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Abstract: Wearable skin sensors is a promising.technology for real-time health care monitoring. They
are of particular interest for monitoring glucose in diabetic patients. The concentration of glucose in
sweat can be more than two orders of magnitude lower than in blood. In consequence, the scientific and
technological efforts are focused in developing new concepts to enhance the sensitivity, decrease the
limit of detection (LOD) and reduce, the response time (RT) of glucose skin sensors. This work
explores the effect of adsorbed superparamagnetic (MNPs) and conductive nanoparticles (CNPs) on
carbon nanotube substrates (CNTs),used' to immobilize glucose oxidase enzyme in the working
electrode of skin sensors. MNPs and CNPs are made of magnetite and gold, respectively. The
performance of the sensors.was tested in standard buffer solution, artificial sweat, fresh sweat and on
the skin of a healthy velunteer during an exercise session. In the case of artificial sweat, the presence of
MNPs accelerated the RT from 7 s to 5 s at the expense of increasing the LOD from 0.017mM to 0.022
mM with slight increase of the sensitivity from 4.90 pAmM™cm2 to 5.09 pAmM™cm2. The presence
of CNPs greatly accelerated the RT from 7 s to 2 s and lowered the LOD from 0.017 mM to 0.014 mM
at the expense of asgreat diminution of the sensitivity from 4.90 pAmM™cm? to 4.09 pAmM1cm?2
These effects were explained mechanistically by analyzing the changes in the concentration of free
oxygen and electrons promoted by MNPs and CNPs in the CNTs and its consequences on the the

glucose oxidation process.
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diabetics

1 Introduction

Diabetes mellitus is defined as a chronic metabolic disorder of the glucosedevelin blood. Glucose
is the main fuel of the body. Glucose enters the cells from the blood stream with the help of the insulin
hormone. Diabetes is caused by an alteration in the metabolism of insulin'and/or dueto the damage of
insulin producer B pancreatic cells. According to the World Health Organiza@n, diabetes is the eighth
leading cause of death with 2.2% of total deaths Worldwide [1-5]c The International Diabetes
Federation forecast 693 million people will suffer from diabetes by 2045, [6].

The diagnosis and control of diabetes require strict monitoring of blood glucose levels [7-9].
People that self-monitor their glucose levels can easily take control. of the disease. Digital finger-sticks
are the best known medical devices used for point of care. monitor blood glucose levels. These devices
are based on taking blood samples by self-inflicted punctureS in the fingers. Therefore, they are
considered as invasive, painful, uncomfortable, promoters.of psychological stress and with risk of
infection [10-12].

The current technological challenge isito.provide non-invasive, lightweight, flexible and ultra-fine
devices to measure glucose levels from the comfort of the patient [13-16]. Recently, minimally invasive
devices have been developed. These sensors are designed to monitor glucose levels in blood indirectly
by measuring the glucose level in other‘bedy fluids such as sweat, tears or saliva [11,17,18]. The
correlations between the glucosesconcentration in sweat and blood is well know and can be found in the
literature [19,20].

Sweat is a complex solution=secreted by sweat glands. Sweat solution is clear, odorless and
composed mostly of water.and:sodium chloride (NaCl). It also contains other metabolites such as
potassium, calcium{magnesium, amino acids, urea, lactate, lactic acid, ascorbic acid, uric acid and
glucose [21]. Glucose levels.in healthy and diabetic persons range from 0.06 mM to 0.11 mM and from
0.01 mM to 1 mMy respectively [20]. It is important to mention that the pH of sweat may vary from 4
to 7 [22-25].

