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Abstract

It is well known that an excess of hydroxyl radicals (*OH) in the human body is responsible for
oxidative stress-related diseases. An understanding of the relationship between the concentration
of *OH and those diseases could contribute to better diagnosis and prevention. Here we present a
supersensitive nanosensor integrated with an electrochemical method to measure the concentration
of *OH in vitro. The electrochemical sensor consists of a composite comprised of ultrasmall cerium
oxide nanoclusters (<2 nm) grafted to a highly conductive carbon deposited on a screen-printed
carbon electrode (SPCE). Cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) were used to analyze the interaction between cerium oxide nanoclusters and *OH. The CV
results demonstrated that this electrochemical sensor had the capacity of detecting *OH with a high
degree of accuracy and selectivity, achieving a consistent performance. Additionally, EIS results
confirmed that our electrochemical sensor was able to differentiate *OH from hydrogen peroxide

(H,0,), which is another common reactive oxygen species found in the human body. The limit of
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detection (LOD) observed with this electrochemical sensor was of 0.6 uM. Furthermore, this
nanosized cerium oxide-based electrochemical sensor successfully detected in vitro the presence
of *OH in preosteoblast cells from newborn mouse bone tissue. The supersensitive electrochemical
sensor is expected to be beneficially used in multiple applications, including medical diagnosis,

fuel-cell technology, and food and cosmetic industries.

Keywords: Hydroxyl radicals, Electrochemical sensor, Cerium oxide, Surface Organometallic

Chemistry (SOMC), Nanoclusters.

Introduction

Reactive oxygen species (ROS) are well known for being extremely reactive. Extensive research
has been conducted to understand the impact of ROS on different industries!-? and on human health
34 Among the ROS, the study of hydroxyl radicals (*OH) is especially challenging due to their
high reactivity and extremely short lifetime of nanoseconds®. The generation of *OH possesses
several advantages and disadvantages, depending on the field of study. For example, the presence
of *OH results to be beneficial for the destruction of harmful contaminants in solids and liquids
via Advanced Oxidation Processes (AOPs) and Electrochemical Advanced Oxidation Processes
(EAOPs)%8, However, the presence of *OH can also offer disadvantages, such as the degradation
of the polymer electrolyte membrane (PEM) in fuel cells®, which leads to low efficiency and
shorter lifetime. In the human body, hydroxyl radicals (*OH) are generated in mitochondria!,
blood!!, and interstitial fluid'?> to preserve the normal functions of cells, including immunity!'3,
apoptosis'4, cell signaling'>, and cellular senescence!®. However, the overproduction of *OH can

damage adjacent cells resulting in the development of oxidative stress-related diseases, such as
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aging, cancer!’, and Alzheimer’s and Parkinson’s diseases!®!°. A better understanding of the
impact of *OH on those oxidative stress-related diseases is necessary to effectively prevent and
treat them. Therefore, it is important to develop technologies for monitoring the levels of *OH in
human tissues, organs, and blood, as this can help to diagnose these severe diseases in the early

stages.

Various researchers have integrated sensing elements such as proteins?®?! and metal oxides
nanoparticles?>?* with electrochemical techniques to develop nanosensors for the detection of
chemical species of interest. The use of electrochemical techniques posseses several advantages
over other methods, as the sensitivity and selectivity can be easily controlled by modifying the
sensing element on the surface of the electrode?*23. Morever, the electrochemical techniques can
provide real-time detection, which is especially important when monitoring species with short
lifetime?®. Inspired by previous findings, this study reports the use of ultrasmall cerium oxide
nanoclusters as the sensing element for the development of a highly sensitive and selective
electrochemical sensor for *OH detection. According to former reports, cerium oxide nanoparticles
(CeNPs) demonstrated a selective removal of *OH in living tissues?’?%. The scavenge of *OH by
CeNPs is based on the dual oxidation state of cerium oxide, which can be easily switched between
Ce*" and Ce*" by oxidizing or reducing species in the medium, respectively??°. Fig. 1 shows the
mechanism for which Ce3* sites on CeNPs specifically reacts with *OH via the oxidation reaction
turning into Ce*" sites. After that, Ce*" can be reversibly reduced to Ce*' via the reduction
reaction?*3132, The redox reaction between CeNPs (sensing element) and *OH (analyte) permits

the use of the electrochemical technique for the detection of *OH.
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Oxidation
Ce,O; + 2(-OH) 2Ce0O, + H,0

