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Abstract

Here we report the first mediated microneedles-based biosensor for minimally invasive continuous
sensing of lactate in the dermal interstitial fluid (ISF). To further demonstrate the capability of
microneedle arrays as second generation biosensors we have functionalized gold microneedles with
nanocarbons at which mediated electron transfer of lactate oxidase takes place. In particular the
gold surface of the microneedles electrode has been modified in 3 subsequent steps: i)
electrodeposition of Au-multiwalled carbon nanotubes (MWCNTS); ii) electropolymerization of the
mediator, methylene blue (MB); iii) immobilization of the enzyme lactate oxidase (LOX) by drop-
casting procedure.

The resulting microneedle-based LOX biosensor displays an interference-free lactate detection
without compromising its sensitivity, stability, selectivity and response time.

The performance of the microneedle array, second generation biosensor for lactate detection was
assessed in artificial interstitial fluid and in human serum, both spiked with lactate. The results
reveal that the new microneedles lactate sensor holds interesting promise for the development of a

real-time monitoring device to be used in sport medicine and clinical care.
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1. Introduction

The real-time monitoring of lactate has attracted great interest in the last few years because it is a
key analytical target in sport medicine and clinical care (K Gupta et al. 2011; Rassaei et al. 2014). It
is known that lactate is an important metabolite formed during the anaerobic metabolism of glucose
in muscles. Monitoring of lactate is used to evaluate the maximum performance of an athlete during
intensive exercise and endurance-based activities (Gupta et al. 2011; Gupta et al. 2013). Lactate
concentrations in the blood of healthy individuals ranges from 0.5 to 2 mM at rest rising to 15 mM
during exercise and 25mM under intense physical exercise (Brooks 1985; Goodwin et al. 2007;
Phypers and Pierce 2006; Stanley et al. 1985). Lactate levels increase also in several pathological
conditions, such as cardiac diseases (Karlsson et al. 1975; Valenza et al. 2005) endotoxic shock
(Sayeed and Murthy 1981), pulmonary embolism (De Backer et al. 1997), liver disease (Kruse et al.
1987), diabetes and other disorders (Bellomo 2002; Rimachi et al. 2012). Lactate has been recently
found to be the major cause of acidification in the microenvironment of cancer cells and therefore
plays a key role also in cancer diagnosis (Gupta et al. 2015b; Hirschhaeuser et al. 2011).

Blood lactate levels are therefore currently used as an indicator of both fitness and clinical status.
There is a great interest in the development of highly sensitive lactate sensors for general clinical
diagnostics, intensive care and sport medicine (Srivastava et al. 1995; Vinod 1995).

Several classical analytical methods have been used, such as amperometry (Nikolaus and Strehlitz
2008), potentiometry (Shinbo et al. 1979), chemiluminescence (Wu et al. 2005), high-performance
liquid chromatography (Omole et al. 1999) and magnetic resonance spectroscopy (Ren et al. 2013).
However, these methods have known drawbacks, as they are often time-consuming, expensive and
require laboratory equipment and trained personnel (Gupta et al. 2015a; Gupta et al. 2012;
Srivastava et al. 1996).

Amperometric biosensors represent valid alternatives as they allow accurate and cost-effective
determination of lactate in real time with improved sensitivity and selectivity (Dehghani et al. 2016;
Gupta et al. 2014a; Gupta et al. 2015c; Karimi-Maleh et al. 2015; Karthikeyan et al. 2012).
Numerous amperometric lactate biosensors based on both lactate oxidase (LOX) and lactate
dehydrogenase (LDH) immobilized with different strategies on different electrochemical platforms
have been previously reported (Agui et al. 2009; Avramescu et al. 2001; Chen et al. 2017; Collier et
al. 1998; Ghamouss et al. 2006; Hickey et al. 2016; Hong et al. 2002; Lamas-Ardisana et al. 2014;
Piano et al. 2010; Rathee et al. 2016; Shimomura et al. 2012). Most of them use blood as the matrix
for the analytical detection of lactate with the obvious drawback of having to do repeated finger
pricks with the consequent discomfort. Researchers have been recently exhorting the use of

minimally invasive sensors to measure lactate concentrations in different biological fluids, such as



sweat (Abrar et al. 2016; Anastasova et' al. 2017; Jia-et al. 2013), saliva (Kim et al. 2014;
Petropoulos et al. 2016) and tears (Thomas et al. 2012). Unfortunately, these sensors cannot be as
accurate as blood tests because the content of sweat, saliva and tears is more variable as it is can be
influenced by other parameters such as the presence of microbes on the skin (in the case of sweat
and tears) or by food ingestion (in the case of saliva). The rate of sweating is moreover highly
dependent on exercise, temperature and where on the body the measurements are made.
Additionally, people aren’t always sweating or crying. In many applications outside athletics it is
necessary to use wearable bands to locally stimulate sweating.

