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Resonance Raman detection of antioxidants using an iron oxide
nanoparticle catalysed decolourisation assay

Sian Sloan-Dennison,® Neil. C. Shand®, Duncan Graham? and Karen Faulds?

Nanozymes are metal nanoparticles with catalytic properties that can be used to oxidise peroxidase
substrates giving a colorimetric response which can be detected using UV-vis, and recently, Raman
spectroscopy. Due to their ease of synthesis and increased stability, nanozymes are being increasing
investigated to replace conventional enzymes for the detection of biomolecules. Here we exploit
the catalytic activity of iron oxide (Fe203) nanoparticles combined with the substrate 2,2- azinobis
(3-ethyl-benzothiazoline-6-sulfonic acid) (ABTS) in a decolourisation assay for the detection of
antioxidants. Fe203 nanoparticles were used to catalyse the oxidation of ABTS to its green radical
cation which, upon the addition of an antioxidant, resulted in a decolourisation due to the reduction
of the radical cation caused by the hydrogen donating antioxidant. The assay was applied for the
detection of multiple antioxidants (glutathione, chlorogenic acid and ascorbic acid), and was
followed by monitoring the resonance Raman scattering from the ABTS solution using a portable
Raman system with 785 nm laser excitation. This novel assay has the potential to be optimised to
detect antioxidant activity in body fluid with low limits of detection with the potential for point of

use monitoring.

Introduction

Artificial enzymes have become an increasingly interesting area of
research and various nanoparticles have been investigated and used
to mimic the structure and function of natural enzymes. The term
nanozyme applies to nanoparticles which exhibit enzyme-like
characteristics and efforts are being made to exploit this behaviour
due to their attractive qualities over natural enzymes such as cost,
easy synthesis and stability in a variety of conditions.!

It has recently been reported that iron oxide (Fes04 and Fe,03)
nanoparticles can behave as nanozymes and can catalyse the
oxidation of the peroxidase substrates 2,2- azinobis (3-ethyl-
acid) (ABTS) and 3,3',5,5'-
tetramethylbenzidine (TMB) in the presence of hydrogen peroxide

benzothiazoline-6-sulfonic

(H20,), yielding a green radical cation (ABTS+) or blue charge transfer
complex (TMB CTC).2,3 As the oxidation of the substrates require the
decomposition of H,0,, which is catalysed by the iron oxide
nanoparticles, H,0, itself has been detected colourmetrically by
monitoring the decrease in absorbance of the ABTS+ at lower
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concentrations of H,0,, with a limit of detection of 2.5 x107 mol L
being achieved.* Glucose has also been detected using iron oxide
nanoparticles with TMB and ABTS by utilising the reaction between
glucose oxidase and glucose. Glucose oxidase breaks down glucose
to produce gluconic acid and H,02 which in the presence of iron oxide
nanoparticles promotes the oxidation of TMB or ABTS and the
intensity of the colour change can be related to how much H,0;is
produced and in turn, the concentration of glucose originally

present

In addition to detecting H,0, and glucose, Fe304 nanoparticles have
also been used to replace the enzyme horse radish peroxidase (HRP)
in enzyme linked immunosorbent assays (ELISAs) by functionalising
the Fes04 with antibodies.? The
functionalised Fe304 nanoparticles bind to a specific antigen and

nanoparticles antibody
catalyse the oxidation of TMB, in the presence of H,0,. The intensity
of the oxidised product can be measured using UV-vis spectroscopy
and can be related to the concentration of antigen present. Many
biomolecules have been detected using this method including the
rotavirus © and cardiac troponin | for myocardial infraction

