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a b s t r a c t 

Individuals with diabetes can considerably benefit from continuous glucose monitoring (CGM). Address- 

ing this challenge, a proof-of-concept for a pain-free CGM was presented based on a highly porous 

platinum black (Pt-black)-modified non-enzymatic microneedle electrode arrays (MNEAs). Porous Pt- 

black was electrodeposited on microneedle substrates using potentiometry by employing a charge den- 

sity of -2.5 mA cm ̠

2 . The surface of the porous Pt-black-modified microneedles (MNs) was optimally 

packed using Nafion (Nf) biocompatible ionomer. The dimensions of the fabricated microneedles were 

650 μm × 110 μm × 150 μm in height, width, and thickness, respectively. The surface morphology of 

the modified MNs was studied using scanning electron microscopy (SEM) and energy dispersive X-ray 

analysis (EDX). The microneedle sensor showed a wide glucose dynamic range (1 − 20 mM) in phos- 

phate buffer saline (PBS) and artificial interstitial fluid (ISF) in-vitro with good sensitivities (PBS: 5.786 

μA mM 

−1 cm 

−2 , ISF: 4.380 μA mM 

−1 cm 

−2 ), detection limits (PBS: 10 μM, ISF: 22.5 μM), stability (2% lost 

at the end of 7 h), selectivity, reproducibility (2.32% RSD), and a response time of 2 s with good glucose 

recoveries in ISF (98%-102.5%). The device exhibited good stability (7 days) as a sensor in-vivo and lost 

its functional activity after 7 days due to electrode biofouling. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Individuals with diabetes mellitus require frequent blood checks 

or optimal glucose management. Accurate and real-time glucose 

onitoring is vital in patients with diabetes in order to define 

ood habits, physical activities, and medication, which may affect 

he disease [ 1 , 2 ]. The most commonly used method for checking

lucose concentrations comprises blood sampling from the finger- 

ip using a tiny lancet that involves a slight prick on the skin sur- 

ace, causing a pain that may be unacceptable to the elderly and 

hildren. Numerous commercially viable electrochemical detection- 

ased glucometers are available to assist diabetic patients in rou- 

ine blood glucose checks. However, testing always requires fre- 

uent pricking of fingers. 

In order to avoid this practice, several CGM devices are com- 

ercially available to offer real-time glucose measurements for 
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ach five-minute time interval [3] . The device is operational once 

mplanted under the subcutaneous tissue and works for nearly 10 

ays [4] . Such devices are basically fabricated using enzymes such 

s glucose oxidase (GOx) and glucose dehydrogenases (GDH). The 

evices continuously monitor the glucose concentrations in the 

ubcutaneous tissue through a needle that penetrates into the der- 

al compartment to access the interstitial fluid (ISF). The advan- 

ages of CGM sensors include wearability and transmission of data 

o a digital display device using a wireless transmitter. In spite of 

he advantages, these devices are known for complete invasiveness 

nd associated discomfort with biofouling effects [5] . Moreover, the 

nzymatic microneedle-based amperometric sensors lack stability 

nd are affected by pH, temperature, oxygen concentration, and 

umidity [6] . 

Microneedle (MN) based non-enzymatic amperometric sensors, 

abricated using the microelectromechanical systems (MEMS) tech- 

ology, provide a compromise [7] . Recently, nanoporous material- 

ased non-enzymatic sensors gained interest as alternative meth- 

ds for glucose sensing through direct oxidation on modified elec- 

rodes [ 8 , 9 ]. Similar to the CGM devices, the non-enzymatic MN 

https://doi.org/10.1016/j.electacta.2020.137691
http://www.ScienceDirect.com
http://www.elsevier.com/locate/electacta
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ensors are capable of continuously monitoring glucose levels in 

he ISF. Enzyme-free MN sensors, unlike the enzymatic MNs, ex- 

ibit several advantages such as simplicity of fabrication, stability, 

ree from oxygen limitation, or high sensitivity due to larger elec- 

roactive surface areas (EASA) [10] . These advantages are due to 

he MEMS technology-based micron-size needle fabrication that al- 

ows the penetration of the epidermis (50–500 μm) but not that of 

he dermis (50 0–20 0 0 μm), unlike the penetration observed with 

he surgical hypodermal needles (6 mm). Considering the above- 

entioned reason, the MNs are minimally invasive and less painful 

han CGM devices, thereby minimizing discomfort and improving 

he treatment quality in patients with diabetes [11] . 

MNs with micron-size dimensions were initially used as trans- 

ermal drug delivery devices [12] and analytical sensors for pain- 

ess detection of clinically relevant analytes, for insulin injec- 

ion [13] , CGM [14] , along with their usage as biosensors for 

he detection of various analytes [15] . Recently, Goud et al., 

emonstrated a new electrochemical wearable microneedle sen- 

or array for minimally invasive and continuous L-Dopa moni- 

oring towards parkinson disease management [16] . The L-Dopa 

ensing relied on square-wave voltammetry and chronoamper- 

metry measurements at unmodified and enzyme-modified elec- 

rodes, respectively. Windmiller et al., developed a minimally in- 

asive carbon paste-loaded microneedle electrode array for lac- 

ate biosensing. Enzyme-loaded carbon paste microneedle elec- 

rode arrays are used for the selective detection of lactate at 

otential + 0.15 V vs . Ag/AgCl [17] . Wang group demonstrated a 

ew bio-component microneedle array platform, for amperomet- 

ic glutamate biosensing. The microcavities of the microneedle 

ntrapped with the enzymes glutamate oxidase through electro- 

olymerization of poly(o-phenylenediamine) thin film to prevent 

lectro-oxidation of coexisting electroactive interferents [18] . Li 

t al., demonstrated one-touch-activated blood multidiagnostic sys- 

em for detection of cholesterol. The device comprises a hol- 

ow minimally invasive biocompatible microneedle and multiplex 

aper-based sensor, containing the functions of blood collection, 

eparation, and detection in one device that function by one-touch 

ctivation using finger-power [19] . Detection of glucose based on 

lucose oxidase MNEAs involves the reduction of hydrogen perox- 

de, which occurs at high (mediator-less biosensors) [20] or lower 

verpotentials (redox mediator-based MN biosensors) [21] . Both 

ypes of sensors showed a high interference and low stability of 

he mediator on the electrode surface [22] . In order to overcome 

hese difficulties, non-enzymatic highly porous nanocomposite- 

ased MNs allowed a compromise in terms of higher overpoten- 

ials, sensitivity, electrode stability, and interference-free glucose 

etection [23] . The highly porous platinum nanocomposite with 

icrometer-sized pores drastically enhanced the EASA and the cur- 

ent densities, when coated onto the MNEAs [24] . 