Several technologies are been used to develop medical devices based on skin sensors. These
sensors. work ‘in direct contact with the skin, have the ability to adapt to the irregular surfaces and
support the“tensions generated by body motion [26-31]. The sensors are capable of measuring tiny
currents ‘generated by the selective oxidation of glucose using glucose oxidase enzyme (GOx). The

need for improving the sensor’s sensitivity, limit of detection (LOD) and response time (RT) has
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pushed the scientific interest to explore nanomaterials with catalytic properties over the;GOX activity.
Magnetite nanoparticles (MNPs) and gold nanoparticles (CNPs) have been tried as catalysts to enhance
the GOXx activity during the oxidation of glucose in blood samples [32—-35]. Moreover, magnetic fields
can accelerate organic reactions by interacting with unpaired electrons [36-38]: Carbon._nanotubes
(CNTs) were successfully used to bind GOXx to the electrode substrates of several glucose skin sensors
[20,39-42]. Yet, the potential use of MNPs and CNPs to improve the performance.of GOx immobilized
in CNTs deserves further investigation [43].

In this contribution we propose to evaluate the effects of MNPs and CN@ on' sensors intended for
the detection of glucose in sweat. The performance of the sensors were evaluated experimentally in
standard buffer solution, artificial sweat, human fresh sweat and on the/skin of a healthy volunteer
during an exercise session. Their effects on the sensitivity, LOD, RT, glucose selectivity in presence of
other metabolites and response at different physiologically relevant pH values were studied. Finally, a
mechanistic explanation of the effects of MNPs and CNPs onithe performance of catalytic properties of

immobilized GOx in different media is presented. y

2 Experimental Part
2.1. Materials.

Ultra-pure ferric chloride hexahydrate, »FeCls-6H20, (Biopack, Argentina), ultra-pure ferrous
chloride tetrahydrate, FeClz-4H,0, (Biopack, Argentina), ammonium hydroxide aqueous solution,
NH:OH, 28% w/w (Anedra, Argentina), ultrapure N2> gas grade 4.5 (Indura, Argentina),
tetrachloroauric acid (Sigma Aldrich,, USA), trisodium citrate (Sigma Aldrich, USA), H20 of Millipore
quality with resistivity of 18.2 MQ and density w = 0,99704 g cm™ and absolute methanol (Cicarelli,
Argentina) were used as iron sources, pH regulator, non-oxidant atmosphere, gold source, reducing
agent, reaction medium and.swashing solvent, respectively. The reactants were used for the synthesis of
MNPs and CNPs.

CNTs paper of g = 2 mm (Bucky paper, GSM 20; Nanotech Labs, USA), polyamide (Argon Inc.,
USA), conductive stlver/silver chloride ink (E2414, Ercon Inc., USA), silver epoxy (Epoxi 8331, MG
Chemicals; USA), glucose oxidase (GOx) from Aspergillus niger, Type X-S (EC 1.1.3.4) (Sigma, USA)
and chitesan (Aldrich, USA) were used to fabricate the sensors.

Bovine serum albumin (Sigma Aldrich, USA), tetrathiafulvalene (Sigma Aldrich, USA), D-(+)-
glucose (Sigma, USA), artificial human perspiration (Pickering, USA), phosphate buffer pH = 7.0
(Sigma Aldrich, USA), acetic acid (Fisher Scientific, USA), uric acid, L-(+)- ascorbic acid (Sigma,
USA), L-(+)-lactic acid (Sigma, USA) were used to prepare the testing media.
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Natural fresh human perspiration was collected from the arm of a healthy volunteersTo induce
perspiration, the volunteer underwent a pedaling exercise session on a stationary bicycle. Previously,

the volunteer's arm was shaved and sanitized to avoid any contamination.