Antioxidant activity is a measure of a molecules intrinsic reactivity
towards free radicals and reactive oxidative species. Several assays
have been reported for the detection and estimation of this activity
including the oxygen radical absorption capacity (ORAC) assay,’ the
ferric reducing ability of plasma (FRAP) assay & and an ABTS
decolourisation assay.? In the two step ABTS decolourisation assay
for the detection of antioxidants, the colourless ABTS is first oxidised
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to the green radical cation (ABTS+) using a variety of different
molecules including silver (Ag+) ion,2® potassium persulfate,!!
metmyoglobinand HRP.12 The second step then detects the
presence of the antioxidant, via the decolourisation of the green
ABTS+ to the colourless ABTS as it is reduced by the antioxidant. The
reduced ABTS+ is
spectroscopy, by monitoring the decrease in absorbance at 735 nm
as the concentrations of antioxidants increases This assay is

conventionally detected using UV-vis

generally favoured over other antioxidant detection assays due to
being relatively inexpensive, easy to use, having a good stability in a
variety of pH’s and a fast reaction time.1* A number of antioxidants
can be detected using this method including glutathione which is an
important antioxidant involved in protecting cells from oxidative
stress.14 Depletion of glutathione has also been correlated with a
poor immune system leaving the body more susceptible to
infection.’> Recently, Ma et al. have reported the detection of
glutathione via an ABTS decolourisation assay, using Fe304 NPs as the
catalyst in the oxidation of ABTS.
monitored using UV-vis spectroscopy and a linear range of 3 uM to

The decolourisation  was
30 uM was obtained.1® Furthermore, the authors used the assay to
detect the presence of glutathione in A549 cells, indicating the
possibility of using the technique to detect antioxidant activity in
complex matrixes.

Raman spectroscopy, a powerful technique which can provide
important structural information, has also been used to identify and
characterise the redox behaviour of ABTS in the presence of
hydroxylamine silver nanoparticles. When small quantities of ABTS+
were formed, they interacted with the metal surface and when
analysed with a 785 nm laser excitation, produced a surface
enhanced Raman scattering (SERS) spectrum of ABTS+ allowing
detection of ABTS down to 2 uM.'” The authors then suggest that
SERS could therefore be used to monitor the ABTS decolourisation

Journal Name

In the work reported here we investigate for the first time the
catalytic activity of Fe,Os nanoparticles, which have an increased
stability over FesO4 nanoparticles, for the detection of antioxidants
using an ABTS decolourisation assay with resonance Raman
scattering (RRS) detection (schematic shown in Figure 1). We
demonstrate that Fe,03; nanoparticles can catalyse the oxidation of
ABTS in the presence of H,0;generating ABTS+. The ABTS+ can then
be reduced by an antioxidant and the reduction monitored using
RRS, replacing the conventional UV-vis detection method with a
molecularly specific vibrational technique and lowering the limits of
detection. The measurements were carried out using a handheld
portable Raman spectrometer allowing potential development as a
point of use assay.

Materials

FeCl,.4H,0, FeCl3.6H,0, ABTS, 30 % H,0, reduced glutathione,
chlorogenic acid and ascorbic acid were all purchased form Sigma
Aldrich, UK.

Instrumentation

UV-vis measurements were all carried out using a Cary 300 Bio UV-
Vis spectrometer. Raman measurements for 638 and 785 nm
comparison of ABTS+ were carried out on Snowy range sierra series
with 638 and 785 nm excitation wavelengths and a 3 mW (638 nm)
and 4.5 mW (785 nm) power.

detection of glutathione were collected using a Snowy range CBex

Raman measurements for the
with a 785 nm excitation wavelength and 45 mW power.

Experimental

Synthesis of Fe,03 nanoparticles
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Figure 1 (a) Oxidation of ABTS to its radical cation (ABTS+) (b) Schematic of the oxidation of ABTS decolourisation assay.

Fe203

nanoparticles are used to decompose H,0; initiating the oxidation of ABTS to ABTS+. The addition of glutathione then reduces the

ABTS + and the decolourisation is observed shown in (c).
assay for the detection of antioxidants however this was not
demonstrated.

2 | J. Name., 2012, 00, 1-3

Fe;03 nanoparticles were synthesised using a co-precipitation
method described by Donnelly et al®  FeCl,.4H,0 (1.98g),
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FeCl3.6H,0 (5.335g) and HCI (821 uL) were added to 25 mL of distilled
water and the solution was stirred. NaOH (15.058g) was added to a
round bottom flask containing 250 mL of distilled water and heated
to 50 °C. The acidified iron salt was then added dropwise to the
solution with vigorous stirring for 20 mins at 50 °C and then left to
settle and cool. The resulting black precipitate was washed twice
with distilled water and once with 0.1 M HNO3. 125 mL of 0.1 M
HNO3 was then added and the solution heated to 95 °C with constant
stirring for 40 minutes. The resulting nanoparticles were centrifuged
in triplicate and resuspended in distilled water.

