely removed from the electrode surface in the selected potential range.
Eventually, as depicted in the case (iii), the lower potential limit was brought back to -1.3 V.
While no peak was observed at -1.0 V, the peak at -1.2 V was registered. It proved that it is
possible to isolate the molecules desorbing as the second peak.

To gain more information the sample after partial MCH reductive desorption was subjected
to XPS analysis. The S2p spectrum of the sample is shown in Figure 4b. The S2p signal was
fitted by two components with S»,3/» peaks at 162 eV and 163.3 eV. The Sjp3/2 peak at 162 eV is
attributed to chemisorbed sulfur atoms. This result was in agreement with the results reported in

55,62

the literature. Thus, it was confirmed that the second peak arises from reductive cleavage of

the gold-thiol bond.
As mentioned before, the highest intensity of the second peak was observed after the “CV
sweep in H,SO,4” pretreatment. This pretreatment also yielded the most distinct profile of the

bare gold voltammogram indicating alterations in surface gold morphology. Thus, the next step

24

ACS Paragon Plus Environment

Page 24 of 43



Page 25 of 43

©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

was investigating whether these two phenomena were related. Several studies of thiols adsorbed

on single- and polycrystalline gold substrates demonstrated different reductive desorption peak
potentials for different facets. The most positive potential was observed on Au(111), which
means that more stable gold-thiol bonds are formed on surfaces with less coordinated gold

285963 7o explore this issue, a non-cleaned gold electrode was pretreated by the “CV

atoms.
sweep in H,SO,4” for 50 cycles as opposed to the 15 cycles used earlier. The comparison of

voltammograms is provided in Figure 5a.
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Figure 5. (a) Cyclic voltammograms recorded in 50 mM H,SO, using bare Au electrodes

(diameter 1 mm) patterned with SU-8 photolithography and (b) reductive MCH desorption in

100 mM KOH after surface pretreatment by the “CV sweep in H,SO,4” for 15 (dotted line) and 50
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(solid line) cycles. The scan rate was 100 mV/s. XPS S2p spectra of MCH adsorbed on Au

electrodes pretreated by “CV sweep in HSO,4” for (c¢) 15 and (d) 50 cycles.

As it can be seen from the figure, after the “CV sweep in H,SO,” for 50 cycles the oxidation
current was markedly increased and exhibited two well-defined peaks at 1.1 V and 1.2 V. The
reduction peak at 0.9 V retained its intensity. However, the intensity of the reduction peak at
0.8 V increased significantly resulting in an altered ratio between these two peaks. These results
provided further evidence that chloride induced surface gold atom dissolution and redisposition
results in a changed gold facet ratio or introduction of defects. In addition to the CV
measurements, atomic force microscopy images were obtained (Figure S2 provided in
Supporting Information). These images showed a marked increase in gold grain size, which
further supported the hypothesis that the surface was restructured after the “CV sweep in H,SO4”
for 50 cycles. Although the surface appears to be more uniform due to the larger grain size, the
electrochemical behavior of redeposited gold atoms was similar to that for defects and/or of gold
facets with gold atoms less coordinated by the lattice.”® An electrochemical analysis suggests that
the fraction of less coordinated gold atoms increased during the pretreatment.

The electrodes pretreated by the “CV sweep in H,SO,4” for a different number of cycles were
then incubated in MCH solutions and subjected to reductive desorption. The voltammograms are
provided in Figure 5b. After the “CV sweep in H,SO4” for 50 cycles two peaks were observed in
both cases. However, in the case of the “CV sweep in HSO4” for 50 cycles the more positive
peak was shifted negatively and partially merged with the peak at -1.2 V. It showed a clear
relation between the structural state of the surface and molecule binding. The broadened peak

shape of the current profile indicated that a less ordered structure was formed. What is more, the
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peak intensities were changed dramatically. The intensity of the peak at -1.2 V markedly
increased with decreasing intensity of the peak at -1.1 V suggesting the formation of more stable

gold-thiol complexes. The results were in accordance with those presented in a study of thiol