2.2. Synthesis of MNPs.

MNPs were synthesized using a co-precipitation method [44]. First,4an aqueous solution of
FeClz-6H20 and FeCl,-4H,0 was prepared. The molar ratio between FeCls / FeCla.= 2. Second, the
solution was put under stirring at moderated speed and thermostatted at.50 °C. Third, 30 ml of NH4OH
28% wi/w solution per each 0.07 mol of iron were added to induce the preci\pitation of FesOs MNPs.
The precipitation reaction was left to proceed during 60 minutes under Nz atmosphere. The stirring
speed and temperature were kept constant during all the €xperiment.” Fourth, the obtained dark
precipitate was washed with deionized water to remove/Cl iens and the remaining NHsOH. The
decantation of the precipitate was assisted using strong. neodymium magnets. Subsequently, the
precipitate was washed with methanol and magnetically decantated again. And finally, it was vacuum

dried for approximately 45 minutes and then stored in‘a hermetically sealed container.

2.3. Synthesis CNPs.

CNPs have been obtained by a modified, Turkevich method [45,46]. The procedure began with the
preparation of an aqueous solution, of 1 millimolar of tetrachloroauric acid and another aqueous
solution of 38.8 millimolar of trisodium citrate dihydrate. The tetrachloroauric acid solution was heated
under moderate agitation to the boil\ing point. Subsequently, the dehydrated trisodium citrate solution
was added drop by drop and the agitation was slightly increased. The reaction was left to proceed
during 15 minutes. The ¢olor of the resulting solution switched from light yellow to wine red indicating
the formation of gold CNPS. The synthesis product was allowed to cool to room temperature, filtered

with a 0.22 um membrane and stored in a glass flask until use.

2.4. Nanomaterials characterization.

The purity, the degree of crystallinity and the size of the ordered domains of the MNPs and CNPs
were measured using a X-ray diffractometer (X-ray Diffractometer Model XD-D1 Shimadzu, Japan)
operating withha Cu-Ko X-ray source with wavelength A = 1.54 A. The size of the particles were
measuredusing a high-resolution transmission electron microscope (JEOL 100 CX Il) operating at 100
kVand, magnifications of 270000x — 450000x. The software of the microscope permitted to

discriminate, count, measure and perform statistical analysis of the particles. The magnetization and
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magnetic saturation of the MNPs were characterized using a Vibrating Sample Magnetometer (VSM).
The reflection spectra of the CNPs were measured using a UV-Vis spectrometer (Lambdal050.Perkin,
USA).

2.5. Preparation of solutions.

A 0.1 M tetrathiafulvalene solution was prepared by dissolving tetrathiafulvalene in an
acetone/ethanol (1:9 v/v) solution. A GOx solution was prepared by dissolving 40 mg/ml of GOx in 0.1
M of phosphate buffer containing 10 mg/ml of bovine serum albumin. A chito&em solution was prepared
by dissolving 1% of chitosan in 0.1 M acetic acid aqueous solution. A\WMNPs suspension was prepared
by dispersing 1 mg/ml of MNPs in 0.1 M phosphate buffer. The CNPs, suspension was directly taken

from the reaction medium obtained in section 2.3.

2.6. Fabrication of electrode substrates.

The sensors were composed of three parts: a reference electrode (RE), a working electrode (WE)
and a contact electrode (CE). The basic structure of each.electrode was formed by deposition of a 10
nm chromium layer on a 75 pm polyamide film: Then, a 100 nm gold layer was deposited over the
chromium layer. The polyamide film brings,structure and mechanical resiliency of the electrode, the
chromium layer is an adhesion layer and the gold layer is current collector. The deposition of
chromium and gold were carried out by means of an electron bean evaporation (AJA International Inc.,
USA). Finally, the electrodes were/cut using:a UV laser (LPKF, Germany).

N

2.7. Preparation of glucose sensors.

The contact pad of the electrodes were bonded to conductive wires using silver epoxy cured at
143 °C for 15 minutes: Subsequently, CNTs papers were bonded to the gold layer of the WEs using a
carbon conductive ink and baking them at 100 °C for 10 min. Then, the drop casting technique was
employed to functionalize the WEs of the sensors. Three different functionalization routes were applied
to obtain three classes of sensors: Type 1, Type 2 and Type 3.

