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Abstract

Metal nanoparticles are systems largely employed in surface-enhanced Raman
spectroscopy (SERS). In particular, gold nanoparticles are one of the best substrates
used in this field. In this work, the optimal conditions for gold nanoparticles

electrodeposition on single-walled carbon nanotubes electrodes have been established to



obtain the best SERS response. Using this substrate and analyzing the changes of in-situ
Raman spectra obtained at different potentials, we have been able to explain
simultaneously the oxidation mechanism of purine bases, differentiating the oxidation
intermediates, and their orientation during the different oxidation steps. Adenine
orientation hardly changes during the whole oxidation; the molecule maintains a parallel
configuration and only shows a slightly tilted orientation after the first oxidation step.
On the other hand, guanine orientation changes completely during its oxidation.
Initially, guanine is perpendicular respect to gold nanoparticles, changing its orientation
after the first oxidation process when the molecule shows a slightly tilted orientation

and it finishes parallel respect to the electrode surface after the second oxidation step.
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1. Introduction

Surface-enhanced Raman scattering (SERS) is a powerful analytical tool for
sensitive and selective detection of different molecules adsorbed on metal
nanostructured. Since this effect was observed in the 70s' it has been used in many
fields*™® to study different systems and processes. However, one of the most important
factors to take into account for SERS applications is the substrate. The development of
different methods and procedures has allowed the improvement of SERS substrates
from initially non-uniform substrates to the actual well-defined surface nanostructures
in size, shape and interparticle spacing. The main properties that SERS substrates
should show are high sensitivity, uniformity, good stability, surface purity and
reproducibility.”'’ Although it is quite complicated to obtain substrates with all these
properties, metal (Au, Ag, Pd, Pt,...) nanoparticles (NPs) are systems largely employed
in SERS.""" In particular, gold deposition by plating processes provides SERS
substrates with the long term stability and high enhanced factor.'®'” Gold nanoparticles
(AuNPs) are usually deposited onto different type of electrodes, making possible the
study of electrochemical processes because of the higher SERS signal intensity related
to the species involved in the electron transfer process.

Adenine and guanine are two important biologically active molecules, since they are
essential components of nucleic acids. A strong interest to characterize DNA bases has
grown during the last years, being particularly important for the study of the oxidation
mechanism of these bases. This process is crucial since the oxidation of these bases can
cause DNA damages and consequently cell damage or even death of cells. Purine and

d."* ! In particular, adenine and

pyrimidine bases can be electrochemically oxidize
guanine are oxidized at much lower positive potentials than thymine and cytosine. The

analysis of Raman spectral data is very complex because of the presence of different



oxidation intermediates and due to the changes caused by the modification of the
molecule orientation during the oxidation process. Independent Components Analysis
(ICA), using the fast ICA algorithm, ** has been used to facilitate the elucidation of the
reaction mechanism. ICA is a data analysis technique that extracts the underlying source
signals and their proportions from a set of mixed signals based on the assumption that
these source signals are statistically independent.*

In this work, we have electrodeposited AuNPs by chronoamperometry on a single-
walled carbon nanotubes (SWCNT) electrode. We have studied the SERS effect of
AuNPs synthesized at different applied potentials and diverse deposition times. Optimal
AuNPs have been used to study the adenine and guanine mechanism of oxidation. Thus,
the main objective of this work is to obtain by Raman spectroelectrochemistry suitable
information to explain simultaneously both, the oxidation mechanisms of purine bases,
and the orientation of the intermediates that interact with the AuNPs electrodeposited on

a press-transfer SWCNT electrode.

2. Material and methods

2.1. Reagents

SWCNT (Sigma-Aldrich), hydrogen tetrachloroaurate (III) hydrate, HAuCls. H,O
(Sigma-Aldrich), hydrogen chloride, KCl (Sigma-Aldrich), adenine (Sigma-Aldrich),
guanine (Sigma-Aldrich) and potassium hydroxide, KOH (Lachema Neratovice) were
used as received. All chemicals were analytical grade.

Aqueous solutions were prepared using high-quality water (NANOpure Diamond,

Barnstead Nanopure, IMLAB).