For selective and interference-free detection, non-enzymatic 

ighly porous nanocomposite modified MNEAs should be packaged 

nto bio-compatible and protective polymer films. Nafion is an at- 

ractive packaging polymer owing to its ease of handling and avail- 

bility. Its fluorocarbon hydrophobic backbone and hydrophilic sul- 

onic acid groups form a transparent membrane with strong anion 

xclusion in precluding many redox-active interfering compounds 

o reach the electrode array surface [25] . 

In the present study, we investigated a highly porous non- 

nzymatic Pt-black Au-MNEA based sensor to determine glucose 

evels via a minimally invasive procedure in ISF and animal models. 

 silver MN reference electrode array was fabricated by depositing 

hlorine (Cl 2 ) using potentiometry and studied for CGM. The highly 

orous Pt-black MN electrode was developed by electrochemical 

eposition through application of a negative potential of −2.5 mA. 

m 

−2 against the Ag/AgCl reference electrode in a solution con- 

aining chloroplatinic acid and HCl. The Pt-black-modified MNs and 
2 
gCl reference MNs were characterized and used for CGM in both 

n vitro and in vivo models. The MNEAs were carefully packed in 

 bio-compatible Nafion membrane in order to prevent electrode 

iofouling in the animal models. The fully-packed MNs were also 

nalyzed at several glucose concentrations both in PBS and ISF in 

rder to validate the sensor applicability. The optical and micro- 

copic images of the bare and modified MN electrode arrays, as 

ell as the schematic representation of the in vivo CGM in rat 

odel, is presented in Fig. 1 a-e. 

. Experimental 

.1. Chemicals and instrumentation 

Refer supplementary information 

.2. Fabrication of the Au-MNEAs 

The fabrication of the Au-MNEA was performed as per methods 

escribed previously [26] . Briefly, the 150-μm thick stainless steel 

ubstrates (316 L grade) were patterned using a jet of wet chem- 

cal etchant, ferric chloride (FeCl 3 ) under a 2-kgf/cm 

2 pressure for 

 60 s time interval. On the patterned stainless steel substrate, a 

hin Au layer was electroplated and the MNs were punched out of 

he plane (90 °) using a jig (Fig. S1a-c). The MN tip positions and 

ontact pads were masked using a block of PDMS and Parafilm, re- 

pectively, in order to prevent parylene passivation. A 5 μm thick 

arylene coating was used to passivate the Au layer. After releas- 

ng the parafilm and the PDMS block, the needle tip areas were 

lectrodeposited with the Pt-black catalytic layer (Fig. S1d). 

.3. Preparation of the Au/Pt-black/NF MNs 

The Au MNs were modified with porous Pt-black using elec- 

rodeposition in a three-electrode setup (Fig. S2a). The deposition 

as carried out in an electrolytic bath comprising 2.5% hydro- 

en hexachloroplatinate (IV) hexahydrate, lead diacetate trihydrate 

0.05%), and HCl (0.01 M). The function of the lead diacetate tri- 

ydrate in the electrolytic bath is to decreases the over-potential, 

nd increases the rate of PtCl 6 
2- to Pt0 reduction [27] . Pb ions ad-

orbed on the electrode surface can also acts as nucleation sites for 

t islands. Pb ions decreases the conversion of Pt(IV) to Pt(II) dur- 

ng electrodeposition and lowers the energy barrier for the reduc- 

ion of Pt(IV) to Pt(0) [28] . The Pt-black electrodeposition was car- 

ied out by employing a fixed current density of −2.5 mA cm ̠

2 for 

00 s vs . the Ag/AgCl external RE in a three-electrode setup. The 

repared Au/Pt-black MNs were packed using a Nafion: ethanol 

ixture (1:6% v/v) by dip-coating procedure. The needles were 

ip-coated for 60 s in the Nafion ionomer solution and dried at 

0 °C on a hot magnetic stir plate for 40 s followed by overnight 

rying at RT (24 °C). 

.4. Preparation of the AgCl MNs 

The silver (Ag) microneedles were modified with chloride (Cl) 

sing electrodeposition. The deposition was carried out in an elec- 

rolytic bath comprising aqueous 0.1 M HCl. The Cl was deposited 

n the Ag MNs using potentiometry by applying a fixed current 

ensity of 10 mA. cm 

˗2 for 60 s using Pt-coil as a cathode. 

.5. Electrochemical measurements 

The electrochemical analyses were carried out in a three- 

lectrode configuration (CompactStat potentiostat) consisting of a 

orking electrode (WE) (bare and modified MNs), a counter elec- 

rode (CE) (bare Au MN), and a reference electrode (RE) (AgCl MN). 
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Fig. 1. Optical and SEM Micrographs of the fabricated MNEAs before and after the catalytic Pt-black layer deposition (a-d) . Schematic representation of the MNEA insertion 

in the animal skin models (e) for the potential application of the developed MNEAs for CGM in rat models. 
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he cyclic voltammograms (CVs) were carried out in 10 × PBS 

pH = 7.4, 24 °C), at a sweep rate of 50 mV s − 1 within a po-

ential range of −0.8 V to + 0.8 V vs . AgCl MN. The electrochemi-

al impedance spectroscopy (EIS) measurements of MNs were car- 

ied out in 0.9% NaCl and DI water at room temperature (RT) 

24 °C) using a three-electrode setup. The spectra were measured 

y selecting an alternating current perturbation voltage with a 

oot mean square value of 0.05 V in a frequency range of 0.1 

z–1 MHz. The Pt-black electrodeposition was carried out using 

 mini-potentiostat from IVIUM technologies (Eindhoven, Nether- 

ands) in a three-electrode configuration where, Au MN, Pt wire, 

nd external Ag/AgCl were used as WE, CE, and RE respectively. 

he amperometric measurements ( i vs. t ) were carried out using a 

hree-electrode configuration in 10 × PBS (pH = 7.4, 24 °C) and ar- 

ificial ISF by applying an external potential of + 0.12 V against the 

gCl reference MN electrode at RT (24 °C) (Fig. S2b). The electrode 

esponse was measured after background current stabilization and 

he analyte was spiked sequentially with increasing glucose con- 

entrations at 50 s time intervals. 