2Ce0, + H,0 Ce,0; + O, + 2H*
Reduction

Fig. 1. Redox reaction between CeNPs and hydroxyl radicals (¢*OH). Reprinted from Sensors and
Actuators B: Chemical, 321, S. Duanghathaipornsuk, F.A.O. Alateeq, S.S. Kim, D.-S. Kim, and
A.C. Alba-Rubio, The effects of size and content of cerium oxide nanoparticles on a composite

sensor for hydroxyl radicals detection, 128467, Copyright (2020), with permission from

Elsevier3334,

As Ce** sites are responsible for the reaction with *OH, several research groups have seeked to
maximize the concentration of Ce3" sites on CeNPs to improve their *OH scavenging capacity33-4,
In order to minimize the size of CeNPs, and thus, maximize the amount of Ce3" sites for *OH
scavenging and detection, we employed Surface Organometallic Chemistry (SOMC) to obtain
nanosized CeO,*-*%. We hypothesized that the size and dispersion of the CeOy nanoclusters could
be adjusted by controlling the loading of the organometallic precursor. Even though the size and
dispersion of the CeOy nanoclusters could be controlled, the conductivity of the electrochemical
sensor is also essential to provide a high sensitivity. For this reason, we decided to anchor CeOy
nanoclusters onto a highly-conductive carbon using a SOMC method3”*. The successful
development of a supersensitive composite sensor for *OH detection is expected to help understand
the relationship between the *OH concentration and some oxidative stress-related diseases, which

in turn would facilitate more effective prevention and treatments.
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Materials and Methods

Materials

Tris(cyclopentadienyl)cerium(IIl) was purchased from Strem Chemicals, Inc. Vulcan XCmax 22
highly-conductive carbon and tetrahydrofuran (99.9%, extra pure, anhydrous, stabilized with
BHT) were obtained from Cabot, USA and ACROS Organics, USA, respectively. Potassium
hexacyanoferrate(Il) trihydrate (98.5-102.0%), potassium hexacyanoferrate(Ill) (>99%), iron(II)
sulfate heptahydrate (>99%), potassium chloride (>99%), and a 30 wt% hydrogen peroxide
solution were obtained from Sigma-Aldrich (USA). Screen-printed carbon electrodes (Pine
Instruments, USA) coated with a 2 mm-diameter carbon working electrode, a Ag/AgCl reference
electrode, and a carbon counter electrode were used as the sensor base. Cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) were performed using a Gamry Reference 600

potentiostat (Gamry Instruments, USA).

Acid treatment of carbon support

Highly-conductive Vulcan XCmax 22 carbon was treated with a 5 M HNO; aqueous solution
under reflux (105 °C) for 6 h to functionalize the surface with carboxyl groups. After that, the acid-
treated carbon was filtered and washed with deionized water until the pH was around 7. Then, the

sample was dried in an oven at 60 °C for 12 h.

Anchorage of the CeO, nanoclusters to the acid-treated carbon

Prior to the synthesis of the CeO nanoclusters/Carbon composite, the acid-treated carbon was
dried at 105 °C under vacuum for 24 h. Then, the CeO, organometallic precursor was anchored to
the carboxyl groups using a SOMC method. To do so, a calculated mass of

tris(cyclopentadienyl)cerium(IIl) was dissolved in tetrahydrofuran (THF) under inert atmosphere.
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This solution was then added to the dried acid-treated carbon and stirred under inert atmosphere
for total uptake (color disappearance). After 6 h of stirring, the flask was connected to a Schlenk
line to remove THF. Subsequently, the dried solid product was treated at 400 °C for 2 h under
nitrogen for ligands removal (Fig. S1). Finally, the product was collected and used later as the

sensing element for the detection of *OH.