2.2. Instrumentation

Electrochemical measurements were carried out at room temperature using a
nAutolab III potentiostat. Raman spectra were obtained using a LabRAM HR Raman
spectrometer (Horiba Jobin-Yvon). The samples were excited by He-Ne laser (633 nm)
with a spectral resolution of approximately 1 cm™. A 50x objective was used and the
laser power was approximately ImW.

SEM imaging was performed using a high resolution SEM S-4800 (Hitachi).

A standard three-electrode cell was used in all experiments, consisting of a press
transfer SWCNT electrode as working electrode, a Pt wire as auxiliary electrode and
Ag/AgCl reference electrode. SWCNT electrodes were previously prepared using a
methodology based on our previous work.” Briefly, 0.5 mg of SWCNT were dispersed
in 100 mL of DCE, being the homogenization a fundamental step to obtain
homogeneous films. Then, 0.8 mL of the SWCNT dispersion was filtered under vacuum
using a hydrophilic teflon filter. Next the filtered film was dried at room temperature
and using a laboratory hydraulic press, SWCNT film on the filter was transferred by
pressure to a sheet of polyethylene terephthalate (PET) applying 25 + 1 tons for 60 s.
The separation of the filter was performed slowly and carefully using tweezers. The
filter was pulled out with the tweezers so that the transfer of the SWCNT to the
polymeric support provides a very homogeneous film with an area of 3.14 cm’. The
electrical contacts were made using conductive silver paint, creating a small line from
the origin of the SWCNTs to the end of PET. Silver paint was dried in an oven and after
further cooling, conductive silver paint was electrically isolated using insulating paint.

Finally, the electrode was inserted into the oven at 75 °C for 120 minutes.



3. Results and Discussion
3.1. Optimization of AuNPs electrodeposition conditions.
AuNPs electrochemical deposition is usually performed by controlling either
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current** or potentia Different techniques have been used in the electrosynthesis at
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controlled potential: linear voltammetry, square wave voltammetry, simple pulse

2 27,2
chronoamperometry,”?° double pulse chronoamperometry,””*

multi  pulse
chronoamperometry,’' etc. In our case, chronoamperometry experiments have provided
satisfactory results to obtain electrodes with SERS effect.

AuNPs electrodeposition on a SWCNT electrode was performed in a 5 mM HAuCly
and 0.5 M KClI solution to study the influence of potential and time. Once AuNPs were
synthesized on the electrode, the Raman response of 1 mM adenine and KCI 0.01 M
solution was analyzed. We considered adenine Raman spectrum recorded during 30 s as
a reference to find optimum electrodeposition conditions. In particular we have chosen
the most intense band of this molecule, the breathing Raman band (740 cm’), as
response for this optimization. Fig.1.a shows the SERS effect of diverse substrates
obtained at different potential for 100 s. When nanoparticles were deposited at 0.00 V,
adenine bands were not observed, even breathing band was not present, indicating that
suitable AuNPs to obtain a SERS response were not formed. At negative potentials (-
0.75 V) breathing band began to evolve but the intensity was very weak. Maximum
SERS intensity was observed when AuNPs were electrodeposited applying -1.25 V. In
this case adenine breathing band was clearly differentiated and, therefore, it has been
used to study the oxidation process of this molecule.

In the same way, deposition time is another important parameter to control in order

to obtain the higher SERS effect. Fig.1.b shows an adenine Raman spectra applying -

1.25 V at different electrodeposition times (20 s, 40 s, 60 s, 80 s, 100 s, 120 s). AuNPs



formed using an electrodeposition time of 20 s did not show SERS effect and in the
Raman spectrum only the typical SWCNT bands were observed (Fig 1.b and Fig. S1).
For an electrodeposition time of 40 s, a very weak breathing band of adenine was
obtained. The signal improved significantly when the deposition time was increased to
60 s and a band centered at 740 cm™ showed a much higher intensity than for shorter
times. Raman signal showed the best response for 80 s deposition time, not only
because the breathing band intensity was the highest but also because well-defined
characteristic bands of different vibrational modes of adenine were observed, as for
example 1380 and 1402 cm™. For longer electrodeposition times, Raman bands
decreased their intensities and some bands disappeared. Therefore, from our
experimental results, AuNPs synthesized on press-transfer SWCNT electrodes by
applying -1.25 V for 80 s showed the best properties to obtain a good SERS effect for
adenine (Fig 1.b and Fig. S1). AuNPs obtained by this methodology show spherical
shape with a size around 40 nm (Fig. S2), but they tend to be agglomerated as is shown

in Fig.2.