Microneedle array based biosensors represent an interesting approach as they measure lactate in an
under-exploited physiological matrix, the dermal interstitial fluid (ISF), the fluid that bathes the
viable tissue of skin (Gupta et al. 2014b; Yola et al. 2014). The interstitial fluid is definitely a more
accessible and more reproducible matrix and it seems to be a most suitable human body fluid for the
minimally invasive detection of lactate. The ISF microenvironment offer a minimally invasive skin
compartment in which to measure biomarkers, many of which show a good correlation with venous
blood (Paliwal et al. 2013; Sharma et al. 2017). Due to the small dimensions of the microneedles (1
mm length), they can penetrate the stratum corneum but they do not reach deep into the sub-
cutaneous tissue, unlike the needle sensors used, for example, in commercially available continuous
glucose monitoring (CGM) devices. Measurements are made in the upper part of dermal interstitial
compartment where no blood vessels and no nerve endings are present (Sharma et al. 2017), as
shown in Fig. 1B. For these reasons, compared to other continuous monitoring devices, the
microneedle arrays offer the following advantages: 1) minimal invasiveness, thanks to their small
dimensions; ii) reduced biofouling effects, as they are changed on a daily basis (24-48 hours
maximum) while the other devices are implanted for 7-14 days; iii) larger currents because of their
larger electrode surface areas. Moreover, the minimally invasive nature of the microneedle arrays
suggests that they are associated with less skin irritation, reduced pain and tissue trauma, lower risk
of local infection and lower risk of bleeding. A full recovery is observed within 24 hours of removal
(El-Laboudi et al. 2013) and often less.

Furthermore, a wide range of vital information can be obtained from skin interstitial fluid (ISF) in a
completely non-invasive and continuous fashion. Over the past three decades, researchers have used
the ISF for non-invasive detection of inherited metabolic diseases, organ failure, and drug efficacy
(El-Laboudi et al. 2013; Windmiller et al. 2011). Most of the attention has been devoted on glucose
monitoring in ISF (Miller et al. 2016; Sharma et al. 2016; Valdés-Ramirez et al. 2014; Ventrelli et
al. 2015). the correlation between ISF and blood lactate has prompted several industrial and

academic researchers to develop optical-, ultrasound-, heat-, and electrochemical-based devices for



continuous, non-invasive lactate. monitoring - (Abrar et al. 2016; Miller et al. 2012; Sharma et al.
2017). Besides the aforementioned analytes, also alcohol has been detected in ISF (Mohan et al.
2017).

The present work describes the first example of a mediated pain free microneedle-based biosensor
for the continuous monitoring of lactate in the ISF. The gold surface of the microneedles has been
modified by electrodeposition of Au-multiwalled carbon nanotubes (MWCNTs) and successively
by electropolymerization of the redox mediator, methylene blue (MB). Functionalization of the Au-
MWCNTs/polyMB platform with the LOX enzyme by drop casting procedure enabled the
continuous monitoring of lactate in artificial interstitial fluid and in human serum.

The interesting analytical performances exhibited by the new microneedles based biosensor makes
it a promising tool as a minimally invasive wearable monitoring device for continuous monitoring

of lactate to be used in sport medicine and clinical care.

2. Experimental

2.1 Chemicals and reagents

3-(N-morpholino)propanesulfonic acid (MOPS), 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic
acid (HEPES), ammonium chloride (NH4CI), ascorbic acid (AA), boric acid, calcium chloride
(CaCly), D-(-)-glucose (Glc), ferricynide (Fe(CN)¢™), ferrocyanide (Fe(CN)s*), human serum from
human male AB plasma (USA origin, sterile-filtered), magnesium sulfate (MgSQO,), methylene blue
(MB), multi-walled carbon nanotubes (MWCNTS), potassium chloride (KCI), potassium nitrate
(KNOs), saccharose, sodium acetate (CH;COONa), sodium tetraborate, sodium chloride (NaCl)
sodium L-lactate, sodium phosphate dibasic (Na,HPQO,), sodium phosphate monobasic (NaH,PO,),
sulfuric acid (H2SO,), tris(hydroxymethyl)aminomethane (TRIS) and uric acid (UA) were obtained
from Sigma Aldrich (St. Louis, MO, USA).