Characterization of the CeO, nanoclusters/Carbon composites

The success of the acid treatment and the anchorage of the CeOy precursor to the carbon surface
was confirmed using an FTS-4000 Varian Excalibur Series Fourier-transform infrared (FTIR)
spectrometer in the range of 800-3800 cm™!. For that, we used 5 mg of a blended powder containing
the sample and KBr (1:300 wt. ratio) to make a thin pellet. Moreover, the samples were
characterized using a TA Instruments Q50 thermogravimetric analyzer (TGA) to determine the
required temperature to remove the ligands of the CeOy precursor. To do so, 12 mg of sample was
heated from 25 to 1200 °C with a heating ramp of 10 °C/min under 50 mL/min N, flow. The size
and the dispersion of the CeO, nanoclusters on the carbon surface was studied by high-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM) with collection
angles of 106-200 mrad using a FEI Titan®™ G2 60-300 S/TEM and by energy dispersive X-ray
spectroscopy (EDS) elemental mapping using a probe-corrected Thermo Scientific Themis-Z ™
STEM. For that, the composite powders were dispersed in ethanol followed by sonication for 10
min. After that, the dispersion was dropped onto 300-mesh copper TEM grids coated with lacey
carbon films. The actual loading of cerium (as CeOy nanoclusters) on the carbon support was
determined by inductively coupled plasma optical emission spectrometry (ICP-OES) at Galbraith

Laboratories, Inc. Finally, the surface content of Ce** and Ce*" was determined from spectra
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obtained in a Kratos Axis Ultra XPS with a monochromatic Al X-ray source operating at 10 mA

and 15 kV.

Deposition of the CeO, nanoclusters/Carbon composite onto the SPCE

First, 10 mg of the CeO, nanoclusters/Carbon composite was suspended in 10 mL of deionized
water. Then, the solution was sonicated for 1 h and deposited onto the working electrode by
delivering a single droplet (8 uL) using a micropipette. The droplet was then dried in an oven at
60 °C for 1 h. Once dried, the sensor was rinsed with deionized water and dried by gently flowing
nitrogen. The CeOy nanoclusters/Carbon-modified electrode was then used for the detection of

*OH in the Fenton reaction and for the in vitro detection of *OH from preosteoblast cells.

Use of the CeO, nanoclusters/Carbon-modified electrode for the detection of *OH produced
by the Fenton reaction

The Fenton reaction was used to generate *OH for testing the sensor. To do so, equal volumes of
a solution of H,0, and a solution of FeSO,4-7H,0 were used to generate *OH via the reduction of
H,0, in the presence of Fe?" ions, in which the concentration of *OH was varied from 0.1 to 10
mM. Then, the CeO, nanoclusters/Carbon-modified electrode was put into the Fenton reaction,
and the interaction between the electrode and *OH was characterized by cyclic voltammetry (CV).
The potential range selected for CV was from 0.4 to -0.6 V with a 100 mV/s scan rate. The first
cycle of CV was carried out by submerging the electrode in the H,O, solution. After that, the
electrode was removed from the solution, and then an equal volume of the iron (II) sulfate solution
was added to the H,0, solution to generate *OH. Then, the electrode was immersed in the solution
of H,0, and FeSO,-7H,0 to detect *OH. The current changes in the modified electrode before and

after generating *OH were measured and referred to the presence of *OH.
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Use of the CeO, nanoclusters/Carbon-modified electrode for the in vitro detection of *OH in
preosteoblast cells

Preosteoblast cells (MC3T3) from newborn mouse bone tissue were obtained from the American
Type Culture Collection (ATCC). A growth medium consisting of Minimum Essential Medium
(MEM) o, nucleosides, 10 vol% of Fetal Bovine Serum (FBS), and 1 vol% of antibiotics and
antimycotics was used to culture MC3T3 in an incubator under 5% COy/air at 37 °C. To collect
MC3T3 from the growth media, 4 mL of Trypsin-EDTA solution was added into the cell culture
and left undisturbed for 3 min followed by the addition of 10 mL of the growth medium. Then, the
solution was centrifuged at 32,000 rpm for 15 min to separate MC3T3 from the solution. The
collected MC3T3 (~6x10° cells) were resuspended in 1 mL of 0.01 M phosphate-buffered saline
(PBS) to detect *OH released from MC3T3. The signal from the sensor was analyzed using CV
and EIS. For CV and EIS analyses, 200 puL of the MC3T3 suspension was dropped on the surface
of the 0.64 wt% Ce/Carbon-modified electrode for the first cycle. Subsequent CV and EIS cycles
were performed by dropping 100 pL of 0.0003, 0.004, and 0.05 mg/mL lipopolysaccharides (LPS)
from E. Coli solutions in PBS, respectively, in order to induce additional oxidative stress. To
compare the signals obtained from the MC3T3 suspension with the *OH signal generated by the
Fenton reaction in a PBS solution, 60 mL of a 0.01 M PBS solution containing 10 mM iron (II)
sulfate was degassed by flowing argon for 2 h to dissolve FeSO4-7H,0. After that, ] mL of a 610
mM H;0, solution in 0.01 M PBS was injected through a septum to produce *OH. Then, the 0.64
wt% Ce/Carbon-modified electrode was submerged into the Fenton reaction to detect the presence
of *OH. The experimental conditions for CV were described in the previous section, and the same
procedure was used to perform EIS. The impedance changes and phase angle shifts in terms of