3.2. Adenine oxidation.
Different works have studied the orientation that adenine molecules adopt respect to
metal surfaces. These works describe that adenine interacts in different modes

depending on pH, concentration or metal (Au, Ag, Cu...) surface proposing three main
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binding modes: flat interaction (parallel), end-on coordination (perpendicular)
and via the external amine group.’® Raman spectroscopy is a very suitable technique to

find out the orientation of the molecules and the combination of this spectroscopic

technique with electrochemistry provides a whole view of the oxidation process.



Adenine oxidation was performed using a 1 mM adenine and 0.01 M KCI solution
(pH = 5.85) by applying constant potentials between 0.00 V and +0.90 V and sampling
each +0.10 V for 60 s to obtain each Raman spectrum.

ICA provides information of both the intermediates that are produced during the
oxidation (Fig. S3.a) and the spectra (Fig. S3.b) of the initial adenine and the two
different oxidation products. Adenine oxidation mechanism has been described in
previous works®'~7®. These works suggest that adenine (A) is oxidized to 2-oxoadenine
(2-0x0A) in the first oxidation step and 2,8-oxoadenine (2,8-dioxoA) is formed after the
second oxidation process (Scheme 1). Cyclic voltammogram (Fig. S4) obtained by
scanning the potential at 25 mV s™' between 0.00 V and +0.90 V in a 1 mM adenine and
0.01 M KCI solution (pH = 5.85) does not show clear evidences of the two steps that
take place in the adenine oxidation mechanism because the anodic peaks related to these
processes are overlapped and only the second oxidation step is appreciated around
+0.70 V. However, Raman spectroscopy is a suitable technique that provides in-situ
spectroscopic information. In this case, although the electrochemical response does not
provide clear information about the redox process, the spectroscopic signal yields
molecular information that can be used to shed more light on the adenine oxidation
mechanism.

Experimental and theoretical assignments of A, 2-oxoA and 2,8-dioxoA Raman
bands has been proposed previously” ** from data experimentally obtained and from
calculated data using density functional theory (DFT). The potential dependent SERS
spectra of adenine adsorbed on AuNPs/SWCNT electrode, shown in Fig. 3, and the
vibrational assignment, summarized in Table 1 are completely correlated to the adenine

oxidation mechanism. Raman bands can be assigned to the different products generated



during the adenine oxidation by combination of these experimental and theoretical data
with the ICA information.

At 0.00 V Raman spectra of adenine shows bands centered in 578 (wag C2-H), 630
(sqz C4-C5-C6, N1-C6-N10, C5-N7-C8), 737 (whole molecule ring breathing), 845 (str
C5-N7), 945 (sqz N1-C2-N3), 962 (sqz N7-C8-N9), 1046 (sqz C4-N9-C8, str C5-N7),
1100 (bend C8-H, N10-H11, str C6-N10), 1345 (str C5-N7, N1-C2, bend C2-H, C8-H),
1380 (bend C2-H, C8-H, N9-H, str C6-N1, C8-N9, N3-C4), 1402 (bend N9-H, str C6-
N10, N7-C8) and 1487 cm™ (bend C8-H, str N7-C8). All the atoms of the adenine
molecule are involved in these vibrations. Therefore, from this spectrum we conclude
that at 0.00 V a parallel orientation of the adenine respect to the AuNPs surface is the
most probable in our system. When the applied potential was increased to +0.40 V,
adenine (A) is oxidized to form 2-ox0A, Scheme 1. Changes in different Raman bands
are observed at this potential, some bands decrease their intensity (631, 737, 962, 1046,
1380 cm™) and others disappear (578, 945, 1100, 1487 cm™). This fact is related to the
change in the orientation that indicates a lower participation of atoms N1, C2, N3, C4
and N9 because the molecule is slightly tilted (Fig. 5.a). Furthermore, Raman spectrum
does not show the band of the C2-OH at 1020 cm’, confirming the orientation
proposed. More changes were observed during the second oxidation process (at +0.70
V) when the 2-oxo0A is oxidized to 2,8-dioxoA and the orientation is again modified
(Scheme 1 and Fig. 5.a). Raman spectrum (Fig. 3) shows a new band centered in 1020
cm™', which is typical of the C-OH vibration.**” The enolic form is more stable than
the cetonic form due to the acid pH of the solution. The molecule 2,8-dioxoA acquires
again a parallel orientation which explains that now the alcoholic band appears in the