.6. Preparation of ISF 

Briefly, the artificial ISF was formulated by adding 2.5 mM 

aCl 2 , 5.5 mM glucose, 10 mM HEPES (pH: 6.8), 3.5 mM KCL, 

.7 mM MgSO 4 , 123 mM NaCl, 1.5 mM NaH 2 PO 4 , and 7.4 mM sac-

harose. The solution pH was adjusted to 7.0 using 1 N HCl. 

.7. In-vivo studies 

For animal studies, the modified MNs were inserted into the 

ubcutaneous tissue of male Sprague–Dawley rat models. All the 

xperimental animals were handled at the Gachon University Ani- 

al Care Center. The animal studies were performed by following 

he procedures of the Animal Care Committee of the Gachon Uni- 

ersity (animal experiment approval number: GIACUC-R2019028, 

achon University, Animal Experiment Committee). The MNEAs 

ere attached to a transparent adhesive tape (3 M Tegaderm 

TM 
3 
lm, 3 M Deutschland GmbH, Neuss, Germany) and applied on the 

orsal side of the rats ( n = 10) by pressing it with a cohesive elas-

ic band (3 M Coban 

TM ) and monitored in order to establish a sta- 

le background current. The MN sensitivity was assessed through 

he oral glucose tolerance test (OGTT), carried out 24 h after needle 

xation. Blood samples from the tail vein were collected and ana- 

yzed using a commercial blood glucose monitoring device (Accu- 

hek R © active, Roche diagnostics GmbH, USA). 

.8. Histological analysis 

The histogram analysis was performed by a specialized 

natomic histopathologist. The skin tissue specimens were pre- 

ared consistently for light microscopy (fixation, dehydration, em- 

edding, micro sectioning, and staining with Hematoxylin and 

osin stain; H&E). The skin samples were carefully sectioned to 5- 

m thick sections and stained. The skin sections were examined 

sing a light microscope at 400X magnification and analyzed us- 

ng the ImageJ software (ImageJ bundled with 64-bit Java 1.8.0_112, 

IH, USA) 

. Results and discussion 

.1. Characterization of the MNEAs 

.1.1. EDX and XRD analysis 

The EDX experiments were performed to confirm the atomic 

atios and elemental composition of the modified electrodes 

SEM/EDX, Fig. 2 a-c), by carrying out measurements over the ran- 

omly selected areas. The EDX of the Au/Pt-black modified elec- 

rode surface shows almost Pt (due to platinum in metal salt) and 

inor amounts of Cl (due to adsorbed chloride from the metal salt 

n the MNEA surface) ( Fig. 2 a). The elemental composition of the 

u/Pt-black/Nf MN shows major quantities of Pt stemming from 

etal salt, and minor quantities of Cl from metal salt and C, O, F, 

nd Na from the Nafion ionomer ( Fig. 2 b). The EDX of the AgCl ref-

rence MN show major quantities of Ag stemming from metal, and 
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Fig. 2. SEM-EDX elemental analysis of the bare Au-MNEAs (a) , Au/Pt-black microneedles (b) , Au/Pt-black/Nf microneedles (c) endorsing the presence of Pt and Cl in Pt-black 

and Pt, Cl, F, C in Pt-black and Nf modified MNs, XRD spectra of the bare Au-MNEAs and Au/Pt-black/Nf microneedles (d) . 
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inor quantities of chlorine (Cl), obtained during electrodeposition 

rom HCl (Fig. S3). 

X-ray diffraction (XRD) analysis was carried out to analyze the 

rystalline phase of the Platinum in the developed Au/Pt-black/Nf 

Ns ( Fig. 2 d). The unmodified MNs shows Au (111), Au (200), 

u (220), and Au (311) characteristic peaks corresponding to crys- 

alline Au at 2 θ = 38.2 °, 44.4 °, 64.7 °, and 77.6 °, respectively, which

onfirms the face-centered cubic (fcc) structure of Au (ICDD ref- 

rence pattern no: 0 0–0 04–0784); the highest peak intensity was 

bserved at the Au (111) plane [29] . In case of Au/Pt-black/Nf 

odified electrode the characteristic diffraction peaks at about 

 θ = 39.74, 46.30, 67.64, 81.80 and 85.92 were detected, which 

orresponds to (111), (200), (220), (311) and (222) planes of the fcc 

attice of metallic platinum (ICDD reference pattern no: 0 0–0 04–

82), suggesting the presence of crystalline Pt on the Au-MNEA 

30] . 

.1.2. SEM analyses 

The SEM analyses were performed to validate the morphology 

f the MNEA at major stages of electrode modification. The bare 

u MN shows an excellent needle-to-needle uniformity as speci- 

ed by the design ( Fig. 3 a, i & ii) with a smooth surface morphol-

gy. The needles show a length and width of 650 μm × 110 μm 

nd the size of stainless-steel substrate was found to be 150 μm. 

he smooth surface turned into extended complex dendritic struc- 

ures after the Pt-black deposition on the MN tips ( Fig. 3 b). The

omplex and well-defined dendritic structure was transformed into 

 porous structure after packaging with the Nafion ionomer, as 

hown in Fig. 3 c. The SEM image of the bare Ag MN electrode

hows a smooth surface morphology which, changed into a porous 
4 
nd highly rough surface after the Cl electrodeposition ( Fig. 3 d). 

he major factors of consideration during the preparation of the 

ell-defined Pt-black porous structure are the time interval and 

he optimal negative charge density. A charge density of −2.5 mA 

m 

−2 was chosen as an optimal value for adequate hydrogen bub- 

ling on the gold electrode surface for generating a well-defined 

orous structure without damaging the MN surface. A time inter- 

al of 200 s was chosen as optimal time to completely coat the 

ell-porous structure on the MN tip surface. Another critical and 

arefully optimized parameter was the distance between the WE 

nd CE. A well-defined porous structure of the Pt-black surface 

as formed when the gap between the WE and CE was greater 

han 1 cm. An AgCl reference MNEA was constructed using the 

alvanostatic method. During the electrochemical reaction, a gray 

olor porous structure was deposited on the Ag MN surface to re- 

ease the AgCl MN (Fig. S4, a & b). 