Lactate oxidase (LOX) from Aerococcus Viridans (Umena et al. 2006) was obtained from Creative
Enzyme Ltd. The LOX (activity 106 U/ml) was dissolved in a phosphate buffer at pH 6.5, divided
into aliquots, and kept at -20 °C until immediately before being used.

All solutions were prepared using Milli-Q water (18.2 MQ c¢m, Millipore, Bedford, MA, USA).

2.2 Electrode preparation and modification

2.2.1 Gold planar electrodes

Polycrystalline gold electrodes (AuE) (d=2 mm, AMEL, Milano, ITALY) were cleaned by
incubation in Piranha solution for 2 min (1:3 mixture of conc. H,0O, (30%) with H,SO,4, CAUTION:

Piranha solution is especially dangerous, corrosive and may explode if contained in a closed



vessel, it should be handled with special care), then with"polishing cloths with deagglomerated
alumina slurry of 1 um diameter (SIEM, Bologna, ITALY), successively sonicated in ultrapure
water for 5 min and finally electrochemically cleaned in 0.5 M H,SO, by cycling 20 times between
—0.3 and 1.7 V vs. SCE at a scan rate of 300 mV s™*. Polycrystalline gold electrodes were modified
by electrodeposition of Au-MWCNTSs sweeping the potential between 0.8 and 0 V vs. SCE for 25
scans at 50 mV s in a suspension containing 5 mg mL™ of MWCNTSs (10 mM HAuCl, in 2.5 M
NH4CIl) (Dai and Compton 2006). The modified electrodes were characterized in 5 mM
Fe(CN)s* ™ (50 mM PBS buffer pH 7.4 + 137 mM NacCl) in order to determine the electroactive
surface area, heterogeneous electron transfer rate constant (k°, cm s ') and roughness factor (p).
Afterwards, the so prepared AUE/Au-MWCNTSs were further modified by electrodeposition of pMB
sweeping the potential between -0.4 and 1.2 vs. SCE in 0.25 mM MB solution (0.02 M borate
buffer pH 9.14, supporting electrolyte 0.1 M KNOs, sweep rate 50 mV s™) (Karyakin et al. 1999).
Next, 5 uL of LOX were drop-cast onto the modified electrode and left to dry at room temperature.
Finally, the electrode was gently rinsed with 50 mM PBS buffer (pH 7.4) and stored at 4°C
overnight.

2.2.2 Au microneedles electrodes

The microneedle array base structures were fabricated in polycarbonate at Glasgow University, as
described in detail previously (Cass and Sharma 2017) and metallised by Torr Scientific Ltd
(Bexhill). They consist of a polycarbonate structure (1.0 x 1.0 x 0.2 cm) consisting of 64
microneedles perpendicular to the base plate arranged as four 4x4 arrays (pyramid dimensions: base
0.06 cm, height 0.1 cm; 4x4 array area: 0.2 cm?), as shown in Fig. 1A. Three of them have been
metallized with gold and are used as working electrodes and one has been metallized with silver.
However in this work, in vitro, an external saturated calomel electrode was used as the reference
electrode.

The microneedle electrodes were electrochemically cleaned in 0.5 M H,SO, by cycling 20 times
between -0.3 and 1.7V vs. SCE at a scan rate of 300 mV s™ and successively modified by
electrodeposition of Au-MWCNTSs, characterized in 5 mM Fe(CN)s® ™~ in order to determine the
electroactive surface area, heterogeneous electron transfer rate constant (k% cm s') and roughness
factor (p) and finally modified by electrodeposition of pMB and by drop casting of LOX, according
to the same procedures as reported for the gold planar electrodes (paragraph 2.2.1).