©CoO~NOUTA,WNPE

adsorption on planar and irregular surfaces showing an increased stability of SAMs on surfaces
13 with nanostructure irregularities.®* These discoveries provide some insights leading to

15 preparation of more stable structures as one of the main disadvantages of SAMs is

g decomposition with time.**®

20 With an aim to further investigate these surfaces, the samples were subjected to XPS
analysis. The S2p spectra of MCH formed on gold electrodes pretreated by “CV sweep in

25 H,S0O4” for 15 and 50 cycles are provided in Figures 5c and 5d. The S2p spectra of both samples
27 were fitted to three doublets. A doublet with the S2ps/, peak at 162 eV (shown in red, Au-S1) has
been attributed to the bound sulfur. No differences in the binding energy of this doublet between
32 the two samples were observed.

34 The second doublet (shown in blue, Au-S2) is commonly attributed unbound sulfur or

37 disulfides. In that case the S2p;,; binding energy should be in the range from 163.5 eV to

39 164 eV.% However, in this study it was 163.2 eV. What is more, the contribution of the S2ps,
component was dominating on electrodes pretreated by “CV sweep in HSO4”for 50 cycles. One
a4 explanation could be that these surfaces yielded less ordered SAM structures and consequent

46 interdigitation with the chains of free thiols occurred, as has been observed in the case of longer
chain thiols.®® To test this possibility reductive desorption measurements of MCH SAMs formed
51 from micromolar solutions were done. This minimized the possibility of multilayer formation.
53 However, multiple peaks were still observed in voltammograms (data not shown). In addition to

the experimental results, there are more arguments against interdigitation. First, interdigitation

60 27
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has been observed on long chain alkanethiols due to chain-chain interactions. It less likely to
occur with short chain, water soluble thiols, such as the MCH used in this study. In addition, the
samples were thoroughly rinsed after the modification with MCH. Finally, the intensity of the
S2ps/, peak at 163.3 eV correlated with the intensity of the MCH reductive desorption peak at -
1.1 V suggesting that it stemmed from the formation of more stable gold-thiol complexes. For
these reasons, it was not likely that an increase in S2ps;, component was caused by the unbound
molecules. Another explanation could be based on an observation of a similar S,,3/» peak at
163.2 eV — 163.3 eV in a study of thiol self-assembly on different gold single crystals.’® The
peak was attributed to the X-ray induced MCH molecule damage. It could be that due to
different morphologies of the electrodes MCH monolayers exhibited different sensitivities to the
X-rays. However, the peak at 163.2 eV probably originates from another species of gold-thiol
bond. It has been shown, for instance, that XPS spectra of methanethiol molecules adsorbed on
Cu(111) and Au(111) yield several components with different binding energies (having a peak at
163.5 eV in the case of methanethiol on gold) when the metal surfaces are exposed to higher
temperatures causing surface reconstruction. These binding energies were attributed to
methanethiol binding on different surface sites, such as top, bridging and hollow sites®”*®
although it has also been suggested that the differences between the forms of sulfur binding to
step and terrace sites should be about 0.2 eV-0.3 eV.”” Interestingly, a new model supplementing
the current understanding of gold-thiolate bonds has been recently accepted.” In addition to the
usual monothiolate binding to the different sites of the gold surface, other binding configurations
have been revealed, for instance, disulfide bonding, thiolate binding to the adatoms and adatom

bridging by monothiolates.”” Such variations in gold-thiolate bonds could explain the correlation
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between the changed surface structure after the “CV sweep in H,SO4” pretreatment, reductive
desorption and photoemission spectra.