.1.3. XPS analysis 

To analyze the electrodeposition and coating of nafion on the 

odified electrode, elemental dispersive X-ray and elemental map- 

ing analysis was performed on the Au/Pt-black/Nf electrodes. 

he survey spectrum for Au/Pt-black/Nf show peaks correspond- 

ng to Pt (due to the presence of Pt-black) and C, F, S and O

due to the presence of Nafion) ( Fig. 4 ). The high-resolution re- 

ion scans of C1s, O1s, S2p, F1s, and Pt4f for Au/Pt-black/Nafion 

N along with the respective peak fitting components are shown 

n Fig. 4 b-f. Binding energies (BEs) of carbon (C1s) are observed at 

85.0 eV, 287.0 eV, 289.5 eV, 291.9 eV and 294. 11 eV ( Fig. 4 b). The

ain peak detected at 291.9 eV correlates to the carbon content 

resent within the polytetrafluoroethylene backbone (–CF2–CF2–). 
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Fig. 3. SEM micrographs of bare Au MNs (a) , Au/Pt-black (b) , Au/Pt-black/Nf (c) , and AgCl MNs (d) showing a drift change in the surface morphology after major steps of 

electrode modification. 

Fig. 4. XPS survey spectra of the Au/Pt-black/Nf MNEA (a) showing a high resolution elemental spectra for C1s (b) , O1s (c) , S2p (d) , F1s (e) and Pt 4f (f) . 
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he shoulder peak at 294.11 eV is ascribed to the –CF3 functional 

roup. The peaks at BEs 289.5 eV and 287.0 eV endorsed to carbons 

n the –CF and –OCF2– configurations, respectively. The peak at BE 

85.0 eV is due to the adventitious carbon [31] . Two peaks are de-

ected for deconvoluted O1s spectra: a 535.98 eV higher binding 

nergy peak and a 532.6 eV lower binding energy peak ( Fig. 4 c). All

he peaks were normalized by shifting of the C–C peak to 285 eV. 

he higher BE peak 535.98 eV and lower BE peak 532.6 eV is as- 

ribed to the oxygen present in the ether functional group and sul- 

onate groups, respectively [32] . Both the F1s and S2p deconvolu- 

ion region scans show a distinct peak at 688.6 eV and 169.9 eV, 

espectively ( Fig. 4 d & e) [32] . In Pt 4f deconvolution region spec-

ra, a pair of peaks with lower BEs at 70.28 eV and 74.27 eV are

scribed to the 4f7/2 and 4f5/2 peaks of Pt 0 , respectively [33] . An

dditional pair of peaks with higher BEs at 72.27 eV and 76.12 eV 

re assigned to the 4f7/2 and 4f5/2 peaks of Pt 2 + respectively (Fig. 

7) [33] . 

.2. Electrochemical characterization of the MNEAs 

.2.1. EIS 

The electrochemical impedance spectra of the MNs were mea- 

ured in 0.9% NaCl by applying a range of frequency from 0.1 Hz to 

 MHz in order to probe the electrochemical characteristics of the 

eedle after the Pt-black and nafion modification. The measured 

mpedance spectra of the modified electrodes at different steps 

f the electrode modification were fitted to an equivalent circuit 

odel. The electrode impedance was governed by electrode inter- 

acial impedance modeled as the double layer capacitance (CPE) 

nd a solution resistance in series (R S ). The CPE is represented to 

 

• ( j ω) P , where T and P are adjustable parameters, j is the imag-

nary unit , and ω is the angular frequency ( = 2 π f, f is the fre-

uency). [34] . Table. S1 summarizes the extrapolated fitting re- 

ults of the measured EIS spectra for the circuit elements shown 

n Fig. 5 a. The electrodeposition of Pt-black nanomaterial led to 

 decrease in 1/T, suggesting an enhanced surface roughness of 

verall electrode area, while P for bare MNs and modified MNs 

as ~1, suggesting that the interfacial impedance of electrode was 

ostly ascribed to the capacitive reactance. From the fitting anal- 

sis of the measured spectra in 0.9% NaCl, it was found that the 

mpedance property of the fabricated MNs was well explained by 

he designed equivalent circuit model shown in Fig. 5 a. Bare Au 

N electrode with parylene insulation having an electroactive sur- 

ace area of 1.004 cm 

2 (Fig. S5a) shows a very high impedance in 

omparison with the needles modified with Pt-black, thus show- 

ng a drastic decrease in impedance. This effect was due to a rise 

n the electrode-active surface area of the MNs (17.5cm 

2 ) after the 

t-black modification (Fig. S5b). The as-fabricated MNEA without 

arylene insulation shows a high impedance in comparison with 

he MNs coated with parylene (except for the MN tips) ( Fig. 5 a).

he parylene coating aids in elimination of the direct contact be- 

ween the MN and skin surface, thus completely eliminating the 

kin impedance during animal studies. 