Raman spectra while it is not observed for the 2-ox0A. At potentials higher than +0.70



V the hydrolysis of 2,8-dioxoA takes place and Raman bands disappear, remaining only

the bands characteristic of the electrode (AuNPs, SWCNT and PET).

3.3. Guanine oxidation.

Guanine oxidation was performed using a | mM guanine and 0.01 M KOH solution
(pH = 13.1) by applying constant potentials between 0.00 V and +0.60 V and sampling
each +0.10 V during 60 s to obtain each Raman spectrum. In this case, it was not
necessary to reach as higher potentials as in the adenine oxidation because guanine
oxidation takes place at a lower potential.'®

Again, ICA provides information about the intermediates produced (Fig. S5) during
the guanine oxidation process; there are two intermediates apart from the initial
guanine.

Guanine oxidation mechanism has been also described in previous works®’***. The
results presented in these works suggest that guanine (G) is oxidized to 8-oxoguanine
(8-0x0@) in the first oxidation process and 8-0xoG loses two electrons to produce 8-
oxoguanine oxidized (8-0xoG®*) in the second oxidation step (Scheme 2). Cyclic
voltammogram (Fig. S6) obtained by scanning the potential at 25 mV s between 0.00
V and +0.60 V in a 1 mM guanine and 0.01 M KOH solution (pH = 13.1) does not show
clearly the two anodic peaks related to the two oxidation steps that take place in the
guanine oxidation mechanism. The anodic peaks of these processes are overlapped
being appreciated a poor defined oxidation band around +0.30 V. As in the adenine
case, Raman spectroelectrochemistry provides very useful spectroscopic information for
a better understanding of the guanine oxidation mechanism.

Raman bands assignments of G, 8-0x0G and 8-0xoG** have been experimentally

43,44,49,50
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and theoretically (DFT) propose Potential dependent SERS spectra of



guanine adsorbed on AuNPs/SWCNT electrode, shown in Fig. 4, and vibrational
assignment, summarized in Table 2, are completely correlated to the guanine oxidation
mechanism. Raman bands can be assigned to the different products generated during the
guanine oxidation by combination of these experimental and theoretical data with the
ICA information.

At 0.00 V Raman spectrum of guanine (G) shows bands centered in 533 (sqz C6-
N1-C2, N3-C4-C5), 640 (whole molecule ring breathing), 738 (sqz N1-C2-N10, bend
C6-0), 849 (bend C2-N3-C4, N1-C2-N3), 1032 (str N1-C6), 1166 (sqz N3-C4-C5),
1262 (bend N1-H, str C2-N10), 1312 (bend N1-H, N10-H12, str C2-N10, N3-C4), 1382
(bend N1-C2-N3), 1420 (str N1-C2, bend N1-H, rock NH,) and 1718 cm™ (str C60-C5-
C6, bend N1-H, sciss NH,), these bands correspond to the vibrations in which atoms
N1, C2, N3, C6 and N10 are involved. From these bands we conclude that the guanine
orientation is perpendicular to the AuNPs surface at this potential, interacting through
this part of the molecule with the AuNPs’' as it is shown in Fig. 5.b. When guanine is
oxidized to 8-0xoG at +0.10 V, Scheme 2, several Raman bands modify their intensity
and position: bands centered in 533, 645, 738, 849, 1036, 1166, 1259, 1309, 1388, 1420
and 1718 cm™ increase their intensity because more atoms (C4 and C5) are now
interacting with the AuNPs and also a new band appears at 792 cm™ (wag C4-C5-C6).
The increment of these bands and, particularly, the evolution of the new band at 792 cm’
"band (out-plane) promote changes in the orientation and 8-0xoG starts to be slightly
tilted (Fig. 5.b). At this orientation more atoms of the 8-oxoG are close to the AuNPs
surface, so there are more or stronger interactions with AuNPs than in a complete
perpendicular orientation: 533 (sqz N3-C4-C5), 849 (bend C5-N7-C8), 1166 (str C5-
N7, sqz N3-C4-C5), 1312 (str C5-N7), 1382 (str C5-N7, bend N9-C4), 1420 (str C4-

N9). However, the most important changes in Raman spectra are observed at +0.30 V.