Type 1 sensorsiwere obtained by drop casting the exposed surface of the CNTs paper with 2uL. of
the tetrathiafulvalene solution, 4 puL. of the GOx solution and 2uL of the chitosan solution. Type 2
sensors. were ‘obtained by drop casting the exposed surface of the CNTs paper with 2ul of the
tetrathiafulvalene solution, 8 puL of a suspension of 1 mg of MNPs per 1ml of the GOx solution and
2ul of the chitosan solution. And, Type 3 sensors were obtained by drop casting the exposed

surface of the CNTs paper with 2uL of the tetrathiafulvalene solution, 14 pL of a suspension composed
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of 10 puL CNPs and 4 pL of GOx solution and 2uL of chitosan solution. Finally, Type 4, Fype 2 and
Type 3 sensors were kept at 4 °C until use.

2.8. Electrochemical characterization of glucose sensors.

The characterizations were performed at 37 °C using a potentiostat (Metrohm»Autolab,»model
PGSTAT 128N, The Netherlands). The responses of Type 1, Type 2 and Type 3'sensors were evaluated
at different glucose concentrations in standard buffer solution and artificial sweat. The glucose
concentrations in standard buffer solution and artificial sweat were 0smM, QZS mM, 0.50 mM, 0.75
mM and 1.00 mM. Such range of glucose concentration corresponds‘to human sweat [20]. Three
samples per experiment were tested and each measurement was replicated three times to confirm the
reproducibility of results.

The RT was measured as the time required to reach the 95%0f the sensor steady state response.
The LOD was measured, according to IUPAC, as the.lowest quantity of a substance that can be
distinguished from the absence of that substance with a'stated”confidence level of 99%. The lineal
range was defined as the substance concentration range ‘in.which the sensor response changes linearly.
In this contribution, R? > 0.995 was considered as.linear.

The steady state current responses of:the sensors obtained in different media were plot against
their corresponding glucose concentrations. The sensitivity values of the sensors were calculated as the
slope of the obtained plots divided the,area of the electrodes. The area of the electrodes was calculated
as: m r2. The radius of the electrodes were’d. mm. Minimal steady state currents needed to produce a
signal 100 times higher than the-electrical noise basal current to be considered as significant.

The glucose selectivity: of /the 'sensors in artificial sweat at 37 °C with added interfering
metabolites was also tested. It is known that lactic acid, ascorbic acid and uric acid can greatly interfere
the response of glucose sensors<[47]. The glucose selectivity of the sensors was tested in media
designed with increasing levels of interference power: artificial sweat; artificial sweat + 1 mM of
glucose; artificial sweat + 1. mM of glucose + 1 mM of lactic acid; artificial sweat + 1 mM of glucose +
1 mM of lactic acid + 1 mM of ascorbic acid; artificial sweat + 1 mM of glucose + 1 mM of lactic acid
+ 1 mM of'ascorbigiacid + 1 mM of uric acid and artificial sweat + 2 mM of glucose + 1 mM of lactic
acid + xmM of ascorbic acid + 1 mM of uric acid. These concentrations of interfering metabolites
correspond to their usual physiological levels in natural sweat [48].

It is-also known that the response of glucose sensors can be greatly affected by the pH variations
of the human sweat. Therefore, the response of the sensors to glucose concentrations in the range

between 0 mM to 1 mM in artificial sweat at 37 °C was tested at three physiologically relevant pHs:
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4.5,5.5 and 6.5.