.2.2. Cyclic voltammetry (CV) 

The electrochemical characterization of the unmodified and 

odified MNEA was assessed by CV experiments performed in a 

hree-electrode configuration. The CV of the bare Au MNEA shows 

o significant redox peaks ( Fig. 5 b, curve i ) and was electrochemi-

ally inactive in the selected potential window, whereas the Au/Pt- 

lack electrode ( Fig. 5 b, curve ii ), shows redox peaks corresponding 

o the metallic Pt on the electrode in a potential ranging from −0.7 

o −0.2 V vs . AgCl MN [35] . The CV of the Au/Pt-black/Nf elec-

rode ( Fig. 5 b, curves iii ), shows redox peaks similar to those of

he Au/Pt-black electrode with an additional peak in the potentials 
6 
anging from 0.0 V to + 0.3 V. The CV of the Au/Pt-black/Nf elec- 

rode supplemented with 4 mM of glucose shows 3 pairs of peaks 

n the potentials ranging from −0.7 V to −0.2 V; + 0.0 V to + 0.3 V

nd + 0.4 V to + 0.7 V [36] . Upon glucose addition a clear increase

n current magnitude at the corresponding peak potentials was ob- 

erved, suggesting the response of the modified electrode towards 

lucose addition ( Fig. 5 b, curves iv ). 

Upon running a voltammogram in a potential window ( −0.8 V 

o + 0.8 V) the glucose molecules were directly oxidized on the tips 

f the Pt-black modified MNs into gluconic acid by the glucose ad- 

orption followed by hydrogen removal at the C 1 position ( −0.7 V 

o −0.2 V). Subsequently, the water dissociates to produce hydrox- 

de (OH) anions tailored by the oxidation of glucose (Glu ads ) by the 

ydroxide anions (OH ads ) ( + 0.0 V to + 0.3 V). Glucose may also get

xidize by the platinum oxide layer (PtO) formed by the evolution 

f oxygen in electrocatalysis, thus endorsing a MN response to the 

lucose addition ( + 0.4 V to + 0.7 V) ( Fig. 5 c) [37] . The voltammo-

rams of the Au/Pt-black/Nf electrodes at various concentrations 

f glucose addition in 10 × PBS, pH 7.4, is shown in Fig. 5 d. The

urrent magnitudes at the aforementioned peak potentials of the 

odified MNs increased along with the glucose concentration in 

he buffer solution from 1 mM to 20 mM. The voltage of + 0.12 V

s. AgCl MN was selected as an optimum for the direct glucose ox- 

dation in order to overcome the interference from the common 

nterring agents in the ISF. 

.2.3. Electrocatalysis of glucose at the modified electrode 

The mechanism of electrocatalysis of glucose at Au/Pt-black/Nf 

icroneedle was studies by CV in 10 × PBS (pH 7.4). A typical 

V of glucose oxidation on Pt-black surface is shown in Fig. 5 c. 

pon the addition of 4 mM glucose, the CV shows the three dis- 

inct peaks. The peak-1 represents the dehydrogenation of the glu- 

ose molecule at the hemiacetal carbon 1 atom (C 1 ) and adsorption 

f the glucose molecule onto the platinum surface ( Fig. 6 a). The 

dsorption and dehydrogenation occurred at a potential region of 

0.7 V to −0.2 V vs . AgCl MN reference electrode with the release 

f the first hydrogen atom considering as a rate-limiting step and 

he region is known as “hydrogen region ”. The peak-2 represents 

he electro oxidation of the chemisorbed glucose molecules which 

ccurs in a potential range from 0 to + 0.3 V vs . AgCl MN refer-

nce electrode, with the aid of adsorbed hydroxide anions pro- 

uced by the dissociation of the water molecules ( Fig. 6 b, i and

i). As the two electro-active species, such as hydroxyl anions and 

lucose molecules were adsorbed on the pt-black surface the re- 

ion is called as “double-layer region ”. The peak-3 may represents 

he direct catalytic oxidation of the bulk glucose solution, which 

ccurred in a potential range from + 0.4 V to + 0.67 V vs . AgCl MN

eference electrode ( Fig. 6 c). In this potential range the pt-black 

urface might have covered by a monolayer of oxygen, resulting in 

he formation of PtO layer and the region is called as “oxygen re- 

ion” [ 38 , 39 ]. 

.2.4. Scan rate and pH study 

In order to investigate the reaction kinetics, CVs of Au/Pt- 

lack/Nf MNEAs were performed with 5 mM of glucose at differ- 

nt scan rates ranging from 10 → 100 mV. s − 1 in 10 × PBS (pH 

.4.). Fig. 7 a shows a shift in the oxidation peak potential (E pa )

owards positive side as scan rate increases, which is significant 

or the diffusion controlled process at the electrode surface [40] . 

o understand the diffusion controlled process on the electrode 

urface, the Randles–Sevcik equation was used at the electrode: 

 pa = 2.69 × 10 5 n 

3/2 AD 

1/2 C ʋ1/2 , where I pa is the anodic peak 

urrent, n is the number of electrons transferred, A is the active 

urface area, D is the diffusion coefficient, C is the concentration 

f analyte (mol/cm 

3 ), and ʋ is the scan rate (mV/s). Fig. 7 a shows

 gradual increase in the anodic (I pa ) and cathodic peak currents 
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Fig. 5. Impedance spectra of the bare Au MNs with and without parylene coating ( i and ii ), Au/Pt black MN ( iii ) and Au/Pt black/Nf MN ( iv ) carried out in 0.9% NaCl at a 

frequency range of 0.1 Hz to 1 MHz (a) . CV of the bare Au ( i ), Au/Pt-black ( ii ), and Au/Pt-black/Nf MNs ( iii ) with 4 mM glucose addition ( iv ) at a scan rate of 50 mV. s − 1 

in 10 × PBS (pH = 7.4) (b) . CV of the Au/Pt-black/Nf MN in 10 × PBS (pH = 7.4) with 5 mM glucose addition at a scan rate of 50 mV. s − 1 in 10 × PBS (pH = 7.4) (c) , CV 

of the Au/Pt-black/Nf MN in 10 × PBS (pH = 7.4) with increasing concentrations of glucose between 0 and 20 mM at a sweep rate of 50 mV. s − 1 (d) . 
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I pc ) with increase in scan rate. An excellent linearity of the an- 