frequencies in Bode plots were used to identify the presence of *OH. All EIS experiments were
8
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run in a frequency range of 0.01-10,000 Hz with an alternating-current (AC) potential of V=5

mV and direct-current (DC) potential of 0.23 V.

Results and Discussion

Functionalization of carbon by acid treatment

Since carboxyl groups on the carbon surface are used as the grafting points for the anchorage of
the CeOy precursor, the highly-conductive carbon was previously functionalized by acid treatment
with 5 M HNOs to increase the number of carboxyl groups. The success of the functionalization
was evaluated using FTIR before and after the acid treatment. As shown in Fig. 2, there are no
significant bands on the untreated carbon (Fig. 2a). However, the FTIR spectrum of acid-treated
carbon (Fig. 2b) shows some emergent bands at 1230 and 1377 cm™!, which can be assigned to the
O-H bending deformation and the C=0O symmetric deformation of the carboxyl groups,
respectively?®40. Furthermore, it presents two bands at 1580 and 1735 cm™!, which can be attributed
to the C=C stretching vibration and C=0 symmetric stretching mode, respectively*'*?. The
presence of those four bands after the acid treatment confirms an increase in the number of

carboxyl groups on the surface of carbon.
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Fig. 2. FTIR spectra of (a) Carbon, (b) Acid-treated carbon, and (c) CeOy nanoclusters/Carbon

composite (0.64 wt% Ce) after thermal treatment for ligands removal.

Characterization of CeO, nanoclusters/Carbon composites

Different characterization techniques were used to assess the effectiveness of the SOMC method
for anchoring the CeOy precursor to the carboxyl groups on the carbon surface for the synthesis of
the CeOy nanoclusters/Carbon composites, as shown in Fig. S1. FTIR was used again to confirm
the anchorage of the CeO, precursor to the carboxyl groups. When comparing Figs. 2b and 2c, it
can be observed that the intensity of the bands at 1230, 1377, 1580, and 1735 cm™! significantly
decrease after performing SOMC, which indicates the consumption of the carboxyl groups by the
CeOy organometallic precursor to form CeOy nanoclusters on the carbon surface upon ligand

removal by thermal treatment (Fig. S1).

Once confirmed the anchorage of the CeOy precursor on the carbon surface, we synthesized a

series of composites with different loadings of tris(cyclopentadienyl)cerium(IIl), and these were

10
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labelled as X wt% Ce/Carbon, where X wt% Ce represents the theoretical Ce loading. Then, prior
to the thermal treatment for ligands removal (Fig. S1), we used TGA for further characterization
of the materials. Fig. 3 compares the TGA profiles obtained with acid-treated carbon, 12.3, 18.4,
and 24.6 wt% Ce/Carbon. As it can be seen in Fig. 3b, the acid-treated carbon shows two
significant derivative weight losses at around 100 and 200-300 °C, which can be attributed to the
loss of water and the degradation of the carboxyl groups, respectively®’. On the other hand, when
the CeO, organometallic precursor is anchored to the carbon surface, there are four significant
weight losses at around 100, 300-400, 400-500, and 700-1100 °C. As before, the first one
corresponds to the loss of water. The derivative weight losses at 300-400 °C and 400-500 °C could
be attributed to the thermal decomposition of the CeOy precursor physisorbed on the surface of the
carbon support and the removal of the precursor ligands, respectively. And lastly, the derivative
weight loss at 700-1100 °C could be ascribed to the decomposition of the CeOy precursor bound
to the carbon surface. With the exception of the evolution of water of hydration at around 100 °C,
it is noted that the area under every derivative weight loss increases with the loading of CeOy
precursor added (Fig. 3b), which could be attributed to a large fraction of the CeO, precursor
anchored to the carboxyl groups on carbon. Additionally, the higher evolution at 300-400 °C
(physisorbed precursor) observed with 24.6 wt% Ce/Carbon could be explained as the saturation
of the carboxyl groups on carbon due to efficient anchorage of the precursor, as it can be infered
by the similar decomposition obtained with 18.4 and 24.6 wt% Ce/Carbon at higher temperatures
(700-1100 °C). Therefore, TGA also confirmed the success of the SOMC method. It also helped
us select the right temperature (400 °C) for the ligands removal from the CeOy precursor for the