Catalytic activity of Fe,O3 nanoparticles

200 pL of 3 mM of ABTS, 200 pL of Fe;03 nanoparticles and 10 pL of
9 M H,0; 0r 10 uL of H,0 were mixed together for 5 minutes and the
nanoparticles removed with a magnet leaving the green ABTS+
solution or colourless unoxidised ABTS solution. The solutions were
then analysed using UV-vis spectroscopy by diluting 100 uL of sample
with 400 pL of distilled water.

Raman analysis of ABTS+

ABTS+ was analysed using 638 nm and 785 nm excitation
wavelengths using the same dilution used for the UV-vis
spectroscopy analysis.  Each spectrum was normalised against an
ethanol standard taken with the same accumulation time on each

instrument (1 second).
Resonance Raman detection of glutathione

Final concentrations of 0, 200, 400, 600, 1000, 1600 and 2000 nM of
glutathione were added to 100 pL of ABTS+ and the volume made
up to 500 pL with distilled water.
minutes prior to Raman measurement being taken with a 785 nm

The solutions were left for 5

excitation wavelength at 45 mW for 1 second. The average signal
intensity and standard deviation for each sample was obtained from
three technical replicates with 5 acquisitions taken for each.

Resonance Raman detection of chlorogenic acid and ascorbic acid

Final concentrations of 0, 6, 12, 18 and 24 uM of chlorogenic acid or
ascorbic acid were added to 100 pL of ABTS+ and the volume made
up to 500 pL with distilled water. The solutions were left for 5

intensity and standard deviation for each sample was obtained from
three technical replicates with 5 acquisitions taken for each.

Results and discussion

Traditionally, HRP has been used to catalyse the oxidation of ABTS
with H,0, However, it has been reported that Fe,O3 nanoparticles
also have an intrinsic catalytic activity and they can catalyse the
oxidation of ABTS in a similar manner (shown in Figure 2). When
Fe,03 nanoparticles are in the presence of H,0,, an oxygen of the
H,0; binds to the Fe atom initiating the reduction-oxidation of the
Fe;03 nanoparticles via the formation of two intermediate
compounds. The Fe exists first as Fe (lll) which is oxidised to Fe (IV)
as the H,0,is converted to water, leaving the leftover oxygen to bind
to the Fe giving compound 1. An electron and H*ion from the ABTS
then form a bond between the oxygen to form compound 2. Finally,
another electron and H*forms water with the oxygen bonded to the
Fe to allow the iron to return to Fe (lIl). As the Fe (IV) is reduced back
to Fe(lll), the ABTS is oxidised resulting in the desired coloured
product.’® The oxidation of ABTS to ABTS+ is shown in Figure 1 (a).

Catalytic activity of Fe,O3 nanoparticles

Fe;O3 nanoparticles were synthesised using a co-precipitation
method described by Donnelly et al.28 In this method Fe salts were
added to a base to form Fes30O4 nanoparticles which were then
oxidised to form Fe,03 nanoparticles. To demonstrate the catalytic
activity of Fe,0O3 nanoparticles, 200 pL of 3 mM of ABTS, 200 L of
Fe;03 nanoparticles and 10 uL of 9 M H,0, were mixed together for
5 minutes before removal of the Fe,03 nanoparticles with a magnet
leaving the green ABTS+ solution behind. The solution was then
characterised using UV-vis spectroscopy and the resulting spectra
a) b)
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Figure 3 (a) UV-vis spectra of ABTS (blue) and ABTS+ (red) oxidised
due to the presence of Fe,03 nanoparticles and H,0; resulting in
absorbance bands at 650, 735 and 830 nm. (b) Raman spectra of the
ABTS+ analysed using 638 nm laser excitation (red) and 785 nm laser