dic peak current (I pa ) was detected in the scan rate ranging from 

0 → 100 mV. s − 1 . The regression equation for the anodic peak 

urrent with respect to the increasing scan rate ( ʋ) was found to 

e I pa ( μA) = 2.1674 ʋ+ 51.188 ( Fig. 7 b). The linear relationship for

he square root of the scan rate ( ʋ1/2 ) vs. I pa intensities are shown

n Fig. 7 c. The linearity of ( ʋ1/2 ) vs. I pa clearly displays that glu-

ose oxidation on modified MNEA follows diffusion controlled ki- 

etics, which is ideal for glucose oxidation [41] . The regression 

quation for ( ʋ1/2 ) vs. I pa was found to be I pa ( μA) = 28.1534 ʋ1/2 –

0.2836. The effect of pH on the Au/Pt-black/Nf MNEA was inves- 

igated using CV with 5 mM of glucose in PBS (10Mm) with a pH

ange between 5.4 → 10.4 at 50 mV s − 1 sweep rate. When the 

H is raised, the E pa shifts towards negative side, and the max- 

mum I pa was observed at a pH of 7.4 as shown in Fig. 7 d. The

orrelation between pH and the I pa in Fig. 7 d clearly shows that 

he I pa increased gradually from 5.4 → 7.4 and then decreased 

rom 8.4 → 10.4. Hence, the maximum I pa was observed at pH 7.4 

emonstrating the greater electrocatalytic activity of Pt-black/Nf at 

H 7.4. Fig. 7 d also shows a linear correlation between the pH vs. 

 pa of glucose oxidation. The regression coefficient of pH vs . E pa 

as found to be 0.9892 and the regression equation calculated is 

 pa = 0.05895(pH) - 0.24275. The slope value obtained from the 

inear regression of pH vs. E pa is −58.95 mV. pH 

−1 , which is ~

59 mV, and this clearly suggests that the oxidation of glucose on 

u/Pt-black/Nf modified MNEA involves 2 e − and 2 H 

+ (1:1) as per 
i  

7 
he Nernst equation [42] . Therefore, a pH of 7.4 was selected as 

n appropriate pH for the entire electrochemical study of glucose 

xidation at the Au/Pt-black/Nf MNEAs. 

.2.5. Response studies of modified MNEAs in PBS and ISF 

The analytical characterization of the modified MNs to- 

ards glucose addition was assessed by chronoamperometric i 

s. t curves at a fixed applied electrode potential of + 0.12 V 

E app = + 0.12 V vs. AgCl MN). The potential was carefully se- 

ected to overcome the overvoltage and any interference caused 

y the interferents present in the ISF. Fig. 8 a & 8 c shows the

mperometric response curves of the Au/Pt–black/Nf bioelectrode 

n 10 × PBS and ISF, respectively, for the successive step addi- 

ion of various glucose concentrations in PBS (pH = 7.4) and ISF 

t E app of + 0.12 V vs. AgCl MN. The sensor response characteris- 

ics in both electrolytes, ISF and PBS are summarized in Table 1 . 

he modified electrodes show a linear increase in peak current 

t + 0.12 V with the successive addition of glucose concentrations 

n both electrolytes. The MN electrodes show a wider glucose dy- 

amic range of 1 − 20 mM both in PBS and ISF ( Fig. 8 b & 8 d).

he electrodes show a detection limit (DL) of 10 and 22.5 μM in 

BS and ISF, respectively. The DL was calculated by using the for- 

ula 3 × SD/slope; where SD is the standard deviation of the bank 

lectrode response and slope of the calibration curves is the sen- 

itivity of the electrode in presence of glucose [43] . It is demon- 

trated in Table 1 that the sensitivity of the modified electrode 

n PBS (5.786 ± 0.17 μA mM 

−1 cm 

−2 ) is more than that of in ISF
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Fig. 6. Schematic representation for the possible mechanism of glucose oxidation on the Pt-black surface at near neutral solution (pH 7.4). 

Table 1 

Comparison of the analytical figures-of-the merit for our fabricated Au/Pt-black/Nf MNEA sensor in PBS and ISF with other reported non-enzymatic and enzymatic 

sensors. 

Electrode Configuration Sensitivity (μA mM 

−1 cm 

−2 ) Dynamic range (mM) Detection limit (μM) Electrolyte Reference 

PANI@CuNi/GC (Non-enzymatic) 1030 0.1 ̶ 5.6 0.2 NaOH [40] 

Ni/ITO (Non-enzymatic) 576.7 0.2 ̶ 10 50 NaOH [41] 

CuO NFs–ITO (Non-enzymatic) 873 0.2 ̶ 1.3 0.04 NaOH [44] 

CuNWs/GTE (Non-enzymatic) 1100 0.05 ̶ 6.0 1.6 NaOH [45] 

GCE/PAA-Ni (Non-enzymatic) N.R 5 ̶ 12 0.64 NaOH [46] 

PEDOT: PSS/CuO/MWCNTs-PEGs (Non-enzymatic) 663.2 0.0 ̶ 10 0.23 NaOH [47] 

CuO/PANI-NF/FTO (Non-enzymatic) N.R 0.25 ̶ 4.6 0.24 NaOH [48] 

3D Co3O4/Ni (Non-enzymatic) 13,885.0 0.04 ̶ 3.6 1.0 NaOH [49] 

Pt/MWCNT/MN (Non-enzymatic) 17.73 ± 3 3.0 − 20 N.R PBS [50] 

PMMA/MN (Non-enzymatic) N.R 0 − 20 N.R ISF [6] 

AuMN/Au-MWCNT/pMB/GDH (Enzymatic) 405.2 ± 24.1 0.05 −5 70 ISF [4] 

AuMN/h-PG/FcSH/GDH (Enzymatic) 50.86 0.1 − 10 50 ISF [51] 

Au/Pt-black/Nafion (Non-enzymatic) 5.786 ± 0.17 1 − 20 10 PBS This work 

Au/Pt-black/Nafion (Non-enzymatic) 4.380 ± 0.21 1 − 20 22.5 ISF This work 

N.R: Not reported. 
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R

4.380 ± 0.21 μA mM 

−1 cm 

−2 ) due to better diffusion of the glu- 

ose into the catalytic Pt-black layer. The higher sensitivity in turn 

ed to an improved detection limit (DL) in the case of the modified 

lectrode in PBS (10 μM) compared to the ISF (22.5 μM). 