Subsequently, the sensors with the best performance against interfering metabolites and ,pH
variation were tested in human fresh sweat at pH = 5 and 37 °C. The fresh sweat was collected from the
skin of a healthy, non-diabetic, 32 years old, male volunteer. The volunteer performed physical exercise
by pedaling a stationary bicycle set in moderate resistance during 20 minutes» The fresh sweat was
collected using a spatula. The sensitivity, LOD and RT were measured and eompared with those
obtained in buffer solution and artificial sweat. Finally, these sensors werge integrated and tested on the
skin of the same healthy volunteer. The sensors were placed on the epidermis of the forearm of the
volunteer. The volunteer performed physical exercise by pedaling a stationary bicycle set in moderate
resistance during 20 minutes. The data acquisition was started when sweat began to segregate in the
epidermis of the volunteer. The profuse segregation of sweat started approximately after 3 minutes of
pedaling. The current signal associated to the glucose level imeasured by the sensor in the volunteer was
compared against the qualitative result of a standard colorimetric assay [40].

@
3 Results and discussion
3.1. Characterization of MNPs.

Figures 1(a), 1(b) and 1(c) show/a*TEM image, the XRD, and the VMS analysis of MNPs,
respectively. The XDR pattern of peak positions and intensities is very well correlated with the values
for magnetite reported in the literature:;, No odd peaks were identified in the diffractometer. The absence
of odd peaks is an evidence of the‘absence of any compound different than magnetite [49]. This result
indicates that the obtained precipitate.is composed of pure magnetite. The average crystallite size of
MNPs was calculated using a Debye-Scherrer equation based routine available in the software of the
XRD device. The average crystallite'size resulted 8.7 nm. The TEM image shows near spherical shape
of the MNPs. The average, particle size of MNPs was calculated using a routine based on statistical
image analysis available in the software of the TEM device. The average particle size resulted 9.0 nm.
The fact that the cristallite size is 97% of the particle size indicates that the MNPs are almost 100%
monocristalline."WVSM analysis shows the absence of hysteresis loops and the levels of magnetic
saturation./The results are clear indicators of the superparamagnetic behavior of the MNPs [50].
Conclusively, the synthesis protocol resulted in pure monocrystalline superparamagnetic spherical

magnetite nanoparticles.
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Figure 1. Characterization .of MNPs: (a) TEM image; (b) X-ray diffraction pattern; and (c)

Magnetization curve.

3.2. Characterization.of CNPs.

Figures 2(a),»(b) and (c) show a TEM image, the XRD, and the absorption spectra of the CNPs.
The XDR /pattern of peak positions and intensities is very well correlated with the values for gold
reportedrin the literature [51]. The absence of odd peaks is an evidence of the absence of any compound
different than gold. This result indicates that the obtained precipitate is composed of pure gold. The
absorption-spectra shows an absorption band around 525 nm which is an standard indicator of the
formation-of pure gold nanoparticles [33,52]. Gold is an excellent conductor of electricity. The TEM
Image shows near spherical shape of the CNPs. It also shows some degree of aggregation. The average
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particle size of CNPs was calculated using a routine based on statistical image analysis available in the

software of the TEM device. The average particle size resulted 12.6 nm.
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44 Figure 2. Characterization of CNPs: (a) TEM image; (b) X-ray diffraction pattern; and (c) Absorption

46 spectra.

49 3.3. In-vitro electrochemical characterization of sensors.
51 Figure 3 shows exemplary the chrono-amperometric response of a Type 1 sensor to the presence
53 of glucose at different concentrations in artificial sweat. The RT, LOD and sensitivity of the sensors

were measured according to Section 2.8.
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Figure 3. Chrono-amperometric responses of a Type 1 sensor in artificial'sweat at pH =5.0and T =
37°C. Glucose concentrations: 0.00 mM (back); 0.25 mM (red); 0.50 mM (blue); 0.75 mM (pink) and
1.00 mM (green). Potential step: 0.01 V (vs Ag/AgCl).

Table 1 summarizes the resulting parameters of Type/l, Type 2 and Type 3 sensors in the presence
of glucose at different concentrations in standard buffer solution and artificial sweat.