O
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I
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Compound 2

excitation (black). Spectra were obtained using a 785 nm laser
excitation with a 1 second accumulation time and 45 mW laser power

H,0
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Ground state

and a 638 nm laser excitation with a 1 second accumulation and 30 m

H, 0 e, H* W laser power. The spectra shown are the average of 5 measurements

of 3 replicate samples and have been normalised using an ethanol

Figure 2 Reduction-Oxidation of Fe(lll) by H202 standard to take into account the relative performance of each
instrument.

minutes prior to Raman measurement being taken with a 785 nm o e
o . are shown in Figure 3 (a). The ABTS+ has three distinct absorbance
excitation wavelength at 45 mW for 1 second. The average signal
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bands at 650 nm, 735 nm and 830 nm which only occur when Fe,03
nanoparticles and H,0; are both present. Control experiments were
performed by replacing H,0, with H,0 and demonstrated that no
oxidation was experienced when a reagent was omitted; hence the
Fe,03 nanoparticles were only catalysing the oxidation of ABTS in the
presence of H,0,.

Raman analysis of ABTS-+

The Raman properties of the ABTS+ were investigated by analysing
the oxidised solution with laser excitation wavelengths close to the
absorbance bands at 650 nm and 735 nm as shown in the UV-vis
spectrum in Figure 3 (a). Figure 3 (b) shows the Raman spectra of the
ABTS+ obtained using a 638 nm and 785 nm laser excitation which
have been intensity normalised against an ethanol standard to take
into account the different performance of the two different
instruments which have different laser powers and excitation
wavelengths. No computational calculations could be found in the
literature for the assignment of the peaks in oxidised ABTS Raman
spectrum, however Garcia et al. have used vibrational analysis of
structurally related molecules to assign them?? Table 1 lists the main
characteristic peaks in the spectrum and the assignments for the
peaks.

Table 1 Band assignment of ABTS+ taken from Garcia et al.1”

Peak (cm™) Assignment

1318 8(CH); v(CC); 5(CH3)

1439 Y(CH3); v (CH3); v (CC)BM

Intensity of 1403 cm! peak

6:In plane bending; v:stretching; y: out of plane; as: anti-
symmetrical; BM: Benzene moiety

There are three absorbance bands present in the ABTS+ UV-vis
spectrum (Figure 3(a)) with the absorbance maximum occurring at
735 nm. Therefore it is proposed that the stronger Raman signal
obtained when irradiating the radical cation with 785 nm laser
excitation is due to the enhancement experienced from resonance
Raman scattering. As the 785 nm laser excitation is less than 50 nm
from the maximum, whilst the 638 is over 100 nm away, it is clear
why the 785 nm spectrum is more enhanced compared to when 638
nm excitation is used. The lower intensity Raman spectrum obtained
when excited with 638 nm laser excitation still contains the ABTS+
characteristic peaks, however less resonance enhancement was
obtained compared to 785 nm. The similarity between the two
spectra and the relative intensities of the peaks in the spectra,
suggest the same chromophore is being enhanced at both
wavelengths but to differing degrees. Therefore 785 nm excitation
was chosen for further experiments.

Resonance Raman detection of antioxidants

4| J. Name., 2012, 00, 1-3

The decolouration ABTS assay was carried, as shown in Figure 1(b),
by adding final concentrations of 0, 200, 400, 600, 1000, 1600, and
2000 nM of glutathione to the ABTS+ solution produced from the
reaction between Fe;03; nanoparticles, ABTS and H,0,. The mixture
was analysed using a portable 785 nm laser excitation instrument 5
minutes after the addition of glutathione. As higher concentrations
of glutathione were added, the reduction ABTS+ was increased
which is evident due to decreasing intensity of the RRS spectra as
shown in Figure 4 (a). It can be observed in Figure 4 (b) that when the
intensity of the 1403 cm peak was plotted against the glutathione
concentration, a linear relationship was observed over the range of
0-2000 nM with a correlation coefficient of 0.98. The observable
limit of detection was 200 nM.