A comparative analysis on the figures of merit for various 

rominent non-enzymatic sensors and minimally invasive non- 

nzymatic and enzymatic glucose MNs reported in the past decade 

hows that the present Pt-black-coated minimally invasive needles 

ffer a wide linear range of detection and an improved detection 

imit with acceptable sensitivity and good stability of the non- 

nzymatic MNs for CGM. The sensor showed lower sensitivity in 

omparison to the studies reported in [40, 41, 44, 49, 50 and51], 

ut shows higher dynamic range compared to the reports [ 40 , 41 ,

4 , 45 , 46 , 47 , 48 , 49 , 50 , 51 , 6 and 4 ]. The main advantages of
8 
he present study are the prevention of the parylene reactive-ion 

tching step which is economical for the mass production of MNs 

nd fabrication of the AgCl MN reference electrode for sensing, the 

ptimization of the electroplating conditions, histogram analysis of 

he rat skin inserted with the MNs, and response studies of the 

eveloped MNs in-vitro and In-vivo ISF. In order to validate the 

pplication potential of the non-enzymatic minimally invasive MN 

ensor, the modified Au/Pt-black/Nf electrode array was applied for 

he estimation of four different glucose concentrations (3.0, 5.0, 

.0, and 12.0 mM) spiked in ISF. The results show a good recovery 

ange (98.0% ̶ 102.5%; n = 5) and found no significant difference 

 P = 0.572) between the measured and the spiked glucose con- 

entrations. The detailed information and the recovery rates with% 

SD’s is given in the Table. S2. We recorded four different glucose 
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Fig. 7. CVs of Au/Pt-black/Nf MNEA at various scan rates ranging from 10 → 100 mV s − 1 in 10 × PBS, pH 7.4 containing 5 mM of glucose (a) , the linear relationship between 

the scan rate vs . I pa (b) and square root of scan rate vs . Ipa (c) with regression equations. The relationship of pH with E pa and I pa carried out at different pH ranging from 

pH 5.4 → 10.4 in the presence of 5 mM of glucose at 50 mV. s − 1 (d) . Each data point represents the average of three independent experimental values ( n = 3), with the 

range indicated in the standard error bars (d) . 
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oncentration spikes at 3.0, 5.0, 8.0, and 12.0 mM respectively, and 

pplied to the modified microneedle electrode arrays. We carried 

ut five different measurements for each glucose concentration. 

he average of the five measurements ( n = 5) was recorded and 

he percentage of the recovery was tabulated. It could be seen from 

able. S2 that the glucose concentrations in the spiked artificial ISF 

amples were 2.94, 4.95, 8.20, and 12.18 mM with the correspond- 

ng recoveries of 98.0% ( n = 5), 99.0% ( n = 5), 102.5% ( n = 5),

nd 101.5% ( n = 5), respectively. The results showed a good recov- 

ry range for the five measurements and we found no significant 

ifference ( P = 0.572) between the spiked and the measured glu- 

ose concentrations using the fabricated MNEA. Hence, the Au/Pt- 

lack/Nf modified microneedle array could be effectively used for 

n accurate glucose determination in ISF samples. 

.3. Operational stability and precision 

The operational stability of the fabricated MNEAs was studied 

y measuring the current response towards glucose addition as a 

unction of time ( Fig. 9 a). For a period of 7 h, 4 measurements

ere performed in a concentration range of 1 − 12 mM of glu- 

ose using the freshly prepared MNEA in 10 × PBS at pH = 7.4. 

t the end of the 4th measurement, the electrode shows a 2% de- 

rease in the initial response, probably due to a decrease in the 

lucose diffusion rate into the catalytic layer with an increase in 

iscosity of the buffer solution. Other important factors for the 

linical use of the MN-based sensor is reproducibility and repeata- 

ility. The reproducibility and repeatability of the fabricated MN 

lectrode was investigated by measuring the intra- and inter-assay 
9 
elative standard deviations (RSD). The inter-assay precision was 

arried out in a glucose concentration range of 1 − 12 mM with 

hree different MNEAs ( n = 3) ( Fig. 9 b). The intra-assay precision

f the MN was carried out in a range of glucose concentration 

rom 1 − 20 mM with three replicate measurements of a single 

NEA ( n = 3) ( Fig. 9 c). The assays show an RSD of 1.94% and 2.32%

or the intra- and inter-assay precisions, respectively, suggesting a 

atisfactory repeatability and reproducibility for the developed MN 

ensor. 

.4. Interference study 

In order to demonstrate the specificity of the glucose MN sen- 

or for possible ISF interfering agents on its response, the voltam- 

ograms were measured in 10 × PBS containing glucose and each 

nterferent individually. The selectivity coefficient (SC) of the devel- 

ped MN array for each interfering agent (0.5 mM) was computed 

y applying the formula, SC = I g + i /I g , where I g and I g + i are MN re-

ponse at + 0.12 V vs . AgCl MN for glucose (0.5 mM) in the absence

nd presence of each interferent, respectively. The results suggest 

o significant change in the MN response in the presence of the 

ommon ISF interferents ( Fig. 9 d), thus confirming a good selec- 

ivity of the MN sensor. The biocompatible protective film Nafion 

ssured, to exert an electrostatic repulsion for low accessibility of 

he interferent oxidation onto the electrode surface [25] . 
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Fig. 8. Chronoamperometric response curves ( i vs. t ) for the Au/Pt-black/Nf MNEAs in 10 × PBS and ISF, respectively (a & b) with successive addition of various glucose 

concentrations (1–30 mM) at an applied external potential of + 0.12 V vs . AgCl MN. Linear calibration plots for the glucose response curves in PBS and ISF respectively, with 

linear regression equations (c & d) . Each data point represents the average of three independent experimental values ( n = 3), with the range indicated in the standard error 

bars (d) . 
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.5. Animal studies 

For the in vivo studies, we precisely packed the modified MNs 

ith bio-compatible Nafion membrane to prevent biofouling at the 

N electrode surface. The needles were inserted manually using 

hysical force and the length of the MN tip coated with the Pt- 

lack sensing layer was 550 μm long. The WE (Au/Pt-black/Nf), RE 

AgCl MN), and CE (bare Au MN) were attached to the dorsal skin 

f the rat model (3 M Tegaderm 

TM film, 3 M Deutschland GmbH, 

euss, Germany), using a cohesive elastic band (3 M Coban 

TM ) (Fig. 