The last doublet (shown in green, R-SH) with the S2ps,, component at 164.3 eV for the

©CoO~NOUTA,WNPE

15 cycles swept electrode and at 164.7 eV for the 50 cycles swept electrode was attributed to the
13 unbound sulfur species.®*

15 Since it was determined that the second peak observed in the reductive desorption

18 measurements arises from the gold-thiolate bonds, the areas of both peaks were integrated in

20 order to calculate the MCH surface coverage and their reproducibility before and after the
investigated pretreatments. Even with the roughness factor taken into account the obtained

25 surface coverage values were from 1.41 to 2.47 times larger than the theoretical surface coverage
27 value of =8 x 10™"° mol cm™ for a thiol monolayer adsorbed on Au(111) surface.”* This
difference could be attributed to the uncertainties of the method, such as difficulties in defining
32 peak limits, influence of the capacitive current and, in some cases, overlapping HER current, in
34 addition to the uncertainties in determination of the surface roughness factor. Thus, the MCH

37 surface coverages were not derived entirely from the Faradaic charge of the gold-thiol bond

39 cleavage. However, since the main aim of this evaluation was to compare different pretreatments
and their reproducibility, the method was still deemed to be fit to achieve the desired results. The
a4 MCH reductive desorption charges and the calculated surface coverages before and after

46 different pretreatments are provided in Table 2.
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Table 2. The MCH reductive desorption charge and surface coverage values obtained from

cyclic voltammetry using differently pretreated Au electrodes (diameter 1 mm) patterned with

SU-8 photolithography.

Q, I, T means Standard
Pretreatment
C x em™ mol x cm™ mol x cm™ deviation
Non-cleaned
9.67 x 107 1.00 x 10~
9.53x 107 9.87 x 107
7.92x 10 1.05 x 107 1.05 x 10 6.92 x 107!
8.80x 10™ 1.16 x 10”
8.09x 10™ 1.07 x 107
CV sweep in HSO,
1.25x 10™ 1.30 x 107
2.18 x 10™ 226 x 107
2.25x%10™ 2.33 %107 2.09 x 107 458 x 1071°
2.06 x 10™ 214 x 107
2.35x% 10 2.44 x 107
H,0,+ KOH & LSV
1.77 x 10™ 1.83 x 107
2.23 %10 2.31 %107
2.20 % 10™ 2.28 x 107 2.19 x 107 2.05 x 1071
2.13 x 10 221 %107
2.24 x10™ 2.32 %107
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O; plasma & ethanol

2.06 x 10™ 214 x 107

2.92 x 10™ 3.02 x 107

©CoO~NOUTA,WNPE

11 2.53 x 10" 2.62 x 107 2.75 x 107 3.95x 107"

13 3.05 x 10 3.16 x 107

2.68 x 10™ 2.78 x 107

21 Similarly to the case of the bare gold electrodes, the differences in MCH surface coverages were
statistically significant before and after different pretreatments based on t-test analysis. The

26 average MCH surface coverage was up to 2.75 times higher in the case of “O; plasma & ethanol”
28 pretreatment. However, after “CV sweep in H,SO4” and “H,0, + KOH & LSV” pretreatments,
31 the difference between these was insignificant. Interestingly, the highest reproducibility was

33 obtained in the case of the non-cleaned electrode. However, when comparing different
pretreatment methods, no significant differences in reproducibility among them have been

38 observed.

44 CONCLUSIONS

A comprehensive and systematic evaluation of the preparation of microfabricated gold sensor
50 surfaces aimed at biosensing has been presented. Based on CV and XPS analysis it was shown
52 that photoresist SU-8 mediated photolithography causes marked contamination of the gold

surface, which results in strongly decreased surface area and, consequently, significantly lower

57 surface functionalization efficiency. In turn, it has also been demonstrated that the contamination

60 31

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces Page 32 of 43

can be significantly reduced and the molecule surface coverage can be improved by
microfabricated device compatible gold surface pretreatments, more specifically, (i) cyclic
voltammetry in dilute H,SO4, (ii) dilute basic piranha followed by LSV in dilute KOH and (iii)
O, plasma treatment followed by incubation in ethanol. No significant differences in ESA or
MCH coverage were observed after different electrode pretreatments. The ESA could be
improved by up to 1.5 times and MCH coverage — up to 2.75 times respectively.