During the second oxidation 8-0x0G loses two electrons to produce 8-0x0G™, Scheme
2. At this potential, 8-0xoG™ changes completely the orientation respect to the 8-0x0G,
being more tilted and acquiring a horizontal orientation parallel to the AuNPs surface.
This change in the orientation is proved by the Raman spectra (Fig. 4): the evolution of
new bands peaked at 332 (sqz N7-C5-C6, bend C6-O, C8-0), 415 (bend C6-0O, C8-0,
C2-N10), 493 (sqz C5-C6-N1, C2-N3-C4), 684 (bend C6-0O, C8-0), 807 (bend C2-N3-
C4, C5-N7-C8), 828 (sqz C4-N9-C8, str C5-N7), 932 (bend N3-C4-N9, N7-C5-C6, C5-
N7-C8, str N7-C8) and 1130 cm™ (str C5-N7, sqz N3-C4-C5) and the higher intensity
of other bands 790 (bend N9-H, str N7-C8), 1434 (str N7-C8) and 1718 cm™ (N7-C80-
N9) are related to all the atoms of 8-0xoG®™ that interact with the substrate, being the
bands associated with the carbonyl groups proof of that. The vibration modes of
carbonyl groups are observed in the Raman spectrum (332, 415, 684 and 1718 cm™)
because the carbonyl group strongly interacts with the AuNPs and, in this parallel
orientation, C6-O and C8-O groups are close to the AuNPs surface. At potentials higher
than +0.40 V the 8-0x0G®* hydrolysis takes places, the Raman bands related to the 8-

ox0G** disappear and, finally, only the electrode bands are observed.

4. Conclusions

In the present work, the optimum conditions to electrosynthesize AuNPs by
chronoamperometry with a strong SERS effect have been established. Different times
and potentials have been used, with the maximum SERS response being obtained when
a potential of -1.25 V was applied for 80 s. SEM characterization provided
morphological information about the AuNPs deposited on a SWCNT electrode during
the electrosynthesis process, showing that NPs tend to be agglomerated. The mechanism

of oxidation of adenine and guanine has been elucidated analyzing the change in the



intensity and the shifting of the Raman bands of these compounds. Adenine shows a
parallel orientation respect to the AuNPs surface at 0.00 V, when it is oxidized to 2-
ox0A the molecule acquires a slightly tilted orientation, but after the second oxidation
process to 2,8-dioxoA the molecule recovers the parallel orientation. In our conditions
(pH, adenine concentration and AuNPs) the adenine does not adopt a perpendicular
orientation, with a flat orientation being favoured. On the other hand, guanine
orientation is perpendicular respect to the AuNPs surface at 0.00 V, but after the first
oxidation at +0.10 V, 8-0x0G starts to be slightly tilted. The most important change in
orientation is produced when the 8-0x0G is oxidized to 8-0x0G*** which acquires a
parallel orientation respect to the AuNPs surface. Surface-enhanced Raman scattering at
controlled potential has allowed us not only to characterize adenine and guanine
oxidations, but also it has provided suitable information about the orientation of each

intermediate.
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Table 1: Vibrational assignment of adenine (A), 2-oxoadenine (2-oxoA) and 2,8-

oxoadenine (2,8-dioxoA).