2.3 SEM experiments



Scanning electron microscopy (SEM) measurements were performed with High-Resolution Field
Emission Scanning Electron Microscopy (HR FESEM, Zeiss Auriga Microscopy, Jena, Germany).
All samples were prepared according to the modification protocol, as reported in section 2.2, using
gold plates (25 A~ 25 A~ 1 mm, ALS Co. Ltd., Tokyo, Japan) instead of gold electrodes and Au

microneedles electrodes.

2.4 Preparation of artificial interstitial fluid

The artificial interstitial fluid (ISF) was prepared by mixing 2.5 mM CaCl,, 5.5 mM glucose, 10mM
Hepes, 3.5 mM KCI, 0.7 mM MgSQOy, 123 mM NaCl, 1.5 mM NaH,PO,, 7.4 mM saccharose. The
pH was adjusted to pH 7.4 (Saito et al. 2017).

2.5 Electrochemical measurements

Cyclic voltammetry and amperometric experiments were performed by using a PGSAT204N
potentiostat (Eco Chemie, The Netherlands) controlled by Nova 2.1 software (Eco Chemie, The
Netherlands) with a conventional three-electrodes electrochemical cell equipped with a modified
gold planar electrode or Au microneedles as working electrodes, a saturated calomel electrode
(SCE, 244 mV vs. NHE, Cat. 303/SCG/12, AMEL, Milano, Italy) and a glassy carbon rod electrode
(d =2 mm, Cat. 6.1241.020, Metrohm, Herisau, Switzerland) were used as reference and counter
electrodes, respectively. The temperature-controlled experiments were carried out by using a
thermostatic bath (T £ 0.01 °C, LAUDA RMB6, Delran, NJ, USA).

3. Results and discussion

3.1 Microneedles surface functionalization

The working gold surface of the microneedles has been functionalized initially by electrodeposition
of Au-multiwalled carbon nanotubes (MWCNTSs), followed by electropolymerization of methylene
blue (MB) and finally by immobilization of the enzyme lactate oxidase (LOX) by drop-casting
procedure (Fig. 1C).

SEM images were used to evaluate the physical appearance and the surface characteristics of the
gold microneedles electrode before and after the electrodeposition of Au-MWCNTS, obtained by
cycling the potential between 0.8 and 0 V for 25 cycles. Fig. 2 shows the SEM images relative to
the bare gold microneedles electrode (Fig. 2A) and to the Au-MWCNTSs microneedles electrode at
two different magnifications (Fig. 2B and C). The optimal surface coverage obtained is probably
due to the initial reduction of Au** to Au® with the formation of Au nanoparticles onto the electrode

surface which allow the entrapment of the MWCNTSs. This process is further facilitated by the



formation of stacking interactions between the nanotubes allowing a good coating. The unmodified
and the Au-MWCNTSs modified microneedles electrodes were successively characterized by cyclic
voltammetry experiments in a solution of Fe(CN)6%/* (Fig.1S). The CVs shows the faradaic peak
for the oxidation of Fe®* to Fe** in the forward scan and also the faradaic peak for the reduction
process in the reverse scan. Although there is no great difference in terms of potential difference
between the anodic and the cathodic peak (AE,=E,-Ec) at 50 mV s (Au and Au/Au-MWCNTSs
AEp= 78 mV, Au microneedles and Au microneedles/Au-MWCNTSs AE,=63 mV), it is possible to
note the large enhance of the anodic and cathodic peak current densities after the Au-MWCNTSs
electrodeposition due to the increase of the electroactive surface area. It is interesting to observe
that this effect is much more evident in the case of the microneedles electrode (Fig. 1S B) compared
to the planar gold electrode (Fig. 1S A), as confirmed by the roughness factor which resulted to be
almost ten times higher in the case of the microneedles electrode (p=301.6 +1.6) compared to the
planar electrode (p=39.5 +0.6). This result can be ascribed to the fact that the particular geometry of
the microneedles might allow a better electrodeposition of the MWCNTSs and therefore a larger
electroactive surface area. The heterogeneous electron transfer rate constants (k°, cm s™) have also
been calculated using the extended method which merges the Klingler-Kochi and Nicholson and
Shain methods for totally irreversible and reversible systems (Lavagnini et al. 2004, 2007). The ko
value obtained in the case of the Au microneedles/Au-MWCNTSs electrode resulted to be much
higher (ko= 16.3+ 0.4 x10° cm s*) than that obtained in the case of the planar Au electrode modified
with Au-MWCNTSs (ko = 2.7 + 0.9 x10% cm ), showing a faster electron transfer kinetics.