generation of the CeOy nanoclusters on the carbon surface (Fig. S1).
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Fig. 3. TGA results obtained with acid-treated carbon and 12.3, 18.4, and 24.6 wt% Ce/Carbon

composites (before thermal treatment for ligands removal).

ICP-OES was used to determine the actual Ce loading in the form of CeOy nanoclusters on the
surface of the carbon support (Table 1). As shown in Table 1, the Ce loading increases with the
amount of CeOy precursor added during the synthesis. While there was a good correlation between
the theoretical and the actual Ce loadings when using diluted solutions of the CeOy precursor, a
lower efficiency on the immobilization of the CeO, precursor was observed at higher loadings
(Fig. S2). For example, for a theoretical Ce loading of 38.9 wt%, the actual loading determined by
ICP-OES was of 20.8 wt%, which is 54% lower than the theoretical one. This deviation is likely
due to the saturation of the carboxyl groups on the carbon surface for efficient anchorage of the
CeOy precursor. As a result, a fraction of the CeO, precursor is regarded weakly adsorbed on the
carbon surface without chemically interacting with the support, being this easily decomposed
during the thermal treatment for the removal of ligands. This is consistent with the TGA data

presented in Fig. 3.
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Table 1. Theoretical and actual cerium loadings determined by ICP-OES.

Sample (theoretical Ce loading) Actual Ce loading (wt%)
0.64 wt% Ce/Carbon 0.49
2.5 wt% Ce/Carbon 3.34
18.4 wt% Ce/Carbon 13.5
38.9 wt% Ce/Carbon 20.8

As previously stated, it has been reported in the literature that there is a correlation between the
concentrations of Ce3" and Ce*" species and the size of CeNPs, being the smaller ones richer in
Ce3*, which are the active species for *OH scavenging and detection!#4. In order to estimate the
amount of active sites in our CeO, nanoclusters/Carbon composites, we also characterized them
by XPS. Fig. S3 shows the deconvolution of the XPS spectra obtained with the different CeOy
nanoclusters/Carbon composites. These spectra are composed of two multiplets (u and v) that
correspond to the Ce 3d3,, and Ce 3ds), spin-orbit components, respectively. While vy, v, uy, and

"

u’ represent the characteristic peaks of Ce**, v, v”, v"’, u, u”, and u” represent those of Ce*". Table
2 presents a summary of the results obtained from the deconvolution of these spectra, in which the
abundance of Ce3" sites was calculated as ([Ce**]/([Ce**]+[Ce*']))- 100, in which [Ce*"] represents
the sum of the areas of the Ce3* peaks (i.e., vo+v'+ugtu’) and [Ce*] represents the sum of the areas
of the Ce** peaks (i.e., vtv"+v"+ut+u”+u"’). As it can be seen in Table 2, there is a clear correlation

between the Ce loading and the Ce*/Ce*" ratio, which provides additional information about the

increased size of the CeOy nanoclusters at higher loadings, likely due to their agglomeration.
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Likewise, the 0.64 wt% Ce/Carbon composite showed the highest content of Ce3" sites due to the
smaller size of the CeOy nanoclusters (higher dispersion). Remarkably, the SOMC method allowed
us to obtain a Ce3" content of 46.3%, the highest found in the literature when compared to previous
reports that used different synthesis methods3%4-47. Therefore, it can be concluded that the size of
the CeOy nanoclusters increases with the loading of CeO, precursor, likely due to the saturation of
the surface and agglomeration of the nanoclusters at higher loadings, which becomes significant

on the 38.9 wt% Ce/Carbon composite.

Table 2. Surface content of Ce3* and Ce** sites (by XPS) as a function of the theoretical Ce

loading (as CeOy nanoclusters).