6b) and monitored for a background current stabilization. Once 

he background current stabilized, the rats were fed orally with a 

0% glucose solution (Fig. S6a). The ISF glucose values were elec- 

rochemically measured for every 5 min time intervals. The his- 

ogram analysis was carried out to verify the insertion depths of 

he MN arrays applied on the dorsal side of the subcutaneous tis- 

ue in the rat models. The study shows a MN array depth penetra- 

ion of 598.70 ±2.1 μm ( n = 3) suggesting that the needle insertion

ccurred across the stratum corneum (10–40 μm), the viable epi- 

ermis (epidermis thickness: 50–500 μm), and superficial dermis 

dermis thickness: 50 0–20 0 0 μm), as indicated in Fig. 10 a. The ISF

s usually present in the dermal compartment constituting 45% of 

he volume fraction in the mammalian skin with a larger amount 

n the dermis [23] . The results demonstrated that the height of the 

abricated Au MNs was sufficient and sharp enough to penetrate 
10 
nto the rat skin, for easy access of the ISF present in the dermal 

ompartment, and to successfully sense the glucose level variations 

n the ISF during the OGTT test. Fig. 10 b shows the regeneration of 

he epidermis following the coagulation changes in the underlying 

ermis with mild lymphocytic infiltration in the needle insertion 

ite with very minimal damage to the epidermis. 

The glucose solutions were administered orally thrice a week 

nd the glucose levels were checked continuously in the subcuta- 

eous tissue right after ingestion, as well as 1, 2, 4, and 6 h af-

er ingestion, respectively. In order to correlate the rise in the ISF 

lucose levels to that in the capillary, the blood was simultane- 

usly obtained using a commercial glucose meter (Accu-chek R © ac- 

ive, Roche diagnostics GmbH, USA) and measured for increasing 

lood glucose levels. The measured blood and ISF glucose levels 

uring the OGTT are shown in Fig. 11 a-d. The currents measured 

rom the fabricated modified MN and the capillary glucose levels 

stimated through the glucometer (Accu-chek R © active, Roche diag- 

ostics GmbH, USA) were compared and calibrated using a linear 

egression analysis by following the equation; [ CG ] = a × [ OUT ] + b ,

here a is slope of calibration curve, CG is a calibrated glucose 

evel, OUT is signal output from MN glucose sensor, and b is a 

onstant of calibration curve [52] . The a and b parameters calcu- 

ated are 0.413 and 110.92, respectively. The calibrated glucose lev- 

ls from the fabricated device and the capillary glucose levels were 

ecorded for 10 days. The device shows a good correlation between 
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Fig. 9. Operational stability of the microneedles with the addition of glucose in a range of 1 − 12 mM after background current stabilization in PBS (pH = 7.4) at 24 °C 
(a) , I vs .t plots for reproducibility (b) and repeatability (c) studies in a range of glucose concentrations (1 − 12 mM) at an applied external potential of + 0.12 V vs . Ag/AgCl 

microneedle in 10 × PBS. Interference study of the sensor in the presence of common interferents (Fru: fructose, LA: lactic acid, Gal: galactose, Man: mannose, AA: ascorbic 

acid, and Aphen: acetaminophen) present in ISF, carried out in 10 × PBS at pH = 7.4 (a) . Each data point represents the average of three independent experimental values 

( n = 3), with the range indicated in the standard error bars (d) . 

Fig. 10. Typical histological skin sections of rat model showing the Au MN penetration into superficial dermis (a) . Tissue section taken on the onset of 8th day showing the 

regeneration of the epidermis (b) . 

11 
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Fig. 11. CGM of the in vivo attached sensor for successive 10 days, following the attachment of the MNEA sensor to the rat skin: Sensor stability at Day 1 (a) , Day 3 (b) , Day 

7 (c) , and Day 10 (d) . Each data point represents the average of three independent experimental values ( n = 3), with the range indicated in the standard error bars (d) . 
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he ISF and capillary glucose levels on days 1 and 7, whereas the 

eedle completely lost its activity by the end of day 10. The loss in

atalytic activity might be due to the biofouling effects on the MN 

urface over a prolonged period. The SEM images also reveals that 

he Pt-black coating on the needle surface is in intact after 10 days 

f the continuous operation in rat sub-cutaneous skin models. The 

EM images also show that no bending and breakage of the needle 

fter 10 days of the MNEA operation in the rat model (Fig. S7). 

onclusions 

The study validated the application of the MNEA as a painless 

nd minimally invasive CGM device. The main impact of this study 

s the realization of a highly porous Pt-black microneedle electrode 

nd the use of Nafion as a packaging polymer for interference free 

etection of glucose. The porous Pt-black enhanced the electroac- 

ive surface area of the Au MNs by 17 folds thus increasing the 

ensitivity of the sensor. The device showed a good dynamic range, 

etection limit and recoveries with acceptable RSD’s in ISF. How- 

ver, the in vivo sensor response after fixing the device onto a rat 

odel skin shows a moderate lifetime of 7 days. We assume that 

he constraint in the in vivo device stability was due to the biofoul- 

ng of the electrode surface with the host proteins. The obtained 

esults are promising for the use of the fabricated MNEA-based 

on-enzymatic sensors as wearable devices in the field of medicine 

or the CGM in diabetic patients. In the future, studies should focus 
12 
n the effect of electrode size on the sensor response and coating 

onditions of the packaging polymers in order to enhance the per- 

ormance of the MNs and decrease the biofouling of the electrode 

rrays during the in vivo studies. However, future studies should 

lso be devoted to the toxicity associated with the usage of the 

eveloped devices, as well as the possible integration of electron- 

cs for wireless communication. 
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