The Au-MWCNTSs microneedles electrode was successively modified by electrodeposition of the
redox mediator methylene blue, by cycling the potential values from -0.4 to 1.2 V vs. SCE for 25
cycles in borate buffer pH 9.1. Fig. 2D show the SEM image of the Au microneedle/Au-
MWCNTSs/polyMB modified electrode. The voltammetric profile of the formation of the polymeric
film shows two couples of redox peaks (Fig. 2S). As the electropolymerization process takes place,
the couple of peaks which appears at more negative potentials decreases and a new set of peaks
appears at more positive potentials. This response is typical of a polymer-type redox activity, which
is usually shifted to more positive potentials compared to the monomer (Karyakin et al. 1999). The
cyclic voltammogram of the Au-MWCNTs/polyMB modified microneedle electrode is shown in
Fig. 3S. Two pairs of quasi-reversible redox peaks are clearly visible in the voltammogram. The
first one corresponds to the monomer, the additional one to the polyMB and is located at a 200 mV

more anodic potential, according to data reported in literature for electropolymerized amines

(Braun et al. 2017; Liu and Mu 1999).



3.2 Electrochemical characterization of lactate sensor

Lactate biosensors were prepared by drop-casting LOX enzyme onto the Au-MWCNTs/pMB
microneedle electrode surface. In order to optimize the enzyme concentration, different biosensors
were prepared by drop-casting different LOX amounts on the microneedles surface. The effect of
enzyme loading on the current response was investigated in the range from 1U to 5 U of LOX. The
current density increased when the concentration of LOX increased from 1 to 1.5 U showing a
slight decrease at higher enzyme concentrations (Fig. 4S A). The amount of enzyme is therefore
rate limiting at low enzyme amounts loaded but at higher concentrations the reaction becomes
limited by other factors. A concentration of 1.5 U was chosen for further experiments. The
biosensor performance was also tested by varying the concentration of MWCNTSs used during the
electrodeposition process and the electrodeposition number cycles (Fig. 4S B and C). The results
confirmed that the highest current signal was obtained by cycling the potential for 25 cycles in a
solution of 5 mg/mL MWCNTSs, conditions used for the microneedle surface functionalization
experiments.

A comparative cyclic voltammogram of the Au-MWCNTs/pMB/LOX microneedle electrode in the
absence and in the presence of lactate is shown in Fig. 3 A. The black curve shows no significant
difference with the CV of the modified electrode without enzyme (curve not shown), thus indicating
that no significant change has been observed after the immobilization of LOX. It is possible to note
a very good electrocatalytic current with an onset potential of -90 mV, close to the redox potential
of the mediator pMB (E¢y=-95 mV vs. SCE). Such low potential for lactate oxidation reflects the
efficient electron donor-acceptor interactions between the carbon nanotubes and the mediator,
which supports the shuttling of the electrons between the redox center of the enzyme and the
electrode surface. A potential of +0.15 V vs SCE reference electrode was thus selected for further
experiments. If we compare these results with those obtained with a planar gold electrode modified
exactly in the same way, we can see that the electrocatalytic current obtained with the microneedles
is almost three times higher than that obtained with the planar electrode (Fig. 3 B). This result can
be explained by the fact that the geometry of the microneedle electrodes might enable faster
diffusion of the substrate to the electrode surface (Belding et al. 2010; Menshykau et al. 2008).

The analytical response of the microneedle biosensor towards lactate was evaluated by
chronoamperometry (Fig. 3 C). The calibration curve for lactate detection, shown in Fig. 3 D,
indicates a linear range from 10 uM to 200 uM lactate, a detection limit of 2.4 uM (based on
S/N=3) and a very high sensitivity of 1473 pA cm? mM™ and a correlation coefficient of 0.98
(RSD 5.0%, n=3). Additionally, the calibration curve was fitted to the classical Michaelis-Menten



kinetic parameters, which resulted. in‘a Juax of 733 .19 pA cm* and an apparent Michaelis-Menten
constant (Ky,) of 0.64 +£ 0.1 mM.