3944

Mode A 2-0X0A | 2,8-dioxoA | Plane | Description
(0.00V) | (+0.40V) (+0.70 V)

1 578 - - Out | Wag C2-H

2 630 631 635 In | DefR6 (sqz C4-C5-C6, N1-C6-N10),
R5(sqz C5-N7-C8)

3 737 739 742 In | Whole molecule ring breathing

4 - - 817 Out | Def R6(wag C4-C5-C6)

5 845 846 845 In Def R5 (str C5-N7)

6 945 - - In | DefR6 (sqz N1-C2-N3)

7 962 965 962 In | Def RS (sqz N7-C8-N9)

8 - - 1020 In Str C2-OH, C8-OH

9 1046 1046 1046 In | Def RS (sqz C4-N9-C8, str C5-N7), R6
(sqz N1-C2-N3)

10 1100 - - In | Bend (C8-H, N10-H11), str (C4-N9, N3-
C4, C6-N10)

11 - 1240 1257 In Str C5-N7, N1-C2, C2-N3

12 - 1256 1255 In Bend (C8-H, N9-H), str N7-C8

13 1345 1360 - In Str (C5-N7, N1-C2), bend (C2-H, C8-H)

14 1380 1388 1382 In | Bend (C2-H, C8-H, N9-H), str (C6-N1,
C8-N9, N3-C4)

15 1402 1402 1420 In | Bend N9-H, str (C6-N10, N7-C8)

16 1487 - - In Bend C8-H, str N7-C8

R5: five-membered ring; R6: six-membered ring; bend: bending; def: deformation;

rock: rocking; SCiss: scissoring; SQz: squeezing; Str: stretching; wag: wagging




Table 2: Vibrational assignment of guanine (G), 8-oxoguanine (8-0xoG) and 8-

oxoguanine oxidized (oxoGu®®).

43,44,49,50

Mode G 8-0x0G | 8-oxoG”™ | Plane | Description
(0.00V) | (+0.10V) | (+0.30V)

1 - - 332 In Def RS, R6 (sqz N7-C5-C6), bend C6-0O, C8-
0]

2 - - 415 In | Bend C6-O, C8-O, C2-N10

3 - - 493 In | DefR6 (sqz C5-C6-N1, C2-N3-C4)

4 533 533 528 In | Def R6 (sqz C6-N1-C2, N3-C4-C5)

5 640 645 645 In | Whole molecule ring breathing

6 684 In | Bend C6-0O, C8-O

7 738 738 735 In | DefR6 (sqz N1-C2-N10), bend C6-O

8 - 792 790 Out | Def R6 (wag C4-C5-C6), RS (tors N7-C8)

9 - - 807 Out | Bend C2-N3-C4, C5-N7-C8

10 - - 828 In Def R5 (sqz C4-N9-C8, str C5-N7)

11 849 849 849 In | Bend (C2-N3-C4, C5-N7-C8, N1-C2-N3)

12 - - 932 Out | Bend N3-C4-N9, N7-C5-C6, C5-N7-C8), str
N7-C8

13 1032 1036 1018 In | Str (C8-N9, N1-C6), bend N9-H

14 - - 1129 In | Str (C5-N7), def R6 (sqz N3-C4-C5)

15 1166 1166 1174 In | Str C5-N7, def R6 (sqz N3-C4-C5)

16 1262 1259 1259 In | Bend N1-H, N9-H, str (C2-N10, N7-C8)

17 1312 1309 1309 In | Bend (N1-H, N10-H12), str (C5-N7, C2-N10,
N3-C4)

18 1382 1388 1376 In | Str C5-N7, bend (N1-C2-N3, N9-C4)

19 1420 1420 1434 In | Str (N1-C2, N7-C8, C4-N9), bend N1-H, rock
NH2

20 1718 1718 1718 In | Str (C60-C5-C6, N7-C80-N9), bend N1-H,

sciss NH2.
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Scheme 1. Adenine oxidation mechanism
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Figure 1. Raman spectra of adenine at different potentials (a) and times (b) of AuNPs

electrodeposition.
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>
S.k\é.me x15.

Figure 2. SEM image of AuNPs synthesized using the optimum electrodeposition

conditions.
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Figure 3. Evolution of the Raman spectra of adenine at different electrode potentials.
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Figure 4. Evolution of the Raman spectra of guanine at different electrode potentials.



Figure 5
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Figure 5. Schematic drawing of (a) A, 2-oxoA and 2,8-dioxoA orientation during the

oxidation and (b) G, 8-0x0G and 8-0x0G**° oxidized orientation during the oxidation.
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