Type 1 and Type 2 sensors presented a sensitivity:almost two times higher than Type 3 sensors
when tested in buffer solution. Interestingly;Type 1 and Type 2 sensors presented nearly 25% higher
sensitivity than Type 3 sensors when tested nartificial sweat. Type 2 and Type 3 sensors presented
almost half the RT (~5 seconds) than Type 1 sensors (~9 seconds) when tested in buffer solution.
However, Type 3 sensors resulted with significantly lower RT (~2 seconds) than Type 1 (~7 seconds)
and Type 2 (~5 seconds) sensorsswhen.tested in artificial sweat. Type 3 sensors presented the lowest
LOD followed by Type 1 and Type 2 sensors in both, buffer solution and artificial sweat. Interestingly,
LOD is slightly lower in‘buffer solution than in artificial sweat for all sensors.

Table 1. Performance of Type 1, Type 2 and Type 3 glucose sensors.

Sensitivity LOD RT

Sensor  Testing medium (RAmMcm?)  (mM)  (seconds)

Type 1 ' Phosphate buffer 16.90 0.013 9
Type 2  Phosphate buffer 15.30 0.017 5
Type 3 Phosphate buffer 8.60 0.012 5
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Typel  Artificial sweat 4.90 0.017 7

Type 2 Artificial sweat 5.09 0.022 5

oNOYTULT D WN =

Type 3 Artificial sweat 4.09 0.014 2

10 Type 1 Fresh sweat 2.50 0.069 6

Common conditions and results: Temperature: 37 °C. Range of glucose concentration: 0-1 mM.

14 Confirmed linear range: 0-1 mM with R? > 0.995. o

15

18 Figure 4 shows the effect of selected interfering species on the chreno-amperometric responses of
Type 1 and Type 2 sensors in artificial sweat. Type 1 and Type 2'sensors were selected for the chemical

21 interference study because they presented the highest sensitivity i artificial sweat.
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55 Figure 4. Interference studies: (a) Type 1 sensor; (b) Type 2 sensor. Black: artificial sweat. Red:

57 artificial sweat + 1 mM of glucose. Green: artificial sweat + 1 mM of glucose + 1 mM of lactic acid.
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Violet: artificial sweat + 1 mM of glucose + 1 mM of lactic acid + 1 mM of ascorbic @acid. Blue:
artificial sweat + 1 mM of glucose + 1 mM of lactic acid + 1 mM of ascorbic acid + 1 mM of uric acid.
Dark blue: artificial sweat + 2 mM of glucose + 1 mM of lactic acid + 1 mM of ascorbic acid + 1 mM
of uric acid. Temperature: 37 °C. Potential step: 0.01 V (vs Ag/AgCl).

Clearly, Type 1 sensors resulted insensitive to the presence of interfering- metabolites and their
mixtures even at large quantities. Moreover, it is also evident the increment of the.response signal when
the glucose concentration increased from 0 mM to 1 mM and 2 mM.

Conversely, Type 2 sensors greatly varied their response signals\ according to different
compositions of the interfering media. However, the sensors responded correctly with an evident
increment of the signal current when the glucose concentration increasedfrom 0 mM to 1 mM and 2
mM. Indeed, Type 2 sensors may be useful to develop monitoring dermal devices for medical
conditions that manifest with abnormal levels of lactic, ascorbic and uric acids. Monitoring of stress,
vitamin C level, control of gout disease and other metabolic disorders by measuring lactic, ascorbic and
uric acids in sweat can be mentioned as examples [53]. 4

Type 1 sensors were selected for the pH study because they resulted unaffected by interfering
metabolites. Figure 5 shows the steady state current signals of a Type 1 sensor as function of glucose
concentration in artificial sweat at different:pHs. Clearly, Type 1 sensors keep their linear responses at
pH = 4.5, 5.5 and 6.5. However, significant decrease In sensitivity is reported at pH = 4.5. This can be
attributed to partial deactivation of the.GOx enzyme at pH = 4.5.