Sample (theoretical Ce loading) | % Ce3* | % Ce*" | Ce¥*/ Ce*t
0.64 wt% Ce/Carbon 46.3 53.7 0.86
2.5 wt% Ce/Carbon 43.4 56.6 0.77
18.4 wt% Ce/Carbon 42.5 57.5 0.74
38.9 wt% Ce/Carbon 29.0 71.0 0.41

Fig. 4 shows some STEM images of the 0.64 wt% Ce/Carbon (Fig. 4a) and 18.4 wt% Ce/Carbon
(Fig. 4b) composites. Even when there is an uniform distribution of CeOy nanoclusters on carbon
in both samples, it is evident the high degree of agglomeration and lower dispersion on the 18.4
wt% Ce/Carbon sample (Fig. 4b). This is in agreement with the lower content of Ce3* observed
on the composites with higher CeO, loadings (Table 2). In contrast, we found ultrasmall well-
dispersed CeOy nanoclusters on the 0.64 wt% Ce/Carbon sample (Fig. 4a). The high dispersion of

the CeOy nanoclusters on that sample was also confirmed by EDS mapping (Fig. S4).
14
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Fig. 4. HAADF-STEM images of (a) 0.64 wt% Ce/Carbon and (b) 18.4 wt% Ce/Carbon

composites.

Hydroxyl radical detection in the Fenton reaction with the CeO, nanoclusters/Carbon-
modified sensor

Fig. 5 shows the reduction and oxidation responses (i.e., redox response) in CV. The redox
response (44) of the composite sensor was calculated using the current difference between the
oxidation and reduction peaks resulted from the redox reaction between CeOy nanoclusters and
*OH, as described in Fig. 5a. The redox response of the different CeO4 nanoclusters/Carbon
composites to 10 mM <OH is shown in Fig. Sb. Interestingly, the composite with the highest

loading of CeOy nanoclusters (38.9 wt% Ce/Carbon) showed the lowest redox response, which is

15
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due to the larger particle size resulted from agglomeration and the lower content of Ce3"* sites. On
the other hand, the 18.4 wt% Ce/Carbon composite showed the highest redox response due to the

combination of a high CeO, loading and dispersion (high content of Ce*" sites).

A4 obtained with the different CeOy nanoclusters/Carbon samples have also been plotted in Fig.
6a for easier comparison. As it can be seen, the electrode modified with the highest CeO, loading
(38.9 wt% Ce/Carbon) demonstrated a four times lower response (4x10-3 A) than the 18.4 wt%
Ce/Carbon composite. As previously stated, the lower redox response can be attributed to the high

degree of agglomeration and lower content of Ce3* sites, as shown in Table 2.

4x10° 10 mM *OH | (a) 0.64 wt% Ce/Carb
/=10 mM - a 5 |=—0. 6 Cel/Carbon
—_ 5| 10 mM H.,O 8x10° e 2.5 Wt% Ce/Carbon (b)
< 2x107- Chat _— - —— 18.4 wt% Ce/Carbon
o 1< o  4x107°{—38.9 wt% Ce/Carbon
2 043 @
o & 5
& 18 g o
o
® -2x105-§ o
g 1% T ax10%
S 4x10% & g
=] 1 =]
° exto®] © o
g ' 1.2x10%
06 -04 -0.2 0 02 04 06 -04 -0.2 0 0.2 0.4
Potential (V vs Ag/AgCl) Potential (V vs Ag/AgCl)

Fig. 5. (a) Calculation example of the current response to hydroxyl radicals and (b) CV results of
the sensor response toward 10 mM of *OH (Fenton reaction) with the different CeO,

nanoclusters/Carbon composites.
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Fig. 6. Redox response obtained with the different CeOy nanoclusters/Carbon composites toward
10 mM of *OH (Fenton reaction). The error bars represent the standard deviation of three

repetitive measurements.