However, most importantly the study provided insights on the significance of understanding and
accounting for the effects on the sensing surface induced by the pretreatment methods. It has
been revealed that different pretreatments, especially the ones involving chloride, induce
structural gold surface changes resulting in redistribution of the gold surface and/or introduction
of surface defects. In addition to that, it has also been shown that surface alterations influence
morphological structure of the thiolated molecule layer. The findings presented in this paper will
help to better understand and control microfabricated biosensor surface preparation, which is
critical for their successful implementation and commercialization. Furthermore, the presented
knowledge can be extended to other biosensor types that also employ gold surfaces. A
comprehensive understanding of biosensor surface preparation will contribute to optimization of

biosensor surfaces and full exploitation of their potential.
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Supporting Information. The file includes Ols spectra of Au electrode surfaces before and after
pretreatment by different cleaning methods and AFM images of surfaces before and after “CV sweep in in

H,SO,” pretreatment for 15 cycles and 50 cycles.
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21 Figure 1. (a) C1s and (b) Au4f spectra and (c) elemental composition of Au electrode (diameter 1 mm)
22 surfaces patterned with SU-8 photolithography before and after pretreatments of "KOH + H,0, & LSV”, “"CV
23 sweep in H,S04” and "0, plasma & ethanol”.
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Figure 2. Cyclic voltammograms recorded in 50 mM H,SO4 for Au electrodes (1 mm diameter) patterned
with SU-8 photolithography before and after using different pretreatment methods: (a) non-cleaned, (b)
after “"CV sweep in H>S04", (¢) after "H,0, + KOH & LSV” and (d) after "0, plasma & ethanol”, (e) after "CV
sweep in H,S04” with and without the bridge tube. The integrated current profile areas are depicted in
color. The scan direction was positive and the scans were initiated at the potential of 0 V vs.

Ag/AgCl/saturated KCI.
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Figure 3. Reductive desorption of MCH (solid line) formed on Au electrodes (1 mm diameter) patterned with
SU-8 photolithography after using different surface pretreatments: (a) non-cleaned, (b) after "CV sweep in
35 H,S04", (c) after "H,0; + KOH & LSV” and (d) after "0, plasma & ethanol”. The background current is
36 depicted in a dotted line. The electrolyte was 100 mM KOH. The scan direction was negative, the scan rate
37 was 100 mV/s and the scans were initiated at the potential of 0 V vs. Ag/AgCl/saturated KCI.
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Figure 4. (a) Reductive desorption of MCH formed on Au electrodes (1 mm diameter) patterned with SU-8
photolithography: (i) full: in the potential range of 0 V - 1.3 V, (ii) partial: in the potential range of 0 V - -
1.1 V(1% cycle - solid line; 10" cycle - dashed line) and (iii) desorption in the potential range of 0V - 1.3 V
after partial desorption in the potential range of 0 V - 1.1 V. The scan direction was negative, the scan rate

was 100 mV/s and the scans were initiated at the potential of 0 V vs. Ag/AgCl/saturated KCI. (b) S2p

spectrum of MCH on Au electrode surface after reductive desorption in the potential range of 0V - 1.1 V.
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Figure 5. (a) Cyclic voltammograms recorded in 50 mM H,SO4 using bare Au electrodes (1 mm diameter)
patterned with SU-8 photolithography and (b) reductive MCH desorption in 100 mM KOH after surface
pretreatment by the “"CV sweep in H2S04"” for 15 (dotted line) and 50 (solid line) cycles. The scan rate was
100 mV/s. XPS S2p spectra of MCH adsorbed on Au electrodes pretreated by “CV sweep in H,SO4"” for (¢) 15
and (d) 50 cycles.
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