a) 35000 -
30000 4
25000 4
20000 4

15000

Intensity (a.u)

10000 -

500 1000 1500 2000
b) Raman shift (cm1)

18000
y = -3.5896x + 14842
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0 500
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1000 1500 2000

Figure 4 (a) RRS spectra of ABTS+ obtained when different
concentrations of glutathione were added (0 (black), 200 (red), 400
(light blue), 600 (pink), 1000 (green), 1600 (dark blue) and 2000
(purple) nM. (b) Plot of glutathione concentration vs peak intensity
of the 1403 cm peak of ABTS+. The spectra were obtained using
785 nm laser excitation with a 1 second accumulation time and 45
mW laser power. Average spectra and error bars obtained from 5
measurements of 3 technical replicate samples.

The decolourisation assay was then applied for the detection of the
common antioxidants chlorogenic acid (CGA), a polyphenol which
has been reported to have beneficial effects for the cardiovascular
and central nervous system, 2° and ascorbic acid (AA), which is vital

for collagen, carnitine and neurotransmitters synthesis.?! Final

This journal is © The Royal Society of Chemistry 20xx



concentrations of 0, 6, 12, 18 and 24 uM of CGA or AA were added
to the ABTS+ solution and the mixture was analysed using a portable
Raman spectrometer with 785 nm laser excitation. Figure 5 shows
the linear decrease in the 1403 cm peak that occurred as higher
concentrations of the antioxidants were added to the ABTS+ solution
due to the reduction cause by the antioxidant. Observable detection
limits of 6 uM for AA and 12 uM for CGA were obtained, indicating
that the assay is versatile and can be applied for the detection of a
variety of relevant antioxidants. The observable detection limits
were higher than that obtained for glutathione to due to the
increased reductive properties of glutathione on ABTS+.

Using this assay, individual antioxidants would not be able to be
identified however overall antioxidant activity of a sample can be
measured which is invaluable information for healthcare since
depleted antioxidant activity could infer oxidative stress, which can
lead to a myriad of diseases.2? The assay could also be used to detect
antioxidant activity in body fluids, like plasma or urine, giving an

20000 ®CGA

y = -524.64x + 20210
R?=0.9316
15000 -

=AA
y = -603.65x + 19425

10000 R?=0.9789

ri@nsity of 1403 cm'! peak

Figur&%. Plot of Chlorogenic acid (blue) and Asgorbic acid (red)
concentration vs intensity of the 1403 cm-1 peak of ABTS.+. The
spectra were obtained using 785 nm laser excitation with a 1
second %accumulation time and 45 mW laser p?wer. Average

5 10, . 5

spectra and grror bars ob];alr}eci. rom measurements of 3
. oncentration of antioxidant (LM)

replicates.

indication of the overall antioxidant activity.

Conclusion

This work reports, to the best of our knowledge, the first use of
resonance Raman detection of the ABTS decolourisation assay for
the detection of glutathione. We have shown that Fe,03
nanoparticles can catalyse the oxidation of ABTS with H,0, yielding
the green radical cation product which gives a characteristic
resonance Raman spectrum when interrogated using 785 nm laser
excitation. RRS was used to follow the reduction of the radical cation
upon glutathione addition, leading to an observable glutathione
detection limit of 200 nM. Therefore, RRS detection increased the
sensitivity of the ABTS decolourisation assay, when compared to
LODs obtained from the oxidation of ABTS using Fe3O4 NPs with UV-
vis detection (3 uM),1¢ ZnS quantum dots and fluorescent detection
(3.3 uM) 2 and poly(caffeic acid) nanocarbon composite with
electrochemical detection (0.5 uM).2* The assay can also be used to
detect the antioxidants chlorogenic and ascorbic acid with higher
than that of glutathione,
demonstrating the versatility of the assay. Therefore the ABTS

observable limits of detection

This journal is © The Royal Society of Chemistry 20xx

decolourisation assay using Fe,03; nanoparticles and portable
resonance Raman detection has led to the development of a cheap,
fast, reusable assay which offers low limits of detection for various
antioxidants which could be used for point of use analysis.
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