It should be noted that even though the 2.5 and 18.4 wt% Ce/Carbon composites present similar
Ce’" contents, 43.4 and 42.5%, respectively, the latter resulted in a much higher redox response
(1.6x10* A) compared to that obtained with the 2.5 wt% Ce/Carbon composite (1.1x10-#* A). This
is due to the higher loading of CeO, nanoclusters that provide a larger number of Ce’* active sites
to interact with *OH. In order to compare the efficiency of the different composites for the
detection of *OH, A4s in Fig. 6a were normalized per mass of Ce on the composite, and plotted in
Fig. 6b. Even when the highest sensor response was obtained with the 18.4 wt% Ce/Carbon
composite (Fig. 6a), the 0.64 wt% Ce/Carbon showed to be the most efficient, as it provided the
highest reactivity per gram of Ce used (Fig. 6b), which is beneficial from an economic point of
view. As shown in Fig. 6b, the A4 per gram of Ce was of 20 mA/g with the 0.64 wt% Ce/Carbon
composite, while it was of 0.15 mA/g with the 38.9 wt% Ce/Carbon sample, so that means that 1

g of Ce as CeOy nanoclusters on 0.64 wt% Ce/Carbon is 133 times more reactive towards *OH
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than the 38.9 wt% Ce/Carbon composite due to the small size of the CeOy nanoclusters, the higher
content of active sites (Ce*"), and the lower degree of agglomeration. As the 0.64 wt% Ce/Carbon
composite showed the highest efficiency (44 per gram of Ce), we used this material to further
investigate the sensor response towards different concentrations of *OH generated from the Fenton
reaction (Fig. S5). As it can be seen in Fig. S5, there are two distinctive regions: a linear
relationship at low *OH concentrations (0-1 mM) and another that deviates from the linearity at
high *OH concentrations, likely due to the lack of enough Ce3* sites (due to the low CeOy loading)
for complete *OH scavenging and detection. By using the linear relationship at low *OH
concentrations, we obtained a limit of detection (LOD) as low as 0.6 uM, which is regarded as

highly sensitive compared to others reported in the literature, as shown in Table 3334849,

Table 3. Comparison of the LODs reported in the literature for the electrochemical detection of

hydroxyl radicals (*OH).

Sensor Linear range (M) LOD (M) Reference
CeNPs/GO-GCE 1x10 to 1x10°3 8.5x107 3
N-C/AuNPs/DNA/MCH/GCC 5x107 to 5x10 2.5x107 48
NPCN/PGE 1x10° to 1x10°° 1.0x10-¢ 49
Graphene/Au/Cys-PP-Zn?* 1x107 to 1x104 1.0x10-19 >0

Ce/Carbon/GCE 1x103 to 1x1073 6.0x107 This work

In-vitro detection of hydroxyl radicals in preosteoblast cells with the CeQOy
nanoclusters/Carbon-modified sensor
The efficacy of the 0.64 wt% Ce/Carbon-modified electrode was also assessed in vifro with

preosteoblast cells from newborn mouse bone tissue (MC3TC). As shown in Fig. S6, the CV
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results showed a current response in the presence of MC3T3, which is thought to be due to the
generation of *OH from the cells. It is thought that MC3T3 cells were under oxidative stress due
to the unfavorable conditions of centrifugation, transfer, and CV and EIS in the buffer solution,
which caused the cells to generate ROS. As Wang et al. reported, due to the short lifetime of *OH,
it seems difficult for the intercellular *OH to diffuse out of the cell membrane®’. It is thought that
relatively stable ROS, such as superoxide (*O,"), penetrates the cell membrane and *OH is
generated extracellularly. In order to induce additional oxidative stress for MC3T3 and to boost
the production of *OH extracellulary, we added 0.01 mg/mL of LPS and recorded the sensor
response®’. As shown in Fig. S6, upon the addition of LPS, the redox response increased as the
sensor detected the additional generation of *OH. This increase in the current response is attributed
to the generation of *OH, and not to the presence of LPS, as the LPS curve showed a negligible

response comparable to that of the PBS buffer solution.

In terms of the sensor selectivity, the 0.64 wt% Ce/Carbon-modified electrode also showed a
distinctive response toward *OH when compared to a similar oxidizing chemical as H,O,. As
shown in Fig. 7, the pattern of the phase angle change for *OH generated from the Fenton reaction
is significantly different than that for H,O,. It is concluded that our composite sensor is not only
highly sensitive, but it is also able to distinguish *OH from another similar oxidizing chemical
such as H,O,. It is noted that MC3T3 + LPS shows a similar pattern of phase angle shift than «OH
generated from the Fenton reaction, which confirms the detection of *OH released from the cells.
For *OH, phase angle shifts occur at 0.06 and 0.3 Hz (Fenton reaction) and 0.16 and 0.6 Hz (cell

+ LPS), whereas only a shift was observed at 0.5 Hz for H,0,.
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Fig. 7. Phase shifts in Bode plots for the electrochemical impedance spectroscopy (EIS) results
obtained with the 0.64 wt% Ce/Carbon-modified electrode in the presence of PBS, LPS, H,0,,

Fenton reaction, MC3T3, and MC3T3 + LPS (additional induced oxidative stress).