60
__500 t
€ 400, g %
‘;c;soo- : ?
§2oo- . .
100{ * . @
I

00 02 04 06 08 1.0
Glucose concentration (mM)

Figure 5. Steady state signal responses of a Type 1 sensor versus glucose concentration at different pHs
in artificial sweat:'T =37 °C. pH=4.5 (m); pH=5.5(¥) and pH = 6.5 (e).

3.4. Ex-vivo electrochemical characterization of sensors.

Based on precedent results, Type 1 sensors were selected for tests in fresh sweat. Figure 6 shows

Page 12 of 21
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that the steady state current signal of a Type 1 sensor in fresh sweat increases linearly aceording to the
increase of the glucose concentration from 0 mM to 1 mM. The sensitivity of Type 1 sensors:in fresh
sweat resulted 2.50 pAmMtecm with RT = 6 seconds and LOD = 0.069 mM. Table 1 may. serve to
compare the performance of Type 1 sensors in buffer solution, artificial sweat@and fresh sweat: Clearly,
the sensitivity of Type 1 sensors in fresh sweat is 49% and 85% lower than itsisensitivity in-artificial
sweat and buffer solution, respectively. The LOD in fresh sweat resulted 4 and 5.times higher than in
artificial sweat and buffer solution, respectively. And the RT resulted slightly lower in fresh sweat than

in artificial sweat and still significantly lower than in buffer solution. o

110
100
<C 90/
530_ $
70
60
50 : 3
40
30{ *

0.0 0204506 08 1.0
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Current

Figure 6. Steady state signal responses versus,glucose concentration of a Type 1 sensor in fresh sweat
atpH=5and T =37 °C.

3.5. In-vivo electrochemical characterization of sensors.

Type 1 sensor was tested on.the skin of a volunteer during an exercise session. Figure 7 shows a
Type 1 sensor installed on‘the volunteer's skin and the real-time monitoring of glucose in sweat during
an exercise session. Clearly; a signal is obtained as soon as sweat started to exude from the skin of the
volunteer. The signalslightly increased up to nearly 450 seconds. Then, a sharp increment of the signal
was registered in'the range between 450 to 700 seconds to finally reach a plateau until the end of the
experiment. The intensity of the signal was well corresponded with qualitative standard colorimetric

results.
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Figure 7. (a) Type 1 sensor installed on the volunteer's skin. (b) Chrono-amperometric real-time

response to glucose in sweat.

3.6. Analysis of the effect of MNPs and CNPs on the performance of sensors.

The effect of MNPs can be appreciated by comparing the performances of Type 2 against Type 1
sensors in buffer.solution and-artificial sweat. In buffer solution, the presence of MNPs caused 9%
diminution/of the sensitivity, 31% increase of the LOD and 44% decrease of the RT. In artificial sweat,
they caused 4% increment of the sensitivity, 29% increase of the LOD and 29% decrease of the RT. In
general, it can‘be stated that the presence of MNPs accelerated the RT at the expense of increasing the
LOD without clear changes in the sensitivity. Figure 8 proposes a mechanistic explanation of this
behavior.aThe presence of MNPs provides a large surface where the equilibrium between magnetite and
ferric and ferrous oxides may occurs with further generation of free oxygen [54]. The abundance of
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oxygen in the substrate where the GOx enzyme reacts with glucose is proposed to @accelerate the
reaction which in turns is evidenced as an important decrease of the RT [55,56]. It is also evident that
magnetite and the associated equilibrium between ferric oxide and ferrous oxide do not interfere with
glucose and GOx activities justifying the slight changes in sensitivity. Finally, 4t is also evident that the
presence of MNPs increases somehow the activation energy of glucose oxidation-prometing the need of
higher glucose concentration to activate the reaction and thus an increment. of the LOD. It is
hypothesized that the increase of the activation energy may be a consequence,of the shortage of
electrons in the GOx substrate due to the function of electron sink of the o\xide lattice of the MNPs
[55,56]. Those electrons will not be available for the glucose oxidation.reaction increasing the potential

required to overcome the activation energy.