3.3 Effect of pH and temperature on biosensor response

The effects of pH and temperature on the proposed lactate biosensor were evaluated and the results
are shown in Fig. 4 A and B. Four different buffers have been tested, acetate, MOPS, phosphate and
TRIS buffer in order to cover the range of pHs between 2 and 9. The current signal increased with
pH until a pH value of 7.5, which corresponds to the maximum current signal obtained in both
phosphate buffer and TRIS buffer (Fig. 4A). A pH 7.5 in phosphate buffer is therefore chosen for
our experiments because phosphate buffer is the closest to physiological conditions. The optimum
temperature resulted to be 35 °C, as shown in Fig. 4B. These results are in close agreement with

the optimum pH and T values reported in literature for lactate oxidase (Taurino et al. 2016).

3.4 Study of biosensor stability

The stability and lifetime of the biosensor were investigated by monitoring the signal decrease of
the current when the biosensor is used for 20 measurements every day over a period of 30 days for a
0.2 mM lactate solution, as reported in Fig. 4C. The microneedles based biosensor showed a signal
decrease of its initial response of less than 10% after 30 days, probably due to a combination of the
intrinsic stability of the enzyme, the nanostructuring of the microneedle electrode surface and to the

particular geometry of the microneedles themselves.

3.5 Interference study

The selectivity of the biosensor was studied in order to assess the influence of possible interfering
compounds on its response. The signal obtained for a fixed concentration of lactate was compared
to that obtained with equal amounts of interfering compounds such as ascorbic acid, uric acid and
glucose. The differences in peak current were all less than 5% in the presence of ascorbic acid and
less than 1% in the presence of uric acid and glucose (Fig. 4D). Such high selectivity reflects the
low operating potential of the second generation biosensor, due to the combined use of the

electropolymerized MB and a nanostructured surface.

3.6 Analysis of artificial interstitial fluid and human serum
In order to demonstrate the feasibility of the modified microneedles based electrode for the
minimally invasive detection of lactate, the biosensor was used to determine the concentration of

lactate in artificial interstitial fluid and human blood samples, both spiked with lactate. Fig. 5



shows the calibration plots obtained with artificial 1ISF and human serum. The response is linear in
both case with a similar detection limit, but a narrower linear range compared to that reported
previously in phosphate buffer pH 7.5. The sensitivities resulted to be 800 + 38 uA cm? mM™ in
ISF (RSD 4.8%, n=3) and 180 +9 pA cm™ mM™ (RSD 5.2%, n=3) in human serum, lower than that
obtained in phosphate buffer. This result is particularly evident with the measurements carried out
in human serum where the measurements may be affected by biofouling effects of the electrode.
However, the response obtained in the ISF remains high enough to allow a good detection of lactate
and indicates the potential for the subcutaneous lactate monitoring based on the proposed
microneedles based biosensor.

Table 1 shows a comparison of the results obtained with other non-invasive amperometric lactate
biosensors reported in literature. Lactate was detected in different biological fluids such as sweat,
saliva and tears. As we can see, the linear range is broader but the sensitivity obtained is definitely
lower than that obtained with the microneedles-based biosensor.

It is important to note that the content of sweat, saliva and tears is more variable compared to the
composition of blood and of interstitial fluid. It can be influenced by different factors such as
microbes on the skin (in the case of sweat and tears) or by food ingestion (in the case of saliva).
Moreover, as people aren’t always sweating, in many applications outside athletics it is necessary to
use wearable bands to locally stimulate sweating. The interstitial fluid is an accessible and more
reproducible matrix and it seems to be the most suitable human body fluid for the minimally

invasive mesurement of lactose.

4. Conclusions

This study has demonstrated the design and development of the first example of a second
generation minimally invasive biosensor for lactate detection based on microneedle arrays. The new
biosensor device is based on the use of a gold microneedles electrode modified with MWCNTSs,
polymethylene blue and lactate oxidase from Aereococcus viridans. The system enables highly
sensitive, selective and stable determination of lactate in human interstitial fluid, which suggests
that it is a suitable body fluid compared to sweat, saliva and tears, as it is expected to show less
variability in its composition. For these reasons the lactate biosensor based on microneedle
technology seems to be a promising tool as a wearable device to be used in sport medicine and in
clinical care for continuous monitoring of lactate. The biosensor will be further optimized and

validated for in vivo measurements through clinical studies with healthy volunteers.
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Future efforts will focus on integration of the instrumentation for signal processing and wireless
communication, as well as on a critical evaluation of the tolerability and biocompatibility of the