In order to further study the induced oxidative stress in MC3T3 by the addition of LPS, CV was
performed in the presence of different concentrations of LPS: 0.0001, 0.001, and 0.01 mg/mL.
These low concentrations were chosen to promote the oxidative stress and the generation of *OH
without significant cells death’!. As previously stated, these experiments were carried out
sequentially by the addition of further volumes of LPS solutions in PBS. Thus, the first CV curve
was recorded after dropping 200 pL. of MC3T3 in PBS onto the electrode. For the second one, 100
uL of a 0.0003 mg/mL LPS solution in PBS was added onto the previous droplet (200 puL) to reach
an overall concentration of 0.0001 mg/mL LPS. Likewise, for the third cycle, 100 uL of a 0.004
mg/mL LPS solution in PBS was added onto the previous droplet (300 pL) to achieve a
concentration of 0.001 mg/mL LPS. Finally, for the fourth cycle, 100 uL of a 0.05 mg/mL LPS

solution in PBS was added onto the previous droplet (400 puL) to make a final concentration of
20
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0.01 mg/mL LPS. As expected, the current response increased with the addition of LPS (Fig. 8a)

as a result of the increased generation of *OH due to the additional induced oxidative stress of

MC3T3. In order to account for the dilution effect on the second, third, and fourth cycles, Fig. 8b

shows the current response normalized by the concentration of MC3T3, which was calculated in

terms of the number of cells per droplet volume in every cycle. As it can be seen in Fig. 8b, the

0.64 wt% Ce/Carbon-modified electrode was able to detect the increased *OH in MC3T3 by the

addition of LPS. It is noted that the sensor produced a proportional redox response to the increase

of LPS, rising by 1.9x10 A/count/uL every time that the LPS concentration was increased in an

order of magnitude. These results demonstrate the high sensitivity and selectivity of the sensor for

the in-vitro detection of *OH in biological systems.

Redox response/MC3T3 concentration
(A/MC3T3 count/pL)
o
x
-
o

%10+ (a)
< 5x10°
@
[}
]
8 0
[
e
5 -5x10%+
£
o
-1x10"+ ——MC3T3
—— MC3T3 + 0.0001 mg/mL LPS
p— —— MC3T3 + 0.001 mg/mL LPS
s —— MC3T3 + 0.01 mg/mL LPS
06 04 02 0 0.2 0.4

Fig. 8. (a) CV results of the sensor response to MC3T3 and MC3T3 with three different
concentrations of LPS (additional induced oxidative stress) with the 0.64 wt% Ce/Carbon

composite and (b) Normalized current response by the concentration of MC3T3 (MC3T3

Potential (V vs Ag/AgCl)

count/uL).
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Conclusions

We developed a highly sensitive CeOy nanoclusters/Carbon-based electrochemical sensor for the
detection of *OH. Surface organometallic chemistry (SOMC) was successfully used to anchor
CeO, nanoclusters with a high content of Ce** sites (46.34%) to the surface of a highly-conductive
carbon to produce a composite to be used as the sensing element for the electrochemical sensor.
While the 18.4 wt% Ce/Carbon composite provided the largest current response toward *OH,
another composite with a much lower loading of CeOy (0.64 wt% Ce/Carbon) showed the highest
sensitivity per mass of cerium used. The 0.64 wt% Ce/Carbon-modified sensor provided a limit of
detection (LOD) as low as 0.6 uM of «OH. It was concluded that CeO, nanoclusters with a high
content of Ce3" sites can be effectively used for the electrochemical detection of *OH. In terms of
selectivity, this sensor demonstrated the ability to differentiate *OH from a similar oxidizing
chemical such as H,O,, which is essential for its use in complex systems. Remarkably, this sensor
was successfully used for the direct detection of *OH from preosteoblast cells of mouse tissue with
induced oxidative stress. The ability of this sensor to detect *OH in sifu in the micromolar range
paves a way to the use of the proposed technology in the diagnosis and treatment of oxidative
stress-related diseases. It could be also used in other industrial applications, such as fuel-cell, food,

cosmetic and pharmaceutical industries.
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