D-glucono-

a-D-glucose p-D-glucose 1,5-lactone
OH OH y OH hydrogen
oxygen peroxide
lucose
HO O ==~ HO 0 o N W HO O+ H,0,
HO HO oxidase HO
HO HO HO O
OH [
v
2 Fe0,«—— FeO, + 290 + 7,70,
magnetite l l T‘
LT
Fe,0, £+ 2 FeO + *» O,
Ferric Ferrous
oxide oxide

Figure 8. Proposed mechanism,. for MNPs effects on the GOx induced glucose oxidation process.

The effect of CNPstcan be appreciated by comparing the performances of Type 3 against Type 1
sensors in buffer salution and artificial sweat. In buffer solution, the presence of CNPs caused 49%
diminution of the sensitivity, 8% decrease of the LOD and 44% decrease of the RT. In artificial sweat,
they caused 17% diminution of the sensitivity, 18% decrease of the LOD and 71% decrease of the RT.
In general, it can be stated that the presence of CNPs greatly accelerated the RT and lowered the LOD
atrthe expense of a great diminution of the sensitivity. The presence of CNPs provides an incredible
large amount of labile electrons useful to facilitate electron transfer within reactive species. Gold has
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the electronic structure: [Xe] 44 5d%° 6s'. The very high mobility of the unpaired electron in the 6S
orbital and the very high surface/volume ratio of gold nanoparticles promote the abundance of electrons
in the substrate where the GOx enzyme reacts with glucose. This electronic abundance makes the
glucose oxidation to proceed very fast which in turns is evidenced as an important decrease of the RT.
The abundance of electrons also decreases the activation energy of glucose oxidation allowing to be
detected at lower glucose concentration which in turns is evidenced as a decrease of the LOD. It is also
evident that the electrons interfere with glucose and GOXx activities justifying the decrease of
sensitivity. o

The effect of CNTs can be appreciated by comparing the performances of Type 1 sensors in
artificial and fresh sweats against their corresponding performances in dbuffer solution. In artificial
sweat, the sensitivity decreased 71%, the LOD increased 31%.and the RT decreased 44% when
compared against the corresponding values obtained in buffer selution. In fresh sweat, the sensitivity
decreased 85%, the LOD increased 430% and the RT.decreased 33% when compared against the
corresponding values obtained in buffer solution. Clearly; the mbre complex the medium composition
the lower the sensitivity, the higher the LOD and.the lower.the RT. CNTSs paper is an excellent substrate
to immobilize GOx. However, it can also bind.many other complex compounds present in sweat.
Those, compounds can be responsible forthinder the access of glucose to GOx and the release of the
glucono-lactone product. Which in turns can.be responsible for the decrease in sensitivity and the
increase of the LOD. The decrease of the RT may be a consequence of the higher concentration of
electrolytes in artificial and fresh sweats when compared against buffer solution.

N

4. Conclusions

Glucose sensors have been fabricated to measure glucose levels in buffer solution, artificial sweat,
fresh sweat and the exuded,sweat of a volunteer during an exercise session. MNPs and CNPs where
added to the CNTs substrate of the WE where the oxidation of glucose occurs. MNPs accelerated the
RT at the expense of increasing the LOD without clear changes in the sensitivity. CNPs greatly
accelerated the RT<and lowered the LOD at the expense of a great diminution of the sensitivity. The
phenomena were explained mechanistically. The presence of MNPs and CNPs are proposed to greatly
increasesthe concentration of free oxygen and electrons in the CNTSs substrate and induce direct effects
in thefactivity of GOx. No previous references of using MNPs and CNPs for the detection of glucose in
sweat werefound. Therefore this work constitutes the first example of the application of MNPs and

CNPs in‘epidermal bioelectronic systems for the detection of glucose in sweat.
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