device.
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Fig. 1 (A) Polycarbonate structure of four 4x4 microneedle arrays metallized with gold and silver; (B) Sketch of the
outermost layers of the human skin, epidermis and dermis and of the two different approaches used (microneedles
arrays and commercial CGM devices) to access the interstitial fluid; (C ) Schematic representation of the modified
electrode. Figures A and B are reproduced from Sharma et al., 2016 with permission of Springer Berlin Heidelberg.
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Fig. 2 SEM images of: bare Au microneedle electrode (A); Au microneedle/Au-MWCNTSs electrode at two different
magnifications (B, C); Au microneedle/Au-MWCNTSs/pMB electrode (D).
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Fig. 3 Cyclic voltammograms of Au microneedle/Au-MWCNTs/pMB/LOX (A) and Au bare/Au-MWCNTs/pMB/LOX
in absence (black) and in presence (red) of 10 mM sodium L-lactate in 50 mM PBS buffer pH 7.4 with 137 mM NaCl at
v=>5mV s™. (C ) Chronoamperometric response of Au microneedles/Au-MWCNTs/pMB/LOX in 50 mM PBS buffer
with 137 mM NaCl. (D) Calibration curve of the Au microneedles/Au-MWCNTs/pMB/LOX based biosensor in 50 mM
PBS buffer with 137 mM NaCl. Inset: low micromolar range. Experimental conditions: applied potential + 0.15 V vs.

SCE, adding time = 40 s, under stirring = 400 rpm and T = 25 °C.
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Fig. 4 Effect of different pHs (A) and temperature (B) on Au microneedle/Au-MWCNTs/pMB/LOX based biosensor:
50 mM acetate buffer (black ), 50 mM MOPS buffer; 0.2 mM L-lactate (red ), 50 mM phosphate buffer (blue) and TRIS
buffer (pink). Experimental conditions: 0.2 mM L-lactate, applied potential + 0.15 V. (C ) Stability measurements
carried out over a period of 30 days in presence of 0.2 mM L-lactate in 50 mM TRIS buffer; E,,, =0.150 vs. SCE; T =
25 °. (D) Influence of interfering compounds on lactate response: 50 UM L-lactate, 50 uM ascorbic acid (AA), 50 UM
uric acid (UA), 50 uM glucose (Glc) and 10 mM L-lactate. Experimental conditions: applied potential + 0.15 V vs.
SCE, adding time = 40 s, under stirring = 400 rpm and T = 25 °C.
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Fig. 5 Calibration curves of the Au microneedles/Au-MWCNTs/[pMB/LOX based lactate biosensor in artificial
interstitial fluid (red curve) and in human serum (black curve), both spiked with lactate. Experimental conditions:
applied potential + 0.15 V vs. SCE, adding time = 40 s, under stirring = 400 rpmand T =25 °C.

Table 1. Comparison with other non invasive amperometric lactate biosensors reported in literature.

Electrode Sensing Sensor Linear N .
. . range  Sensitivity Enzyme Generation References
Material Fluid type (MM)
0.26 pA . st Abrar et al.
AgNPs sweat bendable  1-25 MM em? Pediococcus sp. 1 2016
CNTs-Ag/AgCl sweat bendable  1-20 &&3110%6} microorganism 2" Wa;gle; al.
Gr + PB, printable
Ag/AgCI . on i 0.55 pA . . st Wang et I.
integrated in a saliva curved 011 mMm* microrganism ! 2014
mouthguard surface
Ti/Pd/Pt rigid
. . 53 pA - st Thomas et
::r:;stgarczitleednls n tears ?I/I;:Te]z 0-1 mM- e Aerococcus viridans 1 al. 2012
Au interstitial 0.01- 1473 pA y ; _
microneedles/Au- fluids bendable O 2 MMt om Aerococcus viridans 2" This Work
MWCNTs/pMB '
Highlights

e The first 2" generation microneedle-based biosensor for minimally invasive continuous

sensing of lactate in ISF;

e A very high sensitivity of 1473 pA cm? mM™ with a low detection limit of 2.4 pM for

lactate detection;

e The sensitivities resulted to be 800 + 38 pA cm™? mM™ in ISF and 180 +9 pA cm? mM™ in

